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Burning phases in massive stars



• In a star of 8-11 Solar masses, a 
carbon flash lasts just 
milliseconds.

• In a star of 25 Solar masses 
carbon burning lasts about 600 
years. 

Different shells of a massive star 
shortly before core collapse

Carbon burning: a crucial phase in the stellar 
nucleosynthesis 

• key reactions at each stage of
stellar burning



it would be expected that the angular correlation should
oscillate with a period given by jPJ½cosðψÞ$j2. As described
in Refs. [18,19], it is possible to infer from the oscillation
pattern of the data, the spin of the excited state. The
dependence of the yield on the angle ψ is shown in Fig. 3,
in which the data are compared with several Legendre
polynomials. The measured alpha spectrum and angular
correlation clearly point to the existence of a state at 22.4
(2) MeV with Jπ ¼ 5−.
In Fig. 4, we show the rotational band structure in 12C.

The ground state rotational band consisting of the levels 0þ,
2þ, 3−, 4', and the newly measured 5− state, follow a
JðJ þ 1Þ trajectory. Also, the recently identified rotational

excitations with 2þ [17] and 4þ [18] of the Hoyle state form
a JðJ þ 1Þ sequence, albeit with a larger moment of inertia.
Finally, as we discuss below, the negative parity states
1− and 2− shown in Fig. 4 are assigned as members of the
bending vibration with almost the same moment of inertia
as the Hoyle band.
We present an analysis of the cluster states in 12C in

terms of oblate symmetric top which is a special case of the
algebraic cluster model [1,2]. In this approach, the three
alpha particles are located at the corners of an equilateral
triangle. Their relative motion is described by two
perpendicular Jacobi vectors, ~ρ and ~λ, one vector connect-
ing two points on the triangle and the second one along the
half angle perpendicular to it. The corresponding algebraic
model describing such a system is based on theUð6þ 1Þ ¼
Uð7Þ spectrum-generating algebra [1,2].
Of particular interest is the oblate symmetric top limit

which corresponds to the geometric configuration of three
α particles located at the vertices of an equilateral triangle.
The rotation-vibration wave functions of a triangular
configuration can be written as [1,2]

∣N; ðv1; vl22 Þ; K; LPi: ð1Þ

Here, N is the total number of bosons. The energy spectrum
consists of a series of rotational bands labeled by (v1, v

l2
2 ).

Here, v1 corresponds to the breathing vibration with A
symmetry and v2 to the doubly degenerate bending vibration
with E symmetry; l2 denotes the vibrational angular
momentum of the doubly degenerate vibration, L the angular
momentum,K its projection on the symmetry axis, andP the
parity. Since we do not consider the excitation of the α
particles, the wave functions describing the relative motion
have to be symmetric, i.e., jK∓2l2j ¼ 3m a multiple of 3
[1,2]. This imposes some conditions on the allowed values of
the angular momenta and parity. For vibrational bands with
(v1, 00), the allowed values of the angular momenta and
parity are LP ¼ 0þ; 2þ; 4þ; …, with K ¼ 0 and
LP ¼ 3−; 4−; 5−; …, with K ¼ 3. The threefold symmetry
excludes states with K ¼ 1 and K ¼ 2 and leads to the
lowest predicted LP ¼ 4' parity doublet in the (v1, 00)
vibrational band. The predicted LP ¼ 4' parity doublet both
in the ground band and the Hoyle band is a strong signature
of this model. For the bending vibration with (0, 11), the
rotational sequence is given by LP ¼ 1−; 2−; 3−; 4−;…,
with K ¼ 1, LP ¼ 2þ; 3þ; 4þ;…, with K ¼ 2 and
LP ¼ 4þ;…, with K ¼ 4. The degeneracy of the states
with the same value of the angular momentum L but
different value of K is split by the κ2 term in Eq. (2) [2].
Since in the application to the cluster states of 12C, the
vibrational and rotational energies are of the same order, we
expect sizeable rotation-vibration couplings.
In the Uð7Þ algebraic cluster model, the energy eigen-

values of the oblate top, up to terms quadratic in the
rotation-vibration interaction, are given by:

FIG. 3 (color online). The projection onto the ψ axis of the
angular correlations for the 22.4 MeV state. The data points are
corrected for the acceptance of the detectors and connected with a
(continuous black) line to guide the eye. They are compared with
the Legendre polynomials jP5½cosðψÞ$j2 (dashed blue line) as
well as for l ¼ 4 (dotted red line) and l ¼ 6 (dotted-dashed red
line). Note that due to the unknown m-substate population of the
Jπ ¼ 5− state, the height of the oscillations cannot be predicted,
but the oscillatory phase determines the angular correlation to
arise from a Jπ ¼ 5− state.

FIG. 4 (color online). Rotational band structure of the ground-
state band, the Hoyle band, and the bending vibration in 12C.
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Abstract. A new setup consisting of four 5” by 5” NaI scintillators and an array of particle detectors is being
developed. Proton-gamma-gamma coincidences will be measured using the 12C(p, p′ )12C reaction at 10.5 MeV
energy. The new setup will be used for the measurement of the electromagnetic decay rate of the Hoyle state via
two E2 transitions. We report the initial experimental results for singles gamma and gamma-proton coincidences
through inelastic scattering of protons on a 12C target.

1 Introduction
It is well known that carbon is produced in the universe by
the triple-alpha reaction in helium-burning red giant stars.
In 1953, Fred Hoyle realised that the fact that any signifi-
cant carbon in the Universe requires a resonant state in 12C
very near 7.7 MeV.

