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Abstract This review summarizes the state of knowledge
of the '>C+!2C fusion reaction and its impact on stellar car-
bon burning environments.
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1 Introduction

The '>C+!2C reaction is one of the most intriguing reac-
tions in the field of nuclear astrophysics. The presently exist-
ing predictions of the reaction rates at stellar temperatures
carry enormous uncertainties, which include the possibility
of hindrance effects in the fusion process [1,2] as well as
the observation of pronounced resonances in the low-energy
range near the fusion threshold [3]. The hindrance effect,
suggested to cause an additional reduction in the probability
of fusion towards lower energies due to the incompressibility
of nuclear matter [4], is still a matter of debate. The avail-
able experimental data do not reach the energy range where
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hindrance becomes uniquely observable, and the extrapola-
tion depends on the model assumptions. Resonance features
are observed directly in low-energy fusion studies [5—7] and
emerge in a very pronounced manner in indirect fusion stud-
ies labeled as Trojan Horse Method (THM) [3]. The nature
of these resonances remains an enigma: are they traditional
compound resonance states linking the fusion channel to the
various exit channels such as proton, alpha, and gamma emis-
sion of highly excited levels in the compound system 2*Mg,
or are they reflections of complex dynamic quantum cou-
pling mechanisms occurring during the fusion process [8]?
It may also be possible that the transfer reactions associated
with the indirect THM approach populate high-spin states. At
lower energies, the high orbital momentum barrier prevents
these states from influencing the 12C412C fusion reaction,
but errors in the spin parity assignment could lead to an over
estimation of the reaction rate. Therefore, achieving a precise
understanding of the spin and parity of the observed levels
by using THM becomes essential to delineate their specific
role in the fusion process. This approach will be discussed
in more detail in Sect. 5.1.

In summary, the physics underlying the low-energy fusion
process is still largely unknown, and despite several modeling
and experimental attempts to push the direct reaction studies
towards the unknown energy range of stellar environments,
the full impact of the reaction remains unknown as well. The
actual fusion mechanism is not only a problem for the reac-
tion under consideration but may also impact the prediction
of other light-ion fusion reactions such as '°0+'°0 during
later burning stages and fusion reactions between neutron-
rich isotopes as anticipated for the deeper crust of accret-
ing neutron stars [9]. Despite numerous modeling efforts
described in sect 6, the complete impact of these reactions
on critical carbon-burning environments remains uncertain.

The '>C+!2C fusion reaction is thought to play a key
role in three stellar burning environments. It drives the car-
bon burning phase of massive stars during late stellar evo-
lution, converting the '>C abundances to 2°Ne and 2’Na,
with the latter subsequently converted to 2°Ne as well via
23Na(p, a)*°Ne [10-13]. Subsequent proton and alpha cap-
ture reactions could feed the Mg Si mass range. The abun-
dance of '°0 produced during the preceding helium-burning
phase remains largely undisturbed [14], although, depending
on the reaction rate and on the °0/!2C abundance ratio, the
160+!2C fusion may play a minor role toward the end of the
carbon burning phase [15,16].

The '>C+'2C fusion has always been considered as the
most likely ignition process for type la thermonuclear super-
novae in accreting or merging carbon-oxygen or hybrid
carbon-oxygen-neon white dwarfs [17-20]. Fusion occurs
gradually through deflagration of a carbon burning zone at
high densities, which eventually triggers the ignition driven
by the rapid conversion of the '>C and '°0 fuel to °Ni in
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statistical equilibrium. For determining the ignition point,
knowledge of the fusion rate is of particular importance, as
is the density of the white dwarf environment, which sets
the electron screening conditions and enhancement for the
fusion environment [21].

Interest in the role of the '>C+!2C fusion reaction was
further amplified with the suggestion that the observation of
superbursts, extended thermonuclear explosions in the crust
of accreting neutron stars, are driven by a single resonance in
the 12C+12C fusion process [22-26], predicted for the lower,
barely explored energy range [19,27]. This would point to the
importance of low-energy resonances in the fusion process,
but again, high density conditions in the neutron star crust
would determine the fusion enhancement through electron
screening [21].

In the following, we will focus on the early '>C+!2C fusion
studies, which introduced the ideas of molecular resonances
and fusion hindrance as summarized in Sect. 2. This will be
followed by a summary of recent experiments, which tried to
expand the method towards lower energies by using a num-
ber of complementary experimental techniques as described
in 3. In the following Sect. 4 new experimental developments
towards pushing the cross section measurements towards the
Gamow range are being discussed and evaluated. The exper-
imental effort needs to be complemented by theoretical mod-
eling to understand and explain the mechanism of fusion pro-
cesses at low energies near the '>C+!2C threshold [28]. The
more recent theoretical modeling attempts are summarized in
Sect. 6. Finally, the last Sect. 7 concentrates on the impact of
the 2C+!2C fusion rate on the nuclosynthesis pattern during
late stellar evolution. At these conditions the nuclear physics
aspect in the fusion rate has its largest impact since it is
not dominated by strong electron screening effects. Elec-
tron screening diminishes the effective Coulomb barrier and
causes a dramatic enhancement in the fusion reaction in high-
density white dwarf or neutron star environments. Electron
screening is not the subject of this review and the authors
refer to earlier summaries of electron screening in heavy ion
fusion reactions [21,28,29]

2 Early reaction studies in 1>C+12C

The study of light-ion fusion reactions emerged as an impor-
tant research field in the 1950s as a side product of the
nuclear test program associated with the development of
the hydrogen bomb [30-33]. These early studies have trig-
gered broader interest with the results of low-energy fusion
reactions of carbon isotopes, which suggested a pronounced
and rather unexpected resonance pattern. This had not been
observed in previous light-ion fusion studies [33,34], but was
confirmed by measurements of the elastic scattering channel
[35]. Initially, the reaction cross sections were discussed in
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the framework of statistical model calculations [36,37], but
subsequent experiments [38—40] supported the existence of
pronounced resonance structures. This kind of low-energy
resonances may provide an explanation for the observed
enhancement in the low-energy cross section, a phenomenon
initially dubbed absorption below the barrier, which was pre-
dicted to cause a significant enhancement in the fusion rate
[41,42].

The observed resonant structure in '?C+!2C elastic scat-
tering [35,43] and in the fusion cross-sections is often
explained as molecular states in a two '>C cluster system [44—
46]. This interpretation suggests a certain uniqueness, since
such pronounced resonant structures have not been observed
so farin fusion systems involving other light ion isotopes [47—
49]. This may be due to the uniquely low number of open
channels in the '2C+!2C reaction [50]. This effect should be
less pronounced in other fusion reactions such as '>C+1°0
and '90+1°0.[50]

The appearance of resonant structures in the '>C+2C
fusion cross-sections poses a serious challenge for deriving a
reliable reaction rate. The resonance parameters, such as par-
tial widths and spin parity values, are not known and require
additional analysis to identify the physical nature of the res-
onance feature.

As a consequence, the predictions for the aforemen-
tioned carbon burning environments carry a large uncertainty.
Microscopic multichannel calculations are at the present state
not accurate enough to predict the resonant fusion cross sec-
tions at the relevant stellar energies for these environments
[15]. So far, model predictions rely on simple potential mod-
els or other parameterizations to extrapolate the cross sec-
tions toward the stellar energy range (i.e. [51,52]).

In-beam y spectroscopy measurements seemed to sup-
port the suggested enhancement with fusion under the barrier
[53-55] and appeared to require a modification of Coulomb
transmission functions for the fusion process [56]. The early
effort in y spectroscopy was followed by extensive measure-
ments of proton and alpha particle decay channels that pro-
vided more information about the possibility of resonances
associated with the 2*Mg compound nucleus [40].

Renewed efforts were made to search for low-energy res-
onances, but the results were challenged by background con-
tributions [57-59], while in other experimental efforts the
resonance features were smeared out by thick-target effects
due to the substantial energy loss in the target, providing only
averaged cross-sectional information for the observed reac-
tion channels [7,60,61]. Correcting the averaged cross sec-
tion for target thickness effects revealed a more pronounced
resonance structure over the lower energy range, as observed
in multiple particle and gamma decay channels, confirming
that the lower energy range was characterized by resonances
[5.6].

The difficulties in reliable prediction for the low-energy
extrapolation of '>C+!2C and other light-ion fusion reactions
were further complicated by the suggestion that the low-
energy cross section might actually be reduced due to a hin-
drance term associated with the incompressibility of nuclear
matter [4]. Within this concept, the hindrance was an effect
that was anticipated for the case of the fusion of two more
massive nuclei [62], an idea that developed from detailed
experimental evidence observed in the fusion processes of
heavier isotopes [63—66]. An alternative explanation to the
hindrance term is the deformation or clusterization of reac-
tion partners [64,67,68], although there is evidence that such
an effect exists in medium-mass systems toward very low
sub-Coulomb energies. However, the extent of the effect for
light ion fusion systems such as '>C+'2C or '°0+!90 has
not yet been experimentally verified [5] because the critical
energy range has not been reached by direct measurements.
Beyond phenomenological models, such as those summa-
rized in Hagino and Takigawa [69] and Jiang et al. [65], the
hindrance effect has also not been fully theoretically con-
firmed, as demonstrated by the time-dependent Hartree-Fock
approach [68], or by a combination of mean field and cluster
model [70,71]. Better microscopic techniques are necessary
for a full theoretical evaluation.