The subsequent observation of this state, known as the
Hoyle state, is often cited as the beginning of experimental
nuclear astrophysics [1]. The first observation of the Hoyle
state was made by Noel Dunbar in 1953 and has been de-
scribed as the most important experiment performed by an
Australian physicist [2].

The structure of the Hoyle state is difficult to explain.
It is generally believed to be based on α-clusters in a lin-
ear chain structure [3], however an alternative explanation
of the α clustering in analogy to ultra-cold gases has been
proposed [4]. Recent studies show that, based on ab initio
lattice calculations, the Hoyle state has a structure like a
compact triangular configuration of alpha clusters [5]. A
somewhat different picture emerged from the analysis of
the proton and α scattering data [6] suggesting that the α
particles form an open triangle shape or can be considered
as a loose assembly. However all recent studies exclude
the possibility of a linear chain structure.

Our project aims to improve the knowledge of the ra-
diative width of the Hoyle state through the observation of
the cascading gamma-rays, the 3.21 MeV and 4.44 MeV
transitions. One should note that there is only one exper-
imental spectrum [7] ever published showing the electro-
magnetic decay branch from the Hoyle state. We report
the initial experimental results from the detections of sin-
gles gamma and gamma-proton coincidences through the
inelastic scattering of protons on a 12C target.

ae-mail: badriah.alshahrani@anu.edu.au

2 3α reaction
The triple-alpha reaction has a significant role in the
production of carbon in the universe. The 3α process and
the formation of 12C are illustrated in Fig. 1. It is one
of the most important reactions in the field of nuclear
astrophysics.
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Figure 1. 3α process and the formation of 12C.

We can describe the 3α reaction as follows: helium
nuclei fuse into heavier elements when the temperature is
high enough, typically around 108 K, and when the helium
density is in the order of 105 g/cm3 [8]. Two helium nuclei
fuse to form 8Be (an unstable isotope with short half-life
of 5 ×10−17 sec).12C is created when a third alpha particle
fuses with the 8Be nucleus, and the unstable Hoyle state is
populated, which has a short half-life around 2.4×10−16s.
The chain of this process is as follows:

4He + 4He↔ 8Be 4He + 8Be↔ 12C∗
Step I Step II

Article available at http://www.epj-conferences.org or http://dx.doi.org/10.1051/epjconf/20136301022

3α  7.37 MeV
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Cross-sections for some light systems at subcoulomb energies
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Carbon burning: 12C + 12C, the main reaction

12C+ 12C è23Na + p, Q =  2.24 MeV
12C+ 12C è20Ne + a, Q =  4.62 MeV
12C+ 12C è23Mg + n, Q = -2.62 MeV

Experimental and theoretical efforts



1) Backgrounds:

2) Thick targets measurements:        
Taking the difference of two measurements at  
different energies.

Detection of charged particles, p and a:

12C + H        p and 12C + D         p or d

Detection of g-rays:
12C+ H         g and 12C + D         g; 

cosmic rays and room backgrounds 

12C+12C cross-sections , sources of uncertainties
nb to pb range

Gialanella et al., NIC 2011
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in the Gamow window have been discussed by
Mukhamedzhanov et al. [17] in terms of an artifact from
using an invalid plane-wave approximation. Reliable direct
data as obtained in the present work are essential to
normalize indirect studies, but also to shed light on the
present controversy regarding indirect methods.
At the lowest collision energies, 12Cþ 12C fusion mainly

leads to two final systems: 23Naþ p and 20Neþ α. This
immediately suggests two techniques for determining the
cross section of the 12Cþ 12C fusion reaction, namely,
(i) detection of evaporated charged particles (protons or α)
and (ii) detection of gamma rays from excited states of 23Na
and 20Ne. Both techniques have been extensively employed
showing consistent results at higher energies but exhibiting
inconsistencies at lower energies [18–20], suggesting that
systematic effects are a significant limitation [21,22]. An
approach, which provides a unique signature and which can
circumvent these experimental limitations, is to detect
evaporated charged particles and gamma rays in coinci-
dence. This effectively removes ambiguities such as those
associated with protons created in reactions on target
contaminants. Jiang et al. have pioneered this approach
using a large array of high-purity germanium detectors,
GAMMASPHERE, coupled to an array of annular silicon
strip detectors to record the evaporated charged particles
[23]. Their initial results were consistent with the results of
earlier measurements using conventional techniques.
However, the limitations of available beam time (a few
days) and beam current (100s of pnA) did not allow them to
push towards the astrophysically relevant energy region for
12Cþ 12C fusion.
Experiment.—Here, we report on measurements of 12C

fusion well into the Gamow window relevant to the most
massive stars (M⊙ ≈ 25) in the energy regime Ebeam ¼ 2.2
to 5.4 MeV (in the center-of-mass system) with the
STELLA apparatus [24] for coincident gamma-particle
detection. STELLA (see Fig. 1) was mounted on a
dedicated beam line at the Andromède accelerator facility
[25] at IPN Orsay, France. The intensity of the 12Cð2þ=3þÞ
beam was increased from 30 pnA around the Coulomb
barrrier (Ebeam ¼ 6.6 MeV) to 2 pμA for the astrophysi-
cally relevant region with data-taking periods of weeks.
STELLA comprises an ultrahigh vacuum chamber

(≈10−8 mbar) containing a rotating target mechanism that
supports large diameter (≈5 cm) thin (≈200 nm) natural
carbon foils which can be rotated at up to 1000 rpm
to efficiently dissipate heat from the intense 12C beams
and hence, prevent target deterioration. Continuous mea-
surements of scattered beam at 45° as well as foil-thickness
and homogeneity measurements after irradiation confirm
that carbon buildup in the target [21,26] is below 1% and
thus negligible. Samples of material from both irradiated
and nonirradiated areas of some of the target foils were
analyzed by Raman spectrometry to determine possible
changes in the graphite, disordered carbon, and amorphous

carbon signatures [27]. Single crystal graphite is charac-
terized by a single band at 1581 cm−1 referred to as the G
band. Amorphous carbon has a single broad and asym-
metrical band centered at about 1520 cm−1 and disordered
carbon usually shows three defect bands, the strongest
being the D band centered at about 1350 cm−1

[28,29]. The nonirradiated target foil region exhibits
Raman features typical of disordered and amorphous
carbon. The irradiated portions of the target foils showed
nearly identical features: the ratio of the intensity of the D
and G band was slightly greater (about 3%) for the
irradiated region (ID=IG ¼ 1.28 and 1.35 for the non-
irradiated and irradiated zone, respectively), suggesting a
marginal increase in the disordered and amorphous char-
acter of the carbon film upon heavy irradiation, but no
significant change of structure of the carbon material under
beam exposure.
Charged particles are detected in three annular silicon

strip detectors covering 30% of the 4π solid angle. For
gamma-ray detection, STELLA employs an array of 36
lanthanum bromide [LaBr3ðCeÞ] scintillator detectors from
the UK FATIMA Collaboration [30,31], which have high
energy resolution (≈3% at 662 keV). The subnanosecond
timing of these detectors allows tight time coincidences
with charged particles for background reduction as dem-
onstrated in Fig. 2, where the low-level internal radio-
activity of the LaBr3 (Ce) material represents the principal
background. Such background is associated with the decay

FIG. 1. 3D-rendered CAD drawing of the STELLA apparatus:
The volume of the scattering chamber is shown semitransparent
in order to allow its interior to be viewed, comprising three
annular silicon detectors, and a target holding or rotating
mechanism. The large circular carbon target foils are shown
with blue frames on their perimeter. The direction of the 12C beam
(from right to left in the diagram) is shown with the yellow arrow.
Only half of the LaBr3ðCeÞ gamma-ray array is depicted for
clarity of presentation.
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narrow time offset with respect to deexcitation gammas,
while noncorrelated background was determined well
outside this coincidence window applying the same particle
selection criteria but wider timing gates for higher stat-
istical relevance. Using the likelihood estimation methods
of Feldman [35], one-sigma confidence intervals were
obtained around the signal for measured background and
observation rates. The procedure is depicted in Fig. 4 for
measurements at Erel ¼ 2.16 MeV with three-sigma bands
(dashed lines) around the nominal kinematic locus for the
p1 proton channel (solid line).
The carbon beam undergoes energy loss predominantly

from multiple scattering in the target foils. To calculate the
effective beam energy Eeff, the varying fusion cross section
within the target was interpolated with an exponential
response function:

σðEÞ ¼ σs
Es

E
exp

n
A0ðE−EsÞ−B0

1

E
Np−1
s ðNp−1Þ

½ðEsE Þ
Np−1−1%

o

;

where σs; Es; A0, and B0 are free parameters and Np ¼ 1.5
[36]. In the minimization, cross-section data were matched
with the response function in the area of each energy loss
interval. The effective beam energy was then interpolated
as the weighted mean value determined from the cross
section drop within the energy-loss interval.
Results.—In order to display the sub-barrier cross sec-

tions over a wide energy range, data are commonly
expressed in terms of the modified S-factor S&, where
the exponential decrease related to the dominant tunneling

effect through the repulsive potential is removed by
defining

S& ¼ σE expð2πηþ gEÞ;

where η ¼ Z1Z2e2=ℏν is the Sommerfeld parameter and
g ¼ 0.122

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
μR3=Z1Z2

p
is the form factor in 12Cþ 12C

reactions derived for l ¼ 0 states in a square-well model
potential [3,37], with the reduced mass μ, the square-well
radius R, and the charge Z1;2 of the nuclei. The correction
expðgEÞ is a form factor and needed in the present case
as the interaction radius and the energy involved are so
large. S factors for 12Cþ 12C fusion corresponding to alpha
evaporation are presented in Fig. 5, and with proton
evaporation in Fig. 6 as a function of the relative energy
Erel, and compared to previous measurements. Two extrap-
olations are presented based on a smoothed out average
cross section (blue dash-dotted line) [38] and a phenom-
enological hindrance model (red dotted line) [36]. In the
Supplemental Material [39], an excerpt of the energy region
of the hindrance phenomenon [40] is provided.
The present data do not require any reaction model for