Several experimental techniques have been developed
and applied in direct measurements of the '>C+!>C reac-
tion towards lower energies. In the astrophysically important
energy range, there are three main particle channels emitting
neutron, proton, or alpha, respectively. These can populate
the ground state or excited states in the residual nucleus that
subsequently decay by gamma emission to the ground state.
The contribution of neutron channels is typically a few per-
cent or less [72], so experimental effort has been concen-
trated on measurements of the proton and alpha decay chan-
nels. Single direct measurements detect charged particles
[40,58,61,73] or gamma radiation [47,54,55,57,60,74,75].
In particular, the y-only approach typically measures the
gamma transitions from the first excited states of ’Na at
440 keV and *°Ne at 1634 keV, including direct popula-
tions through the p; and o channels to the respective first
excited states of the final nucleus and cascades from higher
excited levels. The downside of this approach is that it does
not account for contributions from ground-state populations
and can be severely affected by sodium contamination at
the target. The particle-only approach, on the other hand,
can obtain ground-state contributions. However, it will miss
contributions from the higher excited levels because of parti-
cle detection limits. A further handicap is the beam-induced
background from impurities of hydrogen and deuterium in
the target. In recent years, a new approach using the particle-
gamma coincidence technique between proton or alpha par-
ticle emission and subsequent y transitions has been devel-
oped and has been applied in several experiments [5—7,76]. It
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largely reduces the background issues that have handicapped
the singles measurements, although contributions from the
ground state an levels at higher-excitation energies will be be
missed. The most important channels for coincidence mea-
surements are the p; transition followed by the 440 keV y
transition to the ground state) as well as the «| transition with
subsequent ground state decay via the 1634 keV y transition).

The above studies can also be re-categorized into the
so-called thin or thick target approaches. The thick target
approach typically stops the beams in the carbon target and
directly measures the reaction yield for an infinitely thick
target. The thin target approach uses transmission-type tar-
gets and can directly measure cross sections. For this kind of
approach, the energy loss of the beam should be small relative
to the expected width of the resonance structures (typically
100-200 keV in the center of mass frame) [6]. However, the
reaction yields extracted in the previous works (e.g. [40,76])
have to be averaged over the large energy loss range of a few
hundred keV in the target. For example, a 50 (or 70) jg/cm?
thick carbon target, as used in [40,76], results in an energy
loss of about 360 (or 500) keV for 6 MeV carbon beams.
In addition, there is some uncertainty in the thickness of the
target, due to the carbon build-up on the targets during '2C
beam bombardment [60]. This can easily impact the large
energy loss of the impinging '>C particles at low energies.

The hindrance factor [4] is predicted to have a significant
impact on the low-energy extrapolation of the cross section,
as several stellar model simulations demonstrate [16,77—
79]. Tt predicts the reduction of the S$* factor of the reac-
tion towards lower energies as shown in fig 2. Although it
might reduce the overall transmission probability through
the Coulomb barrier, it needs to be considered in the con-
text of possible, yet presently undetected, low-energy reso-
nances. Due to the extremely and rapidly declining cross sec-
tion, it seems unlikely that the direct experimental approach
will reach these low energies in the near future, despite the
new efforts of the experimental community [80,81]. How-
ever, new interesting results based on indirect reaction studies
using the approach [82—88] have been presented, which seem
to provide the first look at the resonance pattern in the low-
energy fusion range. An analysis of the THM data including
the possibility of the hindrance feature as suggested in [4]
can be instructive.

3 Recent reaction studies in 12C+!2C

The '>C+'2C system fuses into a 2*Mg compound nucleus
with an excitation energy of 13.934 MeV + E.,.. The com-
pound nucleus decays by emitting «, p and n (see Fig. 1). The
o transfer reaction is also possible to produce 8Be+!°0. Fol-
lowing particle emissions, the excited residual nuclei decay
to their ground states by y-emission.
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The previous efforts of direct experimental studies are
assessed in [60] in a combined display of the total '>C+!2C
excitation function based on particle- [38,40,73] and gamma
measurements [47,54,55,74,90]. Such studies require a pre-
cise knowledge of beam energy and impurities in the beam or
the target such as 13C or deuterium [59,91]. The main limita-
tions for accurate measurements of subbarrier cross sections
are the normalization method and possible carbon build-up
on the target [92,93]. Another concern is the accurate deter-
mination of the effective beam energy over the energy loss
of the impinging '2C particles. In the '>C+!2C fusion only
resonance states with natural spin and parity are expected to
be populated. Angular distribution measurements would be
necessary for the spin assignment [40,73,94], but such stud-
ies will be handicapped by the low count rate at low energies.

The focus of more recent studies was on further approach-
ing the astrophysics energy range of interest within E. . =
1—3 MeV. This was eventually attained by Spillane etal. [57].
In this experiment, gamma-ray detectors were utilized to map
the characteristic gamma yield for an infinitely thick '*C tar-
get. The yields of the energy steps between 12 and 25 keV
were subtracted allowing for identifying a narrow resonance
at the lowest energy reached so far in direct measurements
at Ecm. = 2.14 MeV [5,7,58]. The studies and extrapo-
lations are summarized in Fig.2 showing the modified S-
factor S* below the Coulomb barrier at E. ,,, = 6.6 MeV.
The S*-factor removes the exponential drop from tunneling
through the repulsive Coulomb potential, correcting also for
an extended size of the interacting nuclei [95]. It is defined
as

S* = o Eexp2nn + gE), (D

with the Sommerfeld parameter n = Zj;Zze/hv and
g = 1.22/uR3/Z 7, the form factor for '>C+'>C colli-
sions [38]. The constants Zj ; are the charges of the nuclei,
while R and u denote the square-well radius and the reduced
mass of the system.

Data from particle and gamma spectroscopy measure-
ments are presented in Fig. 2 reaching far below the Coulomb
barrier at E. . = 6.6 MeV. Note that the displayed S*-factor
translates into a decline in cross section of more than 8 orders
of magnitude. The data by Spillane et al. [57] in Fig. 2 repro-
duce the oscillations in the cross section observed in [50].
The uncertainty increases drastically towards the deep sub-
Coulomb barrier energy regime, where the cross sections
are ceasing in the femto-barn range with the S-factor show-
ing an uncertainty range of more than an order of magnitude
between the extrapolations in the astrophysics region of inter-
est.

Such experiments are typically conducted with beam
intensities of several micro-amps on target over the course of
multiple weeks. This requires durable measurement equip-
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ment for reliable and stable data acquisition, as well as
efficient background suppression for cross sections of the
order of 100 pbarn and below. In order to achieve higher
background suppression, the gamma-particle coincidence
approach proposed by Jiang et al. [96] combines the detection
of emitted light charged particles and gammas from the de-
excitation of the daughter nuclei for exclusive measurements.
Direct transitions to the ground state cannot be detected. This
requires comparing the coincidence measurements with the
results of direct particle spectroscopy studies [40,61].

The first coincidence experiment was carried out at
ATLAS at the Argonne National Laboratory, United States,
by combining the Gammasphere array with annular silicon
detectors, which cover forward and backward angles in close
geometry around a self-supporting target foil [76]. The effi-
cient background reduction during measurements down to
2.7 MeV out-weights the lower total detection efficiency
of approximately 9% for E, = 440 keV and 7% for
E, = 1635 keV and S-factors with significantly improved
accuracy were derived (see Table I and Fig. 4 in Ref. [76]).

Data were analyzed and fitted with the hindrance parameter-
ization [2,62] identifying a broad S-factor maximum around
E¢m. = 3.5—4.0 MeV. The extrapolation of such trends into
the Gamow range would have drastic consequences on stellar
burning and nucleosynthesis, as pointed out by Gasques et
al. [77].

So far, two more experiments with coincidence back-
ground suppression technique were performed, at the And-
romede accelerator at IJCLab Orsay, France, and at the SU
pelletron accelerator at the University of Notre Dame, United
States.

The STELLA (STELIlar LAboratory) mobile experimen-
tal station [97,98] at Andromede uses 36 LaBr3(Ce) detec-
tors from UK-FATIMA [99,100] and high-granularity annu-
lar silicon strip detector placed around a large thin (30 —
50 pg/em?) self-supporting target. The '>C enriched car-
bon foil spans over a frame (diameter 6 cm) and spins with
up to 1000 rpm. The beam hits the target at an outer spot
so that the rotation creates a trajectory on the foil and heat
from straggling of the beam in the target dissipates via radi-
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Fig. 2 Carbon fusion S-factor $* from particle [38,40,73] and gamma
measurements [55,57,60,75] (left and right legend, respectively) as well
as extrapolation models proposed by Fowler et al. (CF88 [51]) and
Jiang et al. (hindrance [2])

ation when the material is rotated off the beam spot position.
Repeated thickness determination before and after irradiation
serves accurate cross-section normalization (see Ref. [101]
for details). The angular opening of the particle detector
strips of the order of 10 mrad allows for the determina-
tion of exclusive angular differential cross sections of evap-
oration alphas and protons. These angular distributions can
be decomposed into Legendre polynomials, that are used to
accurately normalize the measurements [102] and to deter-
mine the spin parity of resonance structures of the excita-
tion function [40,73,94]. The setup allows furthermore for
gamma-particle timing gates of about 10 ns [101] offering
exceptional background suppression. This is exemplified in
Fig.3 for a beam energy of E. . = 3.8 MeV for the par-
ticle detector spectra without gamma-ray coincidence (left)
and in coincidence with a 1.634 MeV gamma ray associated
to the o) transition to the first excited state in 2°Ne (right).