their interpretation (such as in the recent THM experiment)
and span the region from the Coulomb barrier down to
the upper end of the Gamow window with significantly
improved accuracy. They are in good agreement with
the data reported by Jiang et al. [23] using similar
techniques, and with the renormalized THM data [17].
In the intermediate energy range at Erel ¼ 3.8 MeV, a more
prominent resonance is observed compared to previous
measurements [19,20].
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FIG. 4. Charged particle spectra from the 12Cþ 12C fusion
reaction as a function of lab angle for Erel ¼ 2.16 MeV. The
bottom spectrum is the singles data without gamma-ray coinci-
dence dominated by protons from the contaminating dð12C; pÞ13C
reaction (locus labeled in blue). The top spectrum is that for
proton events in coincidence with a 440 keV gamma ray. The
locus is shown for the p1 events with the dashed lines indicating
three-sigma windows on the proton energy resolution.
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FIG. 5. S-factor measurements for the 12Cþ 12C fusion reaction
as a function of Erel for the final system 20Neþ α. The present
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windows for 8=10M⊙ and 25M⊙ correspond to stellar temper-
atures of 0.5 and 0.9 GK, respectively.
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narrow time offset with respect to deexcitation gammas,
while noncorrelated background was determined well
outside this coincidence window applying the same particle
selection criteria but wider timing gates for higher stat-
istical relevance. Using the likelihood estimation methods
of Feldman [35], one-sigma confidence intervals were
obtained around the signal for measured background and
observation rates. The procedure is depicted in Fig. 4 for
measurements at Erel ¼ 2.16 MeV with three-sigma bands
(dashed lines) around the nominal kinematic locus for the
p1 proton channel (solid line).
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where σs; Es; A0, and B0 are free parameters and Np ¼ 1.5
[36]. In the minimization, cross-section data were matched
with the response function in the area of each energy loss
interval. The effective beam energy was then interpolated
as the weighted mean value determined from the cross
section drop within the energy-loss interval.
Results.—In order to display the sub-barrier cross sec-
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reactions derived for l ¼ 0 states in a square-well model
potential [3,37], with the reduced mass μ, the square-well
radius R, and the charge Z1;2 of the nuclei. The correction
expðgEÞ is a form factor and needed in the present case
as the interaction radius and the energy involved are so
large. S factors for 12Cþ 12C fusion corresponding to alpha
evaporation are presented in Fig. 5, and with proton
evaporation in Fig. 6 as a function of the relative energy
Erel, and compared to previous measurements. Two extrap-
olations are presented based on a smoothed out average
cross section (blue dash-dotted line) [38] and a phenom-
enological hindrance model (red dotted line) [36]. In the
Supplemental Material [39], an excerpt of the energy region
of the hindrance phenomenon [40] is provided.
The present data do not require any reaction model for

their interpretation (such as in the recent THM experiment)
and span the region from the Coulomb barrier down to
the upper end of the Gamow window with significantly
improved accuracy. They are in good agreement with
the data reported by Jiang et al. [23] using similar
techniques, and with the renormalized THM data [17].
In the intermediate energy range at Erel ¼ 3.8 MeV, a more
prominent resonance is observed compared to previous
measurements [19,20].
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FIG. 5. S-factor measurements for the 12Cþ 12C fusion reaction
as a function of Erel for the final system 20Neþ α. The present
data, at the effective beam energy (see text for details), are
presented as red circles and compared to earlier measurements
(gray symbols) [18,19,21,23]. The blue dash-dotted line is a
standard extrapolation of the data [38], while the red dashed line
corresponds to a sub-barrier hindrance model [36]. The Gamow
windows for 8=10M⊙ and 25M⊙ correspond to stellar temper-
atures of 0.5 and 0.9 GK, respectively.
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The data for the proton-evaporation channel strongly
supports the extrapolation based on the hindrance model
with an excellent match well below the predicted S-factor
maximum around 3 to 4 MeV [40]; the lowest data point
being less discriminating since it corresponds to a one-
sigma upper limit. The data for the alpha-evaporation
channel broadly support the hindrance model and also
provide evidence for the resonance at Erel ¼ 2.14 MeV
reported by Spillane et al. [19], albeit with a reduced
resonance strength.
Corrections from electron screening effects can lead to

an enhancement of the reaction rate determined in the
laboratory for its application in the astrophysical site. The
nuclei in the target material are shielded by the surrounding
electrons, which effectively lowers the Coulomb well as
compared to a bare nucleus. Therefore an enhanced cross
section is detected. This screening effect on the S factor is
most efficient at the lowest beam energy and in the present
study it was estimated based on the Rutherford-Bohr model
of the atom [41], where the shielding potential is defined by
the Coulomb field at the innermost electron ring. The effect
for 12Cþ 12C collisions considered here is found to be less
than 3%, which is included in the systematic uncertainty
(≤17%). Note that in experimental studies of reactions with
light projectiles (Z ≤ 3) a systematically higher enhance-
ment was observed [42], while a more complementary
analysis procedure [43] could extract screening potentials
as predicted with the atom-physics model.
Discussion.—The measurement with the STELLA

experimental station has allowed the extraction of reliable
excitation functions for the 12Cþ 12C fusion reaction over 8
orders of magnitude in cross section. It was possible to
probe well below the Coulomb barrier into the Gamow
window for massive stars using the gamma-particle
coincidence technique. Key to these advances were the
excellent timing properties of the LaBr3 detectors, the novel

self-supporting rotating target system, and the dedicated
low-noise particle detector system.
The results identify three distinct regimes in the sub-

Coulomb range: (i) The moderate sub-barrier regime above
Erel ¼ 4.5 MeV—where it has been possible to unambig-
uously validate our experimental concept by accurately
measuring the excitation function of the 12Cþ 12C fusion
reaction. (ii) The deep-sub-barrier regime from Erel ¼ 2.5
to 4 MeV—where the Fowler standard extrapolation
systematically overestimates the results and where hin-
drance is observed. (iii) The 25 solar masses Gamow
window—below Erel ¼ 2.5 MeV—where the S factor rises
up and may indicate a change in the fusion mechanism. The
latter may reveal either the presence of a resonance and/or
may be interpreted as the consequence of the low level
density of states in 24Mg at these excitation energies [13].
The observation of hindrance behavior, as the dominant
mechanism with molecular doorway resonances built on it,
is a plausible explanation but this would artificially split the
fusion process into two processes. A simpler explanation
could be that the large spacing of narrow levels in the even-
even 24Mg nucleus, accessed via the collision of the two
identical bosons (12C nuclei), has a limited phase space
(akin to Pauli repulsion), where only a few final states are
available for the fusion process to occur.
The fusion-hindrance behavior suggested by the present

work would serve to raise the carbon-burning ignition
temperature since it shifts the equilibrium related to heat
generation by 12C fusion, and that of the temperature and
density-dependent heat transport by neutrinos [44]. As a
consequence, the lowest fusion energy explored in the
present work would be well inside the Gamow window
for a star of 25 solar masses. In addition, neutron-seed
generation should be affected by the observed fusion trend
[45,46]. Our results will be applied to further investigations
of the advanced burning phases in massive stars, to improve
our understanding of their end points and the flux of
neutrinos produced as well as providing information on the
probability of type Ia supernovae [47,48].
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Carbon burning powers scenarios that influence the fate of stars, 
such as the late evolutionary stages of massive stars1 (exceeding 
eight solar masses) and superbursts from accreting neutron stars2,3. 
It proceeds through the 12C + 12C fusion reactions that produce an 
alpha particle and neon-20 or a proton and sodium-23—that is, 
12C(12C, α)20Ne and 12C(12C, p)23Na—at temperatures greater than 
0.4 × 109 kelvin, corresponding to astrophysical energies exceeding a 
megaelectronvolt, at which such nuclear reactions are more likely to 
occur in stars. The cross-sections4 for those carbon fusion reactions 
(probabilities that are required to calculate the rate of the reactions) 
have hitherto not been measured at the Gamow peaks4 below 2 
megaelectronvolts because of exponential suppression arising from 
the Coulomb barrier. The reference rate5 at temperatures below 
1.2 × 109 kelvin relies on extrapolations that ignore the effects of 
possible low-lying resonances. Here we report the measurement of 
the 12C(12C, α0,1)20Ne and 12C(12C, p0,1)23Na reaction rates (where 
the subscripts 0 and 1 stand for the ground and first excited states 
of 20Ne and 23Na, respectively) at centre-of-mass energies from 2.7 
to 0.8 megaelectronvolts using the Trojan Horse method6,7 and 
the deuteron in 14N. The cross-sections deduced exhibit several 
resonances that are responsible for very large increases of the 
reaction rate at relevant temperatures. In particular, around 5 × 108 
kelvin, the reaction rate is boosted to more than 25 times larger than 
the reference value5. This finding may have implications such as 
lowering the temperatures and densities8 required for the ignition 
of carbon burning in massive stars and decreasing the superburst 
ignition depth in accreting neutron stars to reconcile observations 
with theoretical models3.

We measured the 12C(14N, α20Ne)2H and 12C(14N, p23Na)2H three-
body processes in the quasi-free kinematic regime using the Trojan 
Horse Method (THM). The THM is an indirect technique with which 
to measure low-energy nuclear reactions unhindered by the Coulomb 
barrier and free of electron screening. The experimental and analysis 
procedures are detailed in Methods sections ‘THM basic features’, ‘One-
level many-channel THM formalism’, ‘Experimental setup and channel 
selection’ and ‘Deuteron momentum distribution’. The experiment was 
performed at INFN, Laboratori Nazionali del Sud, Italy. A 30-MeV 14N 
beam accelerated by the MP Tandem accelerator was delivered onto a 
carbon target. The detection setup consisted of two silicon telescopes, 
devoted to the detection of α–d and p–d coincidences. The occurrence 
and the dominance of the quasi-free mechanism5 was indicated by the 
agreement between the shapes of the experimental and the theoretical 
d momentum distributions (Extended Data Fig. 1).

The THM experimental yields projected onto the 12C–12C relative 
energy variable, the centre-of-mass energy Ecm, are shown as black dots 
in Fig. 1a (20Ne + α0), Fig. 1b (20Ne + α1), Fig. 1c (23Na + p0) and Fig. 1d 
(23Na + p1). A smooth four-body background due to 16O + α + α + d 
was subtracted from the THM yields for the 20Ne + α0,1 channels. Error 
bars display the statistical errors and account for background subtrac-
tion uncertainty, when applicable, combined in quadrature.

A modified one-level many-channel R-matrix analysis was  
carried out including the excited states of the 24Mg nucleus reported  
in Extended Data Table 19–13. The fraction of the total fusion yield 
from α and p channels14,15 other than α0,1 and p0.1 was neglected with 
estimated errors at Ecm < 2 MeV lower than 1% and 2% for the α and 
p channels, respectively (see Methods section ‘Modified R-matrix 
analysis’).

The results are shown in Fig. 1a–d as red lines and with light-red 
shading indicating the uncertainties on the resonance parameters, 
including correlations. Agreement with experimental data is fair and 
confirmed by the reduced χ2 (that is, χ!2) values of 0.73 for 20Ne + α0, 
1.06 for 20Ne + α1, 0.54 for 23Na + p0 and 1.34 for 23Na + p1. The reso-
nance structure observed in the excitation functions is consistent with 
24Mg level energies reported in the literature, with some tendency for 
the even-J states to be clustered11 at about 1.5 MeV. The THM-reduced 
widths thus entered a standard R-matrix code16 and the S(E) factors 
(see Methods section ‘Astrophysical S(E) factor’) for the four reaction 
channels were determined.