‘ | ”

ll\ 1 A1 | V Hl

9
£’ [MeV]

The coincidence condition virtually removes all contamina-
tion in the spectrum including a strong contribution from
the d(12C, p)13C reaction. The non-coincident background
falls outside the characteristic timing gates of each reaction
channel, determined by gating well beyond the characteristic
timing offsets [103]. In the regime of low counts statistics,
the background is subtracted from the measurement using a
framework of unified classical confidence belts [104] avoid-
ing negative counts and hence guaranteeing accurate con-
fidence intervals. The stability of the selection gates dur-
ing extended data acquisition runs is monitored via the non-
gated energy (background) spectra of the gamma-ray detec-
tors [105], repeated «-source runs (silicon detectors) and
reference synchronization systems between both acquisition
systems. The measurements downto E¢ ,, = 2.16 MeV with
largely improved uncertainty at the lowest energies confirm
the resonant structure reported in Ref. [57] and are in fair
agreement with the hindrance trend [76] in the intermediate
energy regime E.m. = 2.5 — 4.0 MeV.

The coincidence setup hosted at the University of Notre
Dame [5,6] employed the Silicon-detector Array at Notre
Dame (SAND) [106] in combination with a HPGe detec-
tor at the back of a thick HOPG (Highly Ordered Pyrolytic
Graphite) carbon target. The superior purity of HOPG com-
pared to natural graphite efficiently reduces the background
related to hydrogen, deuterium, and 23Na, the latter bein gvul-
nerable to scattered beams. For example, an early test [107]
showed that HOPG targets can reduce impurity of heavy ele-
ments that can cause backscattering of the beams by two
orders of magnitude. Comparison with previous measure-
ments from other experiments shows that the background
effect is negligible at higher beam energy, but may be signif-
icant at lower energies. The segmented silicon detectors are
optimized to the target geometry with the lampshade config-
uration of SAND in addition to an annular detector, offering

q0 0 11
[MeV]

partlcle

Fig. 3 A STELLA charged particle detector spectrum at the beam energy E.,, = 3.8 MeV. The contamination in the non gated spectrum (left)
is completely removed with the coincident 1.634 MeV gamma ray associated to the « transition (right)
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were observed in all measured proton and alpha channels.
These observed structures largely overlap with the results
from Becker et al. [40] especially at higher energies. The
S-factor results are consistent with previous measurements
at higher energies but tend to be lower than previous results
at lower energies, due to the cleanness of the experimen-
tal approach or possible energy-dependent efficiency issues
as discussed below. During coincidence measurements, the
background is estimated outside the energy selection gates
of gammas and particles, and conservative upper limits of
the oy and p; S-factors for the proposed narrow resonant
structure at E. . = 2.2 MeV were obtained, well below the
results from Ref. [57].

New Notre Dame results [6] show that partial cross sec-
tions of the proton emission channels (p1 — p19), as shown in
Figs.4 and 5, are in good agreement with previous measure-
ments at energies where individual channels are resolved.
The differential thick target approach that is robust for the
proton channels, unfortunately, is problematic causing signif-
icant yield reduction for the o1 channel due to target deterio-
ration with beam accumulation (see details in Ref. [6]). After
corrections of the yield reduction effect with an improved o
analysis, the o1 S-factor, as shown in Fig. 6, is much higher
than that of the p; channel at energies around 3 MeV and

Fig. 5 The modified p; S-factor $* data from coincidence measure-
ments [6,7,76] are compared to Becker et al. [40]
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Fig. 6 The modified «; S-factor $* data from coincidence measure-
ments [6,7,76] are compared to Becker et al. [40]

below. To continue measurements at even lower energies
using this approach, however, new development in target
technology (e.g., more robust diamond targets than HOPG)
will be necessary.

Atthe lowest energies reached in direct measurements, the
cross sections are of the order of 100 pb or below resulting

@ Springer



280 Page 8 of 27

in few-count statistics. The angular differential cross section
was taken to be isotropic. The systematic uncertainty of the
partial cross sections is setup-dependent and was estimated
to be about 20% for p; and 60% for «; in extreme cases for
a specific setup [5]. The focus of coincidence experiments
in this energy regime was on the o and p; exit channels.
For total S-factors, the results were then normalized to the
decay channel branching from Becker et al. [40] averaged
over all higher energy measurements [5,76,98]. In a more
recent compilation [89], the branching ratio was assessed
with extrapolations based on a statistical treatment of the
24Mg compound nucleus. The extracted ratios of partial cross
sections follow experimental data with smooth extrapolation
towards lower energies justifying the above assumptions.

A new direct measurement of proton and alpha particles
emitted in the fusion process was initiated at the CIRCE
laboratory [58]. Particle identification was achieved using
AE-E e silicon telescopes. This prevented the possibility
of identifying the alpha particles emitted in the reaction since
they could not pass the AE detector. To be able to observe
also the alpha channel, a detector tailored towards the identi-
fication of low energy charged particles was developed [109].

The detector system, named GASTLY (GAs-Silicon Two-
Layer sYstem), consists of a AE-E. telescope that uses
an ionization chamber as the AE energy loss detector and
a large area Si detector (58.0 x 58.0 mm? active area, 300
0 m thick) to determine E.g. The entrance window to the
detector is a 2.5 pum thick Havar foil. All of the materials
were selected to have very good resistance and stability in
withstanding the high temperatures reached by the graphite
target under intense beam. The ion chamber is operated with
CF4 gas, in order to minimize hydrogen and therefore deu-
terium contamination in the residual vacuum of the reaction
chamber.

The full detection setup consists of an array of seven
GASTLY modules, placed in close geometry to the target, in
this case at 52 mm distance, at backward angles with respect
to beam direction. In this configuration, each of the close
detector modules covers a solid angle of about 19°x19°. A
detailed study of the deuterium content in graphite targets was
conducted [59], in order to minimize the possible influence of
protons producedind ('>C, p)'3N at the lowest measurement
energies through the double step process identified in [110].
Cross-section measurements were made using the thick tar-
get approach, spanning a center-of-mass energy range of 2.4
to 4.4 MeV for protons and 2.9 to 4.4 MeV for alpha par-
ticles, with energy increments of approximately 25 keV. At
energies lower than 2.9 MeV the alpha particles could not
be separated anymore from the background. Figure 7 shows
the AE-Ecy spectrum of the detector placed at 121° with
respect to beam direction, acquired at the center of mass beam
energy of E¢ . =4.36 MeV.

@ Springer

Eur. Phys. J. A (2025) 61:280
- D121
2.5 k- E =8.72 MeV
: p = 35 mbar
— 2.0 (%
S £
q) =
S 15F
w -
< 10F
0.5
0 1.0 2.0 3.0 4.0 5.0

Erest [MeV]

Fig. 7 Sample AE-E s matrix showing the « particles and protons
loci. This spectrum was acquired at Ej,p = 8.72 MeV [61]. The signals
for the po and p; transitions are located around 5 MeV and the transi-
tions for p; to pe can be seen around 2 MeV. The background below 2
MeV is dominated by deuterium induced processes

The spectrum demonstrates excellent separation of the
proton and alpha loci. Analysis of the energy spectra of
the particles in the proton loci allowed identification of the
groups po to pe at all energies. However, some groups could
not be quantified at the energies at which the remaining back-
ground signal from the reaction d('>C, p)'3N overlapped.
Due to the larger energy loss in the entrance window, only
the «g and o1 groups could be effectively detected and quan-
tified.

It should be noted that, in addition to [40], only [58],
directly measured the po channel, with [61] adding the infor-
mation to the decay channel «g. The o cross section mea-
sured by [61] is lower than previous measurements [40,73].
This might suggest that the o transitions to higher excited
states in 2Ne dominate the cross section. Since these are the
only two measurements probing the g channel it is neces-
sary to invest in more detailed studies of this channel towards
lower energies.

Figure 8 shows the comparison between the data from
direct studies based on y spectroscopy, y particle coin-
cidence spectroscopy and particle spectroscopy presenting
both the excitation curve for the total 12C(lzC , oc)ZONe and
the 12C(12C, p)**Nareaction channel. The 2C(12C, o)*°Ne
data by [61] seem systematically lower because they rely on
a direct measurement of theb «g channel, while the other data
sets are normalized to [40].

The 12C(12C, n)23Mg reaction channel is a weak channel,
in comparison to the  and p channels discussed in the above.
This channel closes at its threshold energy of E. ,,, =2.6 MeV
and therefore will only contribute to the fusion process at
high temperature conditions. The '2C('2C, n)?*Mg reaction
was first measured by Patterson et al. [38] and Dayras et
al. [111], respectively, above the astrophysical energy range
through the detection of 8- or y-rays from the decay of
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Fig. 8 Results of the direct measurements of the «-channel (upper
panel) and p-channel (lower panel) contributing to the modified astro-
physical S-factor for 2C+2C

23Mg. Bucher et al. extended direct measurements down to
E:m. = 2.9 MeV by counting neutrons using a 3He detector
array. The primary source of beam-induced neutron back-
ground arose from the '3C('2C, n)>*Mg reaction. The S-
factor in the unmeasured energy range down to the threshold
energy E.m. = 2.6 MeV was obtained with an extrapola-
tion based on experimental data from the mirror reaction
2c(12C, p)**Na and a statistical model calculation. At typ-
ical carbon shell-burning temperatures (79 =~ 1.1—1.3), the
current reaction rate uncertainty is less than 40%. This uncer-
tainty is further reduced to 20% at Ty ~ 1.9—2.1, relevant
for explosive carbon burning[72]. Future measurement with
better technique is needed to further improve the accuracy.