The results are shown in Fig. 2a (20Ne + α0), Fig. 2b (20Ne + α1), 
Fig. 2c (23Na + p0) and Fig. 2d (23Na + p1), in terms of the modified S(E) 
factor15,17, S(E)*, (see Methods section ‘Astrophysical S(E) factor’). The 
black line and grey shading in each panel represent the best-fit curve 
and the range defined by the total uncertainties, respectively. The grey 
shading is the result of R-matrix calculations with lower and upper 
values of the resonance parameters provided by their errors after being 
combined with the normalization one. Excursions from the midline 
range from 11% to 20%.

The resonant structures are superimposed onto a flat nonresonant 
background15 of 0.4 × 1016 MeV b. Unitarity of the S matrix is guar-
anteed within the experimental uncertainties. Normalization to direct 
data was done in the Ecm window 2.50–2.63 MeV of the 20Ne + α1 chan-
nel, where a sharp resonance corresponding to the 16.5-MeV level9 of 
24Mg appears and available data15,18–20 in this region are the most accu-
rate of those overlapping with THM data. By scaling to the resonance by 
means of a weighted normalization, the resulting normalization error is 
5%, shown as grey shading in Fig. 2a–d, combined in quadrature with 
errors on the resonance parameters.

Existing direct data below Ecm = 3 MeV are shown as red filled 
circles15, purple filled squares18, blue empty diamonds19, blue filled 
stars20 and green filled triangles21 in Fig. 2. Their low-energy limit is 
mostly fixed by the background due to hydrogen contamination in the 
targets18–21 and the higher S(E) values for the p1 channel in some of 
them19–21 were attributed to Coulomb excitation of 23Na contamina-
tion in the targets or collimators15,20. Disregarding these cases, agree-
ment between THM results and direct data are apparent within the  
experimental errors, except for the direct low-energy limit around  
2.14 MeV, where THM data do not confirm the claim of a strong  
resonance; instead, there is a nearby resonance at 2.095 MeV, about one 
order of magnitude less intense in the 20Ne + α1 channel (see Fig. 2b) 
and with similar intensity in the 23Na + p1 one (see Fig. 2d). The present 
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configurations for the fusion of two oblate 12C nuclei.
Some configurations populate 24Mg states which have a
small overlap with the 20Ne ground state, resulting in
reduced ↵-particle decay widths.210

The four 0+ states in 24Mg are expected to have strong
12C+12C cluster components along with other compo-
nents such as 16O+2↵/8Be since they lie close to these
cluster thresholds [7]. The parallel with the Hoyle-state
paradigm where the states appear at the break-up thresh-215

old is clear and, indeed, a 0+ state also appears at the
threshold for 20Ne+↵ break-up. However, the marked
di↵erence from the Hoyle state is that the 13.78(3)- and
13.88(3)-MeV states can only contribution to 12C+12C
fusion through their high-energy tails, which are expected220

to contribute weakly since these states are rather nar-
row. In addition, the Coulomb barrier is rather high
compared to the resonance energy so the possibility of a
“ghost” contribution is small. In practice, the 15.31(4)
and 15.75(4) MeV states are in the Gamow window for225

12C+12C fusion in superbursts and massive stars and
could play a critical role, based on their suspected struc-
tural properties.

We have evaluated the impact of these potential reso-
nances on carbon fusion rates following Mori et al. [43],230

comparing to the rates of Caughlan and Fowler [44] (Fig.
4). We assumed a reduced width of ✓2 = 0.1, a typical
value for cluster states (see e.g. Ref. [45]). By scaling
the interaction radius of 12C+13C scattering by ( 1213 )

1/3

[46] we find R = 7.2 fm. The cross sections were numer-235

ically integrated in energy including energy dependence
of the partial widths. There is an enhancement of up
to an order of magnitude in the 12C(12C,↵)20Ne reaction

rate with a more modest increase in the 12C(12C,p)23Na
rate.240

The impact of these new resonances on nucleosynthe-
sis in massive stars and Type Ia supernovae is likely
to be strongly influenced by the markedly di↵erent ↵-
particle/proton branching. At higher energies, the aver-
age ↵:p ratio is 13:7. In the present study, we find that245

↵-particle production is enhanced compared to protons.
The e↵ect of the branching on the s-process is somewhat
complex (see Refs. [21, 22]) and dedicated astrophysi-
cal simulations are required. Of particular interest is the
production of the long-lived radioisotopes 26Al and 60Fe;250

synthesis of these elements in massive stars depends sen-
sitively on the neutron seed generation which is strongly
modified by carbon fusion.

In conclusion, we have sought to determine whether the
Hoyle-state paradigm can be extended to fusion in other255

↵-conjugate systems such as 12C+12C. From a study of
the 24Mg(↵,↵0)24Mg reaction at very forward angles, we
identified four 0+ states in 24Mg near the 12C+12C break-
up threshold. We argue that some or all of these states
have a 12C+12C cluster structure. There are clear paral-260

lels with the historical prediction of the Hoyle state since
Cooper, Steiner and Brown [20] posited the existence of
a low-energy resonance at around Ecm = 1.5 MeV, the
region where two 0+ states are observed in the present
work, in 12C+12C fusion to solve discrepancies between265

observational and theoretical superburst studies. The
observed states predominantly decay by ↵-particle emis-
sion, with implications for the s-process in the carbon-
burning shell of massive stars. While the two 0+ states
are only a subset of potential resonances in the rele-270
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[14]. The existence of such hindrance would play an im-
portant role in defining the fusion probability for three
astrophysical scenarios of interest, which, in ascending85

order of typical burning temperature are: superbursts
in low-mass x-ray binary systems [20], nucleosynthesis
in massive stars [21, 22], and explosive burning in Type
Ia supernovae [23] (see typical Gamow windows for such
processes in Fig. 1). As as example of the wider astro-90

physical impact, the pre-explosive 26Al/60Fe ratio sensi-
tively depends on the neutron seed inventory for carbon
burning [24]; decreased carbon fusion tends to support
higher production of these important long-lived radioiso-
topes in massive stars.95

The largest hurdle in our understanding of 12C+12C
fusion is in accessing the extremely low cross section deep
within the Gamow window for massive stars and super-
bursts. No feasible technique permits direct measure-
ments with the present beam intensities and target per-100

formance. Indirect studies of the cross section have been
attempted [25], but matching the results with existing
direct measurements is challenging and the applicability
of the reaction model has been challenged [26, 27].

In the present Letter, we again use an indirect ap-105

proach motivated by the Hoyle-state paradigm, which

plays a critical role at the intersection of nuclear struc-
ture and astrophysics. 12C+12C fusion is mediated
through even-spin, natural-parity, isoscalar states since
it involves the fusion of two identical, isoscalar bosons.110

The 24Mg(↵,↵0)24Mg reaction is an attractive probe for
studying the mediating states since it favours the popula-
tion of isoscalar, natural-parity states. Antisymmetrised
molecular dynamics (AMD) calculations predict that 0+

states associated with cluster structures in 24Mg should115

be strongly populated by the 24Mg(↵,↵0)24Mg reaction
[28]. Finally, the relative population of low-spin states is
enhanced by using 24Mg(↵,↵0)24Mg at small angles; in
the Gamow window for massive stars, CCFULL [29, 30]
calculations suggest that the ` = 0 and ` = 2 angular120

momenta dominate 12C+12C fusion.

A 200-MeV beam of ↵ particles was extracted from
the Separated-Sector Cyclotron at iThemba LABS,
Cape Town, and transported down a dispersion-matched
beamline to the target position of the K600 Q2D mag-125

netic spectrometer [31] at which an enriched 24Mg foil
was located. Data were taken at two angles, with the
±4° aperture into the K600 centered at 0° and 4°. For
the 4° measurement, the beam was stopped in a Faraday
cup located next to the aperture into the spectrometer.130
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vant Gamow windows, their unusual structure may mean
that they play the critical role. Further studies are war-
ranted to characterise their properties in more detail, but
the value of interpreting these resonances in the Hoyle
paradigm is clear from the present work.275
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[6] T. Kibédi et al., Phys. Rev. Lett. 125, 182701 (2020).
[7] K. Ikeda, N. Takigawa, and H. Horiuchi, Progress

of Theoretical Physics Supplement E68, 464295

(1968), https://academic.oup.com/ptps/article-

pdf/doi/10.1143/PTPS.E68.464/5216547/E68-464.pdf.
[8] J. Dowie et al., Physics Letters B 811, 135855 (2020).
[9] B. Back, H. Esbensen, C. Jiang, and K. Rehm, Re-

view of Modern Physics 86 (2013), 10.1103/RevMod-300

Phys.86.317.
[10] D. A. Bromley, J. A. Kuehner, and E. Almqvist, Phys.

Rev. Lett. 4, 365 (1960).
[11] E. Almqvist, D. A. Bromley, and J. A. Kuehner, Phys.

Rev. Lett. 4, 515 (1960).305

[12] K. A. Erb, R. R. Betts, S. K. Korotky, M. M. Hindi, P. P.
Tung, M. W. Sachs, S. J. Willett, and D. A. Bromley,
Phys. Rev. C 22, 507 (1980).

[13] B. R. Fulton et al., Journal of Physics G: Nuclear and
Particle Physics 20, 151 (1994).310

[14] C. L. Jiang et al., Phys. Rev. Lett. 110, 072701 (2013).
[15] K. A. Erb and D. A. Bromley, Phys. Rev. C 23, 2781

(1981).
[16] T. Spillane et al., Phys. Rev. Lett. 98, 122501 (2007).
[17] J. Zickefoose et al., Phys. Rev. C 97, 065806 (2018).315

[18] G. Fruet et al., Physical Review Letters 124, 192701
(2020).

[19] W. Tan, A. Boeltzig, C. Dulal, R. DeBoer, B. Frentz,
S. Henderson, K. Howard, R. Kelmar, J. Kolata, J. Long,
et al., Physical Review Letters 124, 192702 (2020).320

[20] R. L. Cooper, A. W. Steiner, and E. F. Brown, The
Astrophysical Journal 702, 660 (2009).

[21] M. Bennett et al., Monthly Notices of the Royal Astro-
nomical Society 420, 3047 (2012).

[22] M. Pignatari et al., The Astrophysical Journal 762, 31325

(2012).
[23] Bravo, E., Piersanti, L., Domı́nguez, I., Straniero, O.,

Isern, J., and Escartin, J. A., A&A 535, A114 (2011).
[24] L. R. Gasques, E. F. Brown, A. Chie�, C. L. Jiang,

M. Limongi, C. Rolfs, M. Wiescher, and D. G. Yakovlev,330

Phys. Rev. C 76, 035802 (2007).
[25] A. Tumino, C. Spitaleri, M. La Cognata, S. Cheru-

bini, G. Guardo, M. Gulino, S. Hayakawa, I. Indelicato,
L. Lamia, H. Petrascu, et al., Nature , 1 (2018).