4 Proposed reaction studies in 2C+12C

To expand on the presently existing results, it is crucial to
have new direct experimental data towards lower energies to
explore the resonant structures proposed on the basis of the
data obtained by the Trojan Horse Method (THM) [3]. Such

studies can be performed by detecting the emitted charge par-
ticles as a function of energy [40,61] or also by detecting the
y-rays generated by the decay of the ?’Ne and 2*Na excited
states [6,98,112].

Charged particle spectroscopy has the advantage that the
total fusion cross section can be measured. However, due
to the very low energies involved, unambiguous identifica-
tion of the reaction products is difficult, especially with low
counting statistics. In contrast, y-ray spectroscopy is rather
straightforward but is blind to direct transitions to the ground
states of the residual nuclei.

Due to 1400 m of rock overlying the experimental halls,
the Italian INFN-Laboratori Nazionali del Gran Sasso (LNGS)
is the ideal location for a y-ray detection experiment. Since
more the 30 years Laboratory for Underground Nuclear
Astrophysics (LUNA) collaboration is active at LNGS to
expand cross section measurements toward the Gamow range
of stellar burning [113-118], using the LUNA400 keV accel-
erator. Since 2023 a 3.5 MV accelerator has been installed
and is operated as Bellotti Ion Beam Facility at the LNGS
[119]. The Bellotti IBF consists of a single ended machine
by High Voltage Engineering Europa (HVEE) equipped with
a specially designed ECR source tailored towards applica-
tions in Nuclear Astrophysics research, which can deliver an
intense C beam. To our knowledge the machine provides one
of the most intense Carbon beams available worldwide in this
energy range [119,120].

The LUNA Collaboration plans to measure the 2C+!2C
fusion cross section at the Bellotti IBF, taking advantage of
the intense C beam at the underground location. A dedicated
y-ray detection system, able to identify a few reactions per
day, is currently under construction, promising a direct detec-
tion of the '>C+12C cross section below E=2 MeV. The y -ray
spectroscopy needs to be performed with a detector that com-
bines the best resolution to the highest possible efficiency.
The most intense transitions to be detected at low energy
correspond to the first excited states of 2°Ne and 2*Na, E, =
1634 keV and E,, = 440 keV respectively, therefore, at ener-
gies lower than E,,=2.5 MeV only these transitions can be
observed.

The measurement reaching the lowest energy has been
performed at the 4 MV Dynamitron Tandem accelerator of
the Ruhr-Universitdt Bochum [57] using a high-purity ger-
manium (HPGe) detector in close geometry surrounded by a
15 cm thick lead shield. The hydrogen contamination in the
target became negligible by heating up the target [57]. The
data do not extend towards low energies because of the too
high level of environmental background.

The '2C+!2C fusion reactions are an excellent case to
be measured with y-ray spectroscopy exploiting the low
background conditions at the 3.5 MV underground acceler-
ator at LNGS, where the cosmogenic background, including
the muon-induced flux of y-rays and neutrons, is strongly
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reduced. The low muon flux and the consequent reduction
of muon-induced secondary radiation in the heavy massive
shielding surrounding the detector allow reducing also the
radiogenic y -ray background below 2.6 MeV to alevel which
cannot be reached above ground. Thus, the underground site
provides ideal conditions for the detection of high-energy y
rays, as well as low-energy ones.

LUNA is developing a thick modular lead shielding, sim-
ilar to [121] with a thickness of 25 cm. An additional reduc-
tion of about one order of magnitude in the low energy y ray
background below 2 MeV is possible by flushing the detec-
tor’s surroundings with clean nitrogen [122] reducing radon
background as summarized in [123]. This yields a total back-
ground reduction of more than 4 orders of magnitude [57] in
the energy window around the energies of interest (440 keV
and 1634 keV) as shown in fig 9.

The design of the y-ray detection system is driven mainly
by the goal of detecting the 440 keV and 1634 keV transi-
tions with high sensitivity, i.e. a large full-energy detection
efficiency with the lowest possible background in the energy
region of interest. A good energy resolution of the detector
allows smaller regions of interest, reducing the susceptibil-
ity to nearby backgrounds. To achieve design goals, a hybrid
approach to y-ray detection will be developed, involving
an HPGe detector surrounded by a number of large-volume
Nal(TI) scintillation detectors. The scintillators surrounding
the HPGe detector will actively shield this detector from envi-
ronmental background radiation and will improve its peak-to-
total ratio, suppressing low-energy background events caused
by Compton scattering of high-energy y rays, thus further
enhancing the sensitivity for detection of low-energy y rays.

5 Indirect methods in probing the compound structure
of Mg

The appearance of the pronounced resonant structures in
the '>C+!C fusion cross-sections at astrophysical energies
poses a serious challenge to derive a reliable reaction rate
without knowing the nature and strength of these config-
urations as discussed earlier. Complementary to the direct
measurements of the resonance states several indirect meth-
ods have been pursued to explore the nature of such states
by probing the excitation range in 2*Mg, either by inelastic
scattering techniques, by high-energy direct nuclear reaction
studies or by high-energy transfer techniques in the Trojan
Horse approach.

In inelastic scattering experiments with an alpha beam on
24Mg [124,125], 0T resonances near the 12C4+12C reaction
threshold were identified [126] as di-carbon cluster states
in 2*Mg [127] by detecting the decay pattern of the com-
pound nucleus. It was furthermore suggested that the possible
involvement of these states during stellar carbon fusion could
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change the reaction rate by up to an order of magnitude com-
pared to standard extrapolation [ 126] possibly establishing an
effective nucleosynthesis mechanism due to the contribution
of pronounced low-energy 0 s-wave resonances. However,
this claim is challenged by compound reaction studies of
2ONe(a, ap) [128] and 2°Ne(a, a1 2.3) [129], which did not
identify O states in the predicted energy range.

Another attempt, following a similar route as suggested
by [130], to investigate the excitation range in **Mg via
23Na(p, po.1) and 23Na(p, a,1) is being pursued at the Uni-
versity of Notre Dame via the time reversed 20Ne(a, p)23Na
reaction using a recirculating gas target system. The reac-
tion will allow the parallel mapping of the alpha cluster and
single particle strength distribution in 2*Mg and explore the
correlation to the resonance structures observed by THM.

Although all these indirect reactions provide important
surrogate information about the level density and the level
structure near the '>C+!2C fusion threshold, the Trojan Horse
approach suggests a direct link to the reaction mechanism of
the '2C+!2C fusion reaction without being handicapped by
the Coulomb barrier. The THM is an indirect technique aimed
at determining the astrophysical S(E) factor for rearrange-
ment reactions involving charged particles [87,88,131]. The
primary concept involves measuring the cross section of a
THM reaction where three particles characterize the exit
channel:

A+a— C+c+ss, 2)

to deduce the cross section of the process of astrophysical rel-
evance (in the following referred to as NPA=Nuclear Astro-
physics Process):

A+x — C+ec. 3)

This cross section is obtained without the need for extrap-
olation, under specific conditions, and by utilizing advanced
nuclear reaction theory [88]. In a simplified explanation,
assuming the imposition of quasi-free kinematics (QF) and
a strong x + s cluster structure for particle a, the interac-
tion between x and A remains unaffected by the presence of
s, which acts as a spectator. The QF kinematics is enforced
by selecting small x — s relative momenta, ensuring that
the x — s relative distances are greater than the radius of
the nuclear interaction. By selecting a beam energy in the
THM reaction 2 that exceeds the Coulomb barrier, the influ-
ence of the Coulomb penetration factor is mitigated, allowing
access to relative energies x — A down to zero, thus cover-
ing the energy range of astrophysical interest. An additional
advantage of this method is that the derived cross section
of NAP remains unaffected by electron screening, allowing
direct access to the cross section of the bare nuclei. The appli-
cation of nuclear reaction theory is essential to establish the
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Fig. 9 Typical y-ray background measured with a HPGe detector in a surface laboratory (black line), compared with one acquired underground
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connection between the cross sections of the THM and NAP
reactions.