[26] A. Mukhamedzhanov, X. Tang, and D. Pang, (2018),335

arXiv:1806.05921 [nucl-ex].
[27] A. Mukhamedzhanov, D. Pang, and A. Kadyrov, Phys-

ical Review C 99, 064618 (2019).
[28] Y. Chiba and M. Kimura, Phys. Rev. C 91, 061302

(2015).340

[29] K. Hagino, N. Rowley, and A. Kruppa, Computer
Physics Communications 123, 143 (1999).

[30] K. Hagino and N. Takigawa, Progress of Theoretical
Physics 128, 1061 (2012).

[31] R. Neveling et al., Nuclear Instruments and Methods in345

Physics Research Section A: Accelerators, Spectrometers,
Detectors and Associated Equipment 654, 29 (2011).

[32] S. Agostinelli et al., Nuclear Instruments and Methods in
Physics Research Section A: Accelerators, Spectrometers,
Detectors and Associated Equipment 506, 250 (2003).350

[33] P. Adsley et al., Phys. Rev. C 103, 044315 (2021).
[34] P. Adsley et al., Phys. Rev. C 96, 055802 (2017).
[35] The uncertainties on these energies are more conserva-

tively estimated than those reported in Ref. [33] since we
have not used the high-energy states reported in Ref. [47]355

in the excitation-energy calibration.
[36] R. Abegg and C. A. Davis, Phys. Rev. C 43, 2523 (1991).
[37] C. A. Davis, Phys. Rev. C 45, 2693 (1992).
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Faculté de Physique, B.P. 32 El-Alia,16111 Bab Ezzouar, Algiers, Algeria

(Dated: June 6, 2022)

Carbon burning is a key step in the evolution of massive stars, Type 1a supernovae and superbursts20

in x-ray binary systems. Determining the 12C+12C fusion cross section at relevant energies by
extrapolation of direct measurements is challenging due resonances at and below the Coulomb
barrier. A study of the 24Mg(↵,↵0)24Mg reaction has identified several 0+ states in 24Mg, close to
the 12C+12C threshold, which predominantly decay by 20Ne(g.s)+↵. These states were not observed
in 20Ne(↵,↵0)

20Ne resonance scattering suggesting that they may have a dominant 12C+12C cluster25

structure. Given the very low angular momentum associated with sub-barrier fusion, these states
may play a decisive role in 12C+12C fusion in analogy to the Hoyle state in helium burning. We
present estimates of updated 12C+12C fusion reaction rates.

In the 1950s, Sir Fred Hoyle made one of the most
sensational predictions in Physics: that the abundance30

of carbon in our universe mandates the existence of a
0+ resonance state in triple-↵ fusion just above the 3↵
threshold of 12C [1]. Experiments found the predicted
state [2] leading to the Hoyle-state paradigm to the centre
of our understanding of massive star evolution for nearly35

70 years. The Hoyle state is a di↵use and extended state
[3] appearing in no simple nuclear structure model (e.g.
the shell model). Descriptions focus on cluster models
based on three ↵ particles [4] and more exotic scenarios
such as Bose-Einstein condensate of ↵ particles [5]. De-40

spite the extensive theoretical and experimental studies
of its properties e.g. Ref. [6], there is no consensus on its
structure, save that clustering is mandatory to its under-
standing. As the flagship of cluster structures in nuclei,
the Hoyle-state paradigm was extended by Ikeda [7] to45

encompass light ↵-conjugate nuclei with predictions that
cluster structures built from ↵ particles (e.g. 12C) ap-
pear at the decay thresholds of the components. Here we
address whether such threshold cluster states in 24Mg,
formed e.g. from two 12C nuclei, play the critical role in50

carbon burning in massive stars, in analogy to how the
Hoyle state controls helium burning. An outline of the
analogy we intend to draw is presented in Fig. 1.

As with the Hoyle state, the fusion of heavy ions such
as 12C+12C poses a strong challenge, not only in its55

implications for nuclear structure but also the key role
played in the evolution of massive stars. Unlike nearly
all other heavy-ion fusion reactions, the 12C+12C reac-
tion exhibits strongly resonant behaviour [9] at and be-
low the Coulomb barrier down to the lowest energies ex-60

plored. Such resonances have been connected with sim-
ilar resonant behaviour seen in 12C+12C elastic and in-
elastic scattering, and break-up [10–13]. One view is that
such resonances are narrow molecular ‘doorway’states
connected to 12C+12C structures. Others conclude that65

the phenomenon is an artefact of the low level density
in this compound system [14]. Even if the molecular hy-
pothesis is accepted, the experimental data confound a
simple picture as there are simply too many resonances.
Elaborate models have been constructed around vibra-70

tional excitations of an underlying rotational excitation
of a dumbbell-shaped 12C+12C molecule or in terms of
the additional degree of freedom of internal excitation
of one or both of the 12C components [15]. Faced with
such complexity and resonances persisting to the low-75

est energies, recent research has focused on brute-force
measurements of 12C+12C fusion [16–19] with the hope
that such measurements can be extrapolated down to the
astrophysically important energies. However, the con-
founding aspect of the resonances means that it is still80

unclear if 12C+12C fusion exhibits sub-barrier hindrance
in common with most other heavy-ion fusion reactions

Further details in P. Adsley, M. Heine, D.G. Jenkins et al., Phys. Rev. Lett. 129, 102701 (2022)