Recently, various efforts have been made to improve
and generalize the theoretical framework connecting the
two cross sections and to evaluate the systematic uncer-
tainty introduced by model dependence as discussed in
[87,88,131]. These reviews present theoretical advances in
the framework of classical reaction theory and assumptions
on wave functions at near-threshold energies. In the case
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of reactions dominated by broad resonances, the use of the
modified R-matrix approach [132,133] has made it possi-
ble to account for half-off-energy-shell and energy resolution
effects, in the well-assessed R-matrix framework. Additional
advantages were the possibility of performing a multichannel
description of the reaction process (as in the >C+'2C fusion
studies, see [3]) and including a DWBA-based description of
the QF process, possibly leading to a normalization proce-
dure that does not require the use of direct data [134]. In the
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Fig. 11 Direct (symbols) and indirect THM (lines) measurements of
the total, modified astrophysical $*-factor for 2C+!2C. The higher
energy data show pronounced resonance structures, which differ in the
strengths of the transition to the ground states and higher excited states.
The difference between the two THM data sets in the low energy range
is due to theoretical differences in the conversion of the direct THM
data to S*(E) factors

case of reactions dominated by narrow resonances, a simpli-
fied approach [135] has been introduced to deduce resonance
strengths directly from the cross section of reaction 2. By
performing a multi-resonance normalization and thanks to
the covariance in error propagation, systematic errors from
normalization and theory are reduced to the percent level.

5.1 THM studies for 2C+2C

The fusion cross section of 2C+!2C at astrophysical energies
was deduced for both 2C(12C, «)?°Ne and 12C(12C,p)23’Na
reactions channels using the Trojan Horse Method utilizing
the '2C(1*N, « 2°Ne)?H and 12C(14N,p23Na)2H three-body
processes in quasi-free (QF) kinematics, with deuterium from
14N acting as a spectator to the '>2C+'2C reactions [3]. This
experiment was conducted at the INFN - Laboratori Nazion-
ali del Sud in Catania, Italy. A beam of 14N accelerated to
30 MeV by the SMP TANDEM was directed at a carbon
target with a density of 100 pug/cm?. The products of the
two-body reactions (either @ or p) were detected in coin-
cidence with the spectator deuterium particle using silicon
telescopes placed on both sides of the beam, covering opti-
mized angular regions for the QF kinematics of the breakup
process. Coincidence events were identified by gating in the
two-dimensional plots AE-E to select d and «(p) loci. Kine-
matics was reconstructed under the assumption of undetected
particles, either 20Ne (for the a+d channel) or 2*Na (for the
p+d channel). The Q value was analyzed as a function of
a kinematic variable, such as energy or angle, with coinci-
dence events expected to align horizontally at the predicted
Q value. Figure 10 illustrates a typical spectrum for the reac-
tion 12C(1*N,w2'Ne)?H, showing the Q-value as a function
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of the o detection angle. Two prominent horizontal loci indi-
cate the ground and first excited states of 2°Ne, marked by
green and red lines at —5.65 MeV and —7.28 MeV, respec-
tively. This spectrum confirms the calibration quality and
background free channel selection, leading to further analy-
sis being focused on these events.

Further experimental details can be found in [3]. The dom-
inance of the QF mechanism was supported by the close
agreement, within 5%, between the experimental momen-
tum distribution (in the 30—80 MeV/c range) and that derived
from the Woods-Saxon potential of the '>C-d bound state,
with standard geometric parameters like ro = 1.25 fm, a =
0.65 fm, and V( = 54.428 MeV, adjusted to match the experi-
mental 'C-d binding energy in '*N. Recently, a correspond-
ing agreement with the theoretical momentum distribution
calculated using the Distorted Wave Born Approximation
(DWBA) was demonstrated within the 30-80 MeV/c exper-
imental range. This significant finding will be detailed in a
forthcoming publication.

Following the completion of various data analysis steps
[3], the two-body cross section relevant to astrophysics was
determined applying the Plane Wave Impulse Approxima-
tion (PWIA) for four channels: 20Ne+ozo, 20Ne+051 ,BNa+ Do,
and ’Na+ p1. A modified one-level, many-channel R-matrix
analysis was performed, incorporating the 2*Mg states as
documented in [3]. The convenience of PWIA stems from its
straightforward connection to the three-body cross section, a
connection guaranteed in the modified R-matrix approach by
the presence of the same matrix elements in the total PWIA
amplitudes as in the on-the-energy-shell binary reaction cross
section (refer to eq. 3 of [3]). Based on the findings in [40]
at center-of-mass energies E.,. < 3 MeV and observations
of decreasing penetration factors for specific states, the por-
tion of the total fusion yield from « and p channels outside
of ap,1 and pg,1 was disregarded in the modified R-matrix
analysis. The estimated errors at E. . below 2 MeV were
below 1% for the o channels and 2% for the p channels. The
reduced widths of the THM based states were integrated into
a standard R-matrix algorithm to determine the S(E) factors
for the four reaction channels.

The results are illustrated in fig 11, showing the total mod-
ified $*(E) factor determined in the past direct and indirect
experimental campaigns. The data above 3 MeV represent
the results of the direct reaction studies based on different
experimental techniques as also shown in fig 8, while the
energy range below 3 MeV shows the THM result by [3] and
the proposed rescaling by [136], normalized to the direct data
of [6] as discussed in the following section.

6 Theoretical studies for 12C+12C

A theoretical Coulomb correction to the THM data, as
detailed in [136], was proposed using a DWBA-based theory
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without resonances. This reanalysis produced significantly
lower values S*(E), with discrepancies extending up to four
orders of magnitude compared to earlier results. However,
the authors perform a single resonance approximation, dis-
regarding the presence of several ones [137], using acommon
zero-range DWBA cross section of the transfer reaction to
determine the renormalization factor. Moreover, the conver-
gence and numerical stability of calculations related to trans-
fer to the continuum need careful scrutiny to avoid outcomes
that are highly sensitive to the specifics of the model space.
For example, theoretical calculations employing the Feyn-
man path-integral method [138] yielded S-factor values that
align well with the THM results. A recent study by Taniguchi
and Kimura [139], which utilizes the generator coordinate
model and incorporates full coupling between the entrance
and exit channels of the >*Mg compound nucleus, suggests
the formation of notable '>C+!2C molecular states. These
states fragment into multiple narrower resonances, which
are suggested to correspond predominantly to 0T and 2
spin parity considerations [139], due to channel coupling,
consistent with the experimental spectrum indicating several
low-energy states, as inferred from the THM data. However,
the use of the R-matrix formalism to derive cross sections
yields significantly lower results than those proposed by [3].
This finding is not definitive, as it does not account for non-
resonant contributions and potential interference effects.
Accurate prediction of low-energy extrapolation of fusion
reactions involving '>C+'2C and other light ions is compli-
cated by the potential “hindrance” effect, which may reduce
the low-energy cross section. However, the impact of this
effect in light ion fusion systems with Q,, >0 remains
unclear, particularly for reactions like '>13C+!213C and
1604160, which have not been experimentally verified [ 140].
Precisely, the results of [140] for the 12Cc413C fusion dismiss
the predicted maximum in the astrophysical S(E) factor sug-
gested by the hindrance model but support a rising trend at
lower energies. The hindrance effect lacks theoretical con-
firmation, as it is not observed in time-dependent Hartree-
Fock (TDHF) calculations [141] or in the combination of
mean field and cluster models [70]. In summary, the issue of
theoretically reliable extrapolation remains unresolved. The
nature of these low near-threshold energy states and any pos-
sible interference effects are still under investigation. A com-
prehensive exploration and comparison of various theoreti-
cal approaches and methodologies are essential for achieving
a deeper understanding and establishing more reliable out-
comes in this field.

Figure 12 shows different model calculations of the mod-
ified astrophysical S-factor for '>C+!2C, such as those of
the time-dependent wave-packet (TDWP) method, coupled-
channel, neck model, microscopic hybrid alpha-cluster,
the density-constrained time-dependent Hartree-Fock (DC-
TDHF), and antisymmetrized molecular dynamics (AMD)
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Fig. 12 Model predictions for the modified astrophysical S-factor for
12C412C towards low energies

calculations. While most models describe the trend of exper-
imental data (Fig.8) at higher energies of ~6 MeV rather
well, large discrepancies exist at stellar energies of E < 3
MeV. The estimation by Caughlan and Fowler [51] (black-
dotted line) assumes a constant S*-factor, and a very strong
suppression at stellar energies is predicted by the hindrance
model (black-thin-solid line). The predictions of these dif-
ferent models differ by two orders of magnitude at the
Gamow energy window (E < 3 MeV), which is centered
at 1.5 MeV. In this energy region, most model calculations
provide a smooth S*-factor function, with the except of two.
Namely, (i) the AMD model that microscopically treats com-
pound nucleus resonances associated with different binary
cluster configurations of 2*Mg (blue-dot-dashed line), and
(ii) the neck model, which addresses a two-body potential
model using the imaginary time method (red-triangles). In
the AMD model [139], the microscopic compound-nucleus
Hamiltonian matrix is diagonalized. The R-matrix method
along with the Breit-Wigner formula for a single-resonance
cross-section are then used for calculating the resonant S*-
factor, which is very sensitive to the energy density func-
tionals [139]. In the neck model approach [138], the Bass
potential strength increases at each 0T resonance observed
in the THM data, adding resonance structures to a smooth
S*-function that notably disagrees with other predictions
at near-barrier energies. In some cases the spin of the
observed resonances was changed to 0" based on ref.[13]
of [138]. The microscopic hybrid alpha-cluster calcula-
tions (black-solid circles) show fluctuations which may be
due to numerical noise in the treatment of quantum tun-
neling with the imaginary time method [71]. DC-TDHF
calculations [68] (light-green short-dashed line) using the
Skyrme energy density functional, with the SLy4d param-
eter set, predict a S*-factor function that is similar to the
one from the coupled-channel calculations by Assuncao and
Descouvemont [142] (magenta-dot-dot-dashed line). The lat-
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ter calculations include microscopic double-folding poten-
tials using both the DDM3Y nucleon-nucleon interaction
and transition densities from a triple-alpha cluster model.
The coupled-channel calculations by Gasques et al. [143]
(green-long-dashed line) predict a strong increase in the
S*-factor as the energy becomes smaller, reproducing the
trend of the THM measurements [3]. This is because the
set of parameters of the imaginary potential are chosen in
such a way that they describe, on average, the THM mea-
surements. These coupled-channel calculations use optical
potentials based on the real Sao Paulo nuclear interaction,
which is very attractive at short radii, and a weak angular-
momentum dependent imaginary part, leading to resonant
structures in the S*-factor function at energies around the
Coulomb barrier. Similar structures are yielded by the TDWP
calculations [144] (dark-red solid line). However, discrep-
ancies exist between the TDWP resonances and those in
the coupled-channel calculations by Gasques et al. [143],
which may be due to the absence of the '>C intrinsic vibra-
tions in the TDWP model [144] that only treats rotational
modes of oblately deformed '>C nuclei. The TDWP method
directly solves the time-dependent Schrddinger equation
with a multi-dimensional collective Hamiltonian, including
the static quadrupole deformation and orientation of the '2C
nuclei [144, 145]. The equator-equator orientation of oblately
deformed '>C nuclei facilitates their capture in the corre-
sponding potential pocket due to the lowest Coulomb bar-
rier among all the orientations. This potential pocket sup-
ports doorway molecular states that feed the fusion process
of the pole-pole dinuclear configuration [145]. State-of-the-
art, quantum dynamical microscopic calculations of >C +
12C fusion have confirmed the crucial role of triaxial nuclear
molecular configurations surviving the nuclear process in the
formation of some resonant structures in the astrophysical
S-factor [146]. Some of the resonant structures in the exper-
imental data in Fig. 8, which are not yet explained, could be
due to both compound nucleus resonances [146,147] and/or
cluster effects in the nuclear molecule [139,148].

7 Astrophysical impact

In the following section, we discuss the implications of the
12C + 12C fusion rate in late evolution stellar environments
at conditions where the reaction rate is less impacted by elec-
tron screening as at high-density conditions [149,150] antic-
ipated for type la supernova, involving accreting or merging
white dwarfs [19], or superbursts in the atmosphere of accret-
ing neutron stars [22]. In the latter two cases, the reaction
rate is expected to be enhanced by several orders of magni-
tude because of electron screening, with the nuclear physics
aspects considered in the previous sections of this paper of
lesser relevance.
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The importance of a good knowledge of the cross section
of the '2C + '2C nuclear reaction dates back to Becker and
Iben [151] who were the first to name My, the maximum mass
that does not ignite C. They clearly stated that this critical
mass depends (also) on the 12C 4+ 12C nuclear reaction cross
section (NRCS). Though early recognition of the importance
of this NRCS, only in 2007 few theoretical tests were per-
formed to check the role of this NRCS (taking advantage
of a new, reduced, cross section obtained in the Hindrance
scenario - HIN) on the evolution, in that case of the mas-
sive stars. More specifically, Gasquez et al. [77] showed the
evolution of two massive stars (a 20 and a 60M) computed
with a very detailed network for both the CF88 and the HIN
cases. They found that the reduced rate lead to a significant
increase of both the yields of 26 A1 and ®Fe, while the com-
parison between all other isotopic yields showed a maximum
scatter of a factor of 4 only in few selected isotopes. Based
on just these two masses, Gasquez et al. [77] argued, tenta-
tively, that the new yield of the 2°Al would have alleviated
the friction between theory and observations [152]). Later
on, Bennett et al. [153] and Pignatari et al. [154] explored
the consequences of both an increase and a decrease of this
nuclear cross section on the evolution of a set of massive
stars (15, 20, 25, 32 and 60Mg,). None of these papers was
based on a new measurement of this nuclear reaction, but
either the cross section provided by CF88 was multiplied or
divided by a fixed factor or a new cross section was derived
by assuming the presence of a strong resonance at a center-
of-mass energy of 1.5 MeV.This choice originated from a
preliminary (at that time) particle spectroscopy experiment
on 12C + 12C obtained at the CIRCE radioactive beam facility
in Caserta/Napoli, Italy [155]. In these papers, they discuss
the dependence of both physical and chemical evolution on
the adopted '>C+!2C NRCS. They were also the first (and
maybe the only ones as far as we know) to check the influ-
ence of the relative channels (¢, p and n) on the evolution of a
massive star. The inclusion of a resonance at 1.5 MeV in the
NRCS [156] showed that the C ignition curve, i.e. the curve
in the Log(T)-Log(p) that marks the locus where the nuclear
energy generation rate €cizci2 equates the neutrino energy
losses €y, shifts significantly downward in temperature with
respect to the one obtained in the CF88 case, and hence that
My, is significantly reduced.

Currently a reliable determination of the '>C+!2C NRCS
is still missing; two opposite scenarios are currently under
debate, one that foresees an NRCS higher than the classical
CF88 (obtained with the Trojan Horse method, THM) and
another one, less effective than the CF88 one, obtained in the
Hindrance scenario. In addition, intermediate possibilities
between these two extremes have also been proposed.

Since there is still no consensus about the real NRCS for
this nuclear reaction, it is important to completely re-analyze
the influence of both these NRCS (the THM and the HIN



Eur. Phys. J. A (2025) 61:280

Page 150f27 280

one) on the evolution of a star. In the following, we will first
discuss the role played by C burning on the evolution of a
star as a function of the initial mass by adopting the CF88
NRCS. All models were computed with the same version of
the FRANEC adopted by Chieffi et al. [157,158], but in this
case we chose to use the Schwarzschild criterion to fix the
border of all the convective zones. This will be our reference
scenario. Then we will show how this scenario changes if the
NRCS obtained in the Hindrance scenario (HIN) or the one
obtained by means of the Trojan Horse Method (THM) are
adopted.

Let us clearly stress that we are not considering in the
present context uncertainties connected to, e.g., the input
physics, like the equation of state, the opacity, the neutri-
nos energy losses, the screening, the weak interactions, the
mass-loss rates or about the validity of the mixing length for-
malism to mimic the thermal instabilities that occur in a star.
We are also focusing on single solar metallicity models.

A second thing worth being clearly stated is that this sec-
tion is not intended at all to discuss the differences among
models computed by different authors over many decades.
Here we are only interested in understanding how some key
evolutionary properties depend on the NRCS under exam,
and hence the only models that will be discussed here will be
those specifically computed for this paper plus the very lim-
ited number of recent papers in which different NRCS for the
12C + 12C have been explored, i.e. Chieffi et al. [157,158],
Monpribat et al. [159] and Dumont et al. [160].

In principle the role and features of the C burning are well
known. We think, however, that it is worth summarizing a
few key evolutionary properties of a star that are of interest
for the C burning (and beyond). C burning is the third main
nuclear burning and occurs after the H and He burning in all
stars able to reach a temperature of the order of 800 MK.
Two key parameters control the C burning: the first one is the
mass fraction of '2C left by the He burning because it is the
fuel to be burnt (it enters directly in the reaction rate of the
12C412C nuclear reaction) while the second one is the mass
of the star. Similarly to what happens for the central H and
He burning, also in this case there is a minimum threshold
mass above which C burning may occur. The mass that con-
trols the possible C ignition, however, is not the initial mass
but the CO core mass that forms after the central He burning.
By the way, the same holds in He burning where it is the
He core mass that determines the evolutionary properties of
the He burning. Hence one should discuss, in principle, the
properties of the models in terms of the CO core mass; on
the contrary, it is common to discuss them in terms of the
initial mass. The reason is that, in principle, there is a strong
direct correlation between the CO core mass and the initial
mass so that it should be indifferent to use one or the other;
unfortunately, a number of uncertainties including at the very
minimum the mass size of the convective core both in H and

He burning plus the sinking of the second dredge up, do not
allow to define a unique, robust relation between the initial
and the CO core mass. In the present case we will use indiffer-
ently the initial masses or the CO core mass because we are
performing partial derivatives, i.e. the relation between initial
mass and CO mass at the beginning of the He shell burning
phase is the same in all cases explored here. In general, the
increase of the temperature in the inner core of a star is due to
the release of gravitational energy caused by its contraction.
According to the Virial theorem, in case of an ideal gas 50%
of the energy gained by the gravitational contraction leads
to the increase of the internal energy (and hence of the tem-
perature) while the other 50% is transmitted outward. Since
the amount of gravitational energy released by a contracting
CO core scales directly with its mass size, the more massive
the CO core the higher will be the maximum temperature
that may be reached and the faster will be its increase. How-
ever, the energy gain (and hence the temperature increase)
induced by the gravitational contraction competes with the
neutrino energy losses that on the contrary tend to cool down
the central region of the core, so that the maximum value of
the temperature as well as its location in mass depend on the
competition between cooling and heating. Stars that form a
CO core more massive than a threshold value (just after the
end of the He burning) contract and evolve up to the core col-
lapse independently on the rate of the '>C+'2C or any nuclear
reaction because in these stars the electron degeneracy does
not play any significant role (hereinafter by degeneracy we
will mean electron degeneracy). Vice versa stars whose initial
CO core is smaller than the threshold value cannot contract
freely because the degeneracy of the core tends to sustain the
star without the requirement of additional contraction; in this
case additional nuclear burning after the central He exhaus-
tion may occur only if the CO core can grow and hence raise
the maximum temperature up to the threshold value dictated
by the adopted NRCS of the '?C+!2C. The typical value for
this threshold CO mass is of the order of 1.3:1.4Mg.

Given the importance of the mass size and the temporal
evolution of the CO core in determining the fate of a star,
Fig. 13 shows the run of the maximum temperature versus
the CO core mass for stellar models in the range 6 to 13M,
for the reference scenario. Stellar models up to 8.2M, are not
able toreach the threshold temperature for the C ignition: they
increase their maximum temperature until the CO core can
grow in mass (i.e. until the He burning shell may advance in
mass) and then it start decreasing because the neutrino energy
losses dominate the energy budget. The maximum mass that
does not ignite C, My, is therefore confined between 8.2
and 8.3Mg. It is worth noting in Fig. 13 that the increase
of the maximum temperature is associated to a significant
increase of the CO core mass. Models with Mj,; > 10.3Mg
ignite Ne off center, burn it down to the center and evolve
through all other nuclear burning up to the Nuclear Statistical
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Fig. 13 Relation between the maximum temperature and the CO core mass (defined at the nuclear energy maximum of the He burning) for a series

of masses computed with the CF88 nuclear cross section

Equilibrium and eventually collapse; the minimum mass that
leads to the formation of a core collapse supernova, Mpmas,
may be settled between 10 and 10.3Mg . The range of masses
between Myp and Myas, i.e. between 8.2 and 10.3Mg con-
tains the transition region that separates stars that form a
degenerate CO from those that evolve to the final collapse.
This is a very complex mass interval (the so called range
of the Super Asymptotic Giant Branch - SAGB - stars; see,
e.g., [161-168] for a comprehensive analysis of this mass
interval not much studied up to now) that includes both stars
that ignite C off center and stars that ignite C centrally. All
these stars eventually form a degenerate core without reach-
ing directly the threshold temperature for the Ne ignition. The
chemical composition within the degenerate core depends
on the amount of C that has been burnt in C burning. The
lowest fraction of SAGB stars (roughly up 8.8Mg) forms
a degenerate core made of CONe (sometimes called hybrid
stars), while the other forms a ONe core. The limiting mass
between these two possible outcomes is Mcone. While the
masses below Mcone Will leave a compact remnant, the final
fate of the stars that form a degenerate ONe core depends
on the competition between the increase of the ONe core
(due to the advancing of the H and He burning shells in the
thermally pulsing phase) and the evaporation of the envelope
mass due to the wind: a fraction of these stars may end as
ONe white dwarf and a fraction explode as electron capture
supernovae. Another critical mass worth being mentioned is
the mass, My, that separates the stars that end their life with
a degenerate core from those that eventually collapse. By the
way, My is obviously confined between Mcone and Mymas.
We cannot estimate the value of Mx from the present set of
models because all runs where stopped either when the maxi-
mum temperature began to drop or at the beginning of the Ne
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burning. Note that the adoption of the CF88 NRCS settles the
temperature of the C ignition in a degenerate environment to
roughly 600 MK while the typical burning temperature once
the degeneracy is removed is roughly 800 MK (see Fig. 13).

All these mass limits are of crucial importance because
they fix the range of masses that share a similar behavior and
their relative frequencies, i.e. the relative frequency among
WDco, WDcone and WDgne as well as the expected fre-
quency of the electron capture supernovae. The limiting mass
Mmas fixes the minimum mass that will explode as a core
collapse supernova and simultaneously limits the range of
masses that may form a WDgp, or end their life as electron
capture supernovae.

Stars more massive than My1as evolve up to the final col-
lapse regardless of the actual efficiency of the various nuclear
cross sections, including the 12C412C, but in spite of this,
a change of this NRCS dramatically affects the advanced
evolutionary phases of the massive stars and their final des-
tiny. We did not compute new models in this mass range
because a very detailed scenario was discussed by [157] and
we will take advantage of that work. The physical structure
of a massive star at the beginning of the core collapse, its
compactness (which is somewhat connected to its capability
of exploding), is mainly sculpted by the way in which the C
burning shell advances in mass: qualitatively speaking, the
more massive the C exhausted core, the higher its binding
energy, the greater the energy needed to have a successful
explosion.

The advancing of the C shell is controlled by the birth,
growth and death of the various C convective shell. Now,
the number, extension and duration of them change quite
rapidly with the initial mass. Towards the lower end of the
massive stars interval, stellar models form a C convective
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core followed by 2-3 relatively small C convective shells;
as the mass increases, central C burning becomes radiative
(because of the combined effects of the lower amount of fuel
left by the He burning and the tremendous direct dependence
of the neutrino energy losses on the temperature and density)
and the number of C convective shells reduces as well but
they become more extended (in mass). As the initial mass
increases further only one very extended C convective shell
forms. Though the final compactness of a star may be pre-
sented in different ways, e.g. by means of the density profile
or the mass-radius relation at the onset of the collapse, we
think to be useful to adopt a compact way to measure the
compactness of a star, a single parameter & [169], that is the
ratio between the mass M and its corresponding radius R
at the mass location M=2.5Mg, i.e. &5 = 2.5 Mg / Ry5
[1000km].

Figure 8 in Chieffi et al [157] shows as blue dots how the
& parameter depends on the initial mass. The trend is not
monotonic and shows maxima and minima that are strongly
correlated with the behavior of the C burning shell and that
could identify islands of explodability (close to the minima)
separated by regions in which stars simply collapse without
ejecting any part of their final structure (around the maxima).
Note that, given the rapid change of the £ parameter with the
initial mass, it is not possible to infer the properties and final
fate of a full generation of massive stars (not just a single star)
without computing the full evolution up to the beginning of
the collapse of a quite refined grid of models.

Once we have briefly sketched the role that C burning has
on the evolution of a star, let us now show how this com-
plex scenario changes if one adopts a different NRCS for
the '2C+!2C. We assume that the « and proton channels of
this nuclear reaction are equally probable and do not change
whichever NRCS is adopted. However, we note that the pos-
sible change of the branching ratio between « and proton
channels may impact the evolution of the stars, both physical
and chemical; see, e.g., Pignatari et al. [154]). In general,
the uncertainties that affect Myp, Mcone and Myas may be
divided in two categories. The first one concerns the rela-
tion between the initial mass and the pair Mco plus the mass
fraction X2 left by the He burning: it includes the initial
metallicity, the size of the convective core, the extension of
the second dredge up, the temporal evolution of the convec-
tive core in He burning, the NRCS of the 12C(oc,y)]60 and
rotation. The second class of uncertainties includes all the
phenomena that occur after the central He burning, includ-
ing the NRCS of the '>C+!2C nuclear reaction (plus again
the treatment of the convective zones). In this section we con-
centrate on just the influence of the NRCS of the '>C+!2C
on Myp, Mmas and the advanced evolutionary phases of a
massive stars. Figure 14 shows the relative values of both the
HIN and THM NRCSs with respect to the reference one (the
CF88) as a function of the temperature.

Table 1 Both limiting masses My, and Mcone are computed with
a resolution of 0.1Mg while Myas is evaluated with a resolution of
0.2/0.3Mgp

NRCS Myp Mcone Mmas
CF88 8.3 8.8 10-10.3
THM 7.2 8.0 9.8-10
HIN 9.0 9.4 10-10.3

Let us discuss firstly how the reference scenario changes
if the THM NRCS is adopted, i.e. a nuclear cross section
significantly higher than the CF88 one.

Figure 15 shows the run of the maximum temperature ver-
sus the CO core mass when the THM NRCS is adopted. In
this case the minimum mass that ignites and burn C is the
7.2Mg so that My, is now located between 7.1 and 7.2Mg,.
Note that the minimum CO mass required to burn C drops
from roughly 1.03Mg to ~ 1 Mg. McoNe now is of the order
of 8M while the minimum mass that ignites Ne (and may
proceed up to the Nuclear Statistical Equilibrium) is in this
case the 10Mg, so that Myas ranges now between 9.8 and
10Mg . The adoption of a higher nuclear cross section lowers
both Myp and Mmas: the first one by roughly 1M while the
second one by just 0.2Mg or so. The range of masses that
leave a CONe core increases by roughly 0.2:0.3My. With
this NRCS C ignites under degenerate conditions at a tem-
perature of the order of 500 MK while the not degenerate
burning occurs slightly above 700 MK.

Figure 16 shows the run of the maximum temperature ver-
sus the CO core mass when the HIN NRCS is adopted. In this
case the minimum mass that ignites and burn C is the 9M, so
that My, is now located between 8.9 and 9M . The minimum
CO mass required to burn C raises above 1.1Mg. The maxi-
mum mass that forms a degenerate core of CONe is now of
the order of 9.4Mg. The minimum mass that ignites Ne (and
may proceed up to the Nuclear Statistical Equilibrium) is in
this case the 10.3Mg, so that Myas ranges now between 10
and 10.3Mg. With respect to the standard case, this nuclear
cross section lifts My, by roughly 1M and Mmas by 0.2Mg
or even less. C now ignites under degenerate condition at a
temperature of the order of 700 MK while the main burning
occurs slightly above 850 MK.

Table 1 collects all the mass limits obtained for the three
different cases. Let us warn the reader once again that here
we are interested only in the partial derivatives with respect
to the '?C+!2C NRCS because the absolute values change
from one author to the other primarily because of different
relations Miy; — Mco and/or different mass fraction of 12C
left by the He burning. Table 1 tells us first of all that the
full interval (AMsaGB) Myup-Mmas scales directly with the
efficiency of the >?C+!2C NRCS. The higher the NRCS the
wider is the mass range of the SAGB. The reason is that,
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Fig. 15 Relation between the maximum temperature and the CO core mass (defined at the nuclear energy maximum of the He burning) for a series
of masses computed with the THM nuclear cross section
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Fig. 16 Relation between the maximum temperature and the CO core mass (defined at the nuclear energy maximum of the He burning) for a series
of masses computed with the HIN nuclear cross section
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while My, varies significantly with the NRCS, Mpas does
not. The reason why Myas depends much less than My, on
the NRCS may be easily understood by reminding that this
limit is mainly dictated by the mass size of the CO core at the
end of the central He burning that is obviously independent of
the 2C+2C NRCS. So, while at one extreme we have a mass
range of SAGB stars slightly less than 3Mg (THM case), at
the other side (HIN case) this range drops to a mass interval
slightly larger than 1Mg. According to this results also all
the other mass intervals shrink as the NRCS reduces. The
range of masses that forms a CONe core drops from roughly
0.8Mg in the THM to roughly 0.4Mg in the HIN case. The
mass range of the stars that form an ONe degenerate core
drops from 2Mg, to less than 1 M.

The real differences among the three scenarios may be
appreciated once we consider the initial mass function (IMF).
Letus consider a generation of stars in the interval 7 to 25Mg,.
The lower limit of integration has been set to 7M¢, because it
is moderately smaller than the smallest of the three My, and
the upper limit has been chosen at 25M¢, because there are
reasons to think that stars more massive than this value will
either explode as Type Ibc or even implode [170]. Note, how-
ever, that the ratio Nsags /NtoT is only marginally affected
by the two limits of integration (where Ntot is the total
number of stars between 7 and 25Mg). Assuming a classical
Salpeter IMF with a slope x=—1.35, the ratio Nsag/NMAsS
amounts to 0.50 (CF88), 0.75 (THM) and 0.30 (HIN): there
is a quite important difference among the three cases; the
THM NRCS predicts more than a factor of two more com-
pact object with respect to the massive stars than the HIN
NRCS. Also the fraction of stars that form a CONe core with
respect to the total number of SAGB stars changes somewhat
since, while both the CF88 and the THM give a ratio of the
order of 0.3, in the HIN case this ratio drops to 0.2 or so. The
impact of these different scenarios on the global evolution of
the galaxy goes beyond the purposes of the present analysis.

The dependence of My, and Mpmas on the adopted
12C4+12C NRCS has also been studied in other articles. The
first one [171] showed that the adoption of the THM reduces
M, by roughly 0.5M, a value smaller than the one obtained
in the present tests, but it must be considered that their grid
has a resolution of 0.5Mg. As far as Mpyas is concerned,
similarly to us, they found a negligible dependence of this
limit on the '2C+'2C nuclear cross section. The reason for
such a finding is discussed above. The second [160] deter-
mined the two mass limits for both the CF88 and the HIN
NRCS using the GENEVA stellar evolution code: GENEC
[172]. Their results are in line with ours, My, scaling directly
with the efficiency of the NRCS while Myjas changing very
modestly, as expected (see above).

Let us now turn to the effect of a variation of the '>C+2C
NRCS on the evolution of the massive stars. Also in this case
we do not present any new model but we take advantage of a

recent work [158]in which itis compared the evolution of two
generations of stars in the mass range 12-26M,, one evolved
with the CF88 NRCS and a second one with the THM NRCS.
The main effects of the THM NRCS is that of reducing the
mass interval of stars that form a convective core. While in
the CF88 case a convective core C develops in models up to
24Mg, in the THM a C convective core develops up to a mass
of 20Mg. Also the number and extension of the C convective
shells changes, the THM models forming, on average, alower
number of convective shell but more extended in mass. The
final result is shown in Figure 9 of Chieffi et al. [158], where
the final run of the compactness with the mass in the range
12 to 27M, obtained with the THM NRCS is compared to
the analogous run obtained by adopting the CF88 NRCS.
The figure shows in both cases a quite large variation of the
compactness with the mass, but also that the minima and
maxima of the compactness occur at completely different
masses. By means of just these computations it is not possible
to infer the different impact of the two generation of massive
stars computed with the two NRCS on the evolution of the
galaxy, i.e. the different impact on the nucleosynthesis or on
the expected number of core collapse supernovae. Note that
the huge amount of computational time required to provide
the scenario presented by Chieffi et al. [158] did not allow
the use of the very extended network necessary to follow the
nucleosynthesis properly.

The influence of the HIN NRCS on the evolution of mas-
sive stars has been studied by Gasquez et al. [77] (see above)
and more recently by Monpribat et al. [159] and Dumont et
al. [160], using the GENEC code. These papers present mod-
els computed with both the CF88 and the HIN NRCS. Their
computations extend up to the Ne ignition or until the car-
bon flash for the less massive stars and their analysis focuses
on the central C burning phase, which means that they can-
not be used to determine the final structure of the models
at the beginning of the collapse, neither in the CF88 nor in
the HIN cases. However, their finding about the effect of the
HIN NRCS on the central C burning is in line with the find-
ing by Chieffi et al. [158], i.e. that the maximum mass that
forms a convective core in C burning scales inversely with
the efficiency of the nuclear cross section.

Finally, it is worth briefly reminding a phenomenon that
affects a significant number of stars with an initial mass lower
than 25Mg, or so. In the final stages of their evolution these
stars may, in fact, experience the merging of the carbon rich
layers into the convective oxygen burning shell. This phe-
nomenon, known as a “C-O shell merger”, driven by vigorous
turbulent motions, mixes the products of the C and O burn-
ing leading to a redistribution of many nuclear species over
a wide mass interval. Such a phenomenon would lower the
yields of the products of the C burning, because they would be
spread down to regions where the passage of the shock wave
will destroy them, and raise those of elements produced by
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the O burning, because these elements will be spread out in
regions where they would be preserved by the passage of the
shock wave [173-178]. Moreover, this phenomenon would
expose C-rich material to the high temperatures characteris-
tic of the O burning. The implications of such an event that
occurs few hours before the core-collapse, are significant.
The newly formed mixed region contains distinctive nucle-
osynthesis products (e.g., odd-Z elements, p-nuclei, weak s-
process components), which can survive the supernova shock
wave and be ejected into the surrounding interstellar medium
[173,178-180]. Additionally, the turbulent mixing generates
a steep density and pressure gradient at the interface between
the Si and O layers, potentially aiding the successful explo-
sion of the star [181,182].

Ref. [178] suggested that the likelihood of a C-O shell
merger is, at least partially, influenced by the carbon burning
and hence on both the abundance of 2C left by the burning
He core and the '>C +2C NRCS. The lower the efficiency of
the C burning shell, the lower the entropy barrier at the inter-
face between the O and C convective shells. As a result, a
changing in the >C+'?C NRCS could significantly affect the
occurrence of C-O shell mergers and therefore the distinc-
tive nucleosynthesis associated to such an event. However,
a quantitative estimate of the effects such a changing on the
chemical composition of the ejecta is extremely challenging
because it would require the computation of an extensive grid
of massive star models with a very detailed nuclear network
able to follow in detail both the nuclear energy generation
and the nucleosynthesis.

8 Conclusion

In the early studies of carbon fusion, the experiments were
driven by the idea of discovering molecular states, cluster
quantum configurations between two '2C nuclei. An addi-
tional important driving factor in the experimental effort is
the understanding of the pivotal role this nuclear reaction
cross section has on the evolution of a wide range of stars.
In terms of the quantum mechanics of the fusion mechanism
the detailed understanding of the features of hindrance if any
and the nature of the low energy resonances is of enormous
importance and needs to be investigated [28].

However, it should be noted that, in particular in high den-
sity environments defining the ignition conditions for type
Ia thermonuclear supernovae [19,183] and superbursts in
the atmosphere of accreting neutron stars [27], the rate is
expected to be substantially enhanced by electron screening
and a certain extent will be of pycnonuclear nature, where
the details of nuclear structure effects will be of lesser impor-
tance [9,28].

This paper provides an overview of the scientific devel-
opments in and the future of sub-barrier >C+'2C fusion

@ Springer

studies. It is of particular interest for the understanding of
the emergence quantum features near the threshold ranging
from the formation of nuclear clusters or dynamic resonance
structures as well as the possibility of hindrance due to the
incompressibility of nuclear matter. While the experimen-
tal effort in is still inconclusive on the emergence of such
features, theoretical predictions have so far focused on sin-
gle aspects of such phenomena. A better understanding is of
great importance for the development of a reliable reaction
rate for the '>C+!2C fusion process, which determines many
crucial aspects of the evolution of stars in a wide mass inter-
val, from the C ignition in electron degenerate conditions to
the sculpting of the final mass-radius relation of the massive
stars at the onset of the core collapse.
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