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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



Fusion reactions at thermonuclear energies



Cross-sections for some light systems at subcoulomb energies

R. Stokstad et al., Phys.Rev.Lett. 37 (1976)



J.-P. Ebran, E. Khan, T. Niksic, D. Vretenar, PRC 90(2014)054329, Nature 487(2012)341

Ikeda diagram from microscopic calculations

E* Emergence of clusters

• aloc = b/r0

• energy

r0
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Experimental and theoretical efforts
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• Single particles or g

• Extremely sensitive to 
background

• Extrapolations with very
different trends

• Crucial role of resonances,
impact on the reaction rate ?

EG
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Fig. 1 | Excitation functions from THM experimental yields. The 
quasi-free cross-section for the four channels 20Ne + α0 (a), 20Ne + α1 (b), 
23Na + p0 (c) and 23Na + p1 (d) is projected onto the Ecm variable (black 
dots). Error bars denote ±1σ uncertainties and account for background 

subtraction (combined in quadrature). Red lines and light-red shading 
represent the results of the modified R-matrix fits and the related 
uncertainties, respectively.
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Fig. 2 | 12C + 12C astrophysical S(E)* factors. The THM S(E)* factors for 
the four channels 20Ne + α0 (a), 20Ne + α1 (b), 23Na + p0 (c) and 23Na + p1 (d)  
are shown as black lines. The available direct data in the Ecm range 
investigated are reported as red filled circles14, purple filled squares17, 

blue empty diamonds18, blue filled stars19 and green filled triangles20. The 
upper and lower grey lines mark the range arising from ±1σ uncertainties 
on resonance parameters plus the normalization to direct data in the 
20Ne + α1 channel at Ecm = 2.50–2.63 MeV.
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An increase in the 12C + 12C fusion rate from 
resonances at astrophysical energies
A. Tumino1,2*, C. Spitaleri2,3, M. La Cognata2, S. Cherubini2,3, G. L. Guardo2,4, M. Gulino1,2, S. Hayakawa2,5, I. Indelicato2,  
L. Lamia2,3, H. Petrascu4, R. G. Pizzone2, S. M. R. Puglia2, G. G. Rapisarda2, S. Romano2,3, M. L. Sergi2, R. Spartá2 & L. Trache4

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 

1Facoltá di Ingegneria e Architettura, Universitá degli Studi di Enna “Kore”, Enna, Italy. 2INFN, Laboratori Nazionali del Sud, Catania, Italy. 3Dipartimento di Fisica e Astronomia, Università degli 
Studi di Catania, Catania, Italy. 4Horia Hulubei National Institute for R&D in Physics and Nuclear Engineering, Bucharest-Magurele, Romania. 5Center for Nuclear Studies, The University of Tokyo, 
Tokyo, Japan. *e-mail: tumino@lns.infn.it

N A T U R E | www.nature.com/nature
© 2018 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.



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



1) Reduction of

the backgrounds

2) Using thin target

IMax-12C = 600 pnA

Gammasphere
+

3 DSSD

New technique
Particle-g coincidences



coincidence with any g

Particle spectra, Elab = 10 MeV, s ~5 
mb

background,
no coincidence

New technique



coincidence with any g

with Eg=440

with Eg=1634

New technique

Particle spectra, Elab = 10 MeV, s ~5 
mb

background,
no coincidence
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Results

EG C burning

EG type IA SN

Gammasphere runs ELab = 5.5 – 10 MeV, IMax-12C = 600 pnA

6 nb

CL Jiang et al., Phys. Rev. C 98, 2018



New challenges

Increase beam intensity

Adapt target system

Use of the g-particle coincidence technique with
better gamma efficiency



Challenges for the STELLA + FATIMA project

• g-particle coincidences : 
EfficiencyTot = eg x epart

• Contamination

• Carbon build-up

• Thin target under high intensity
beam

• ‘Long’ beamtime



Particle detection

• Annular DSSD, MICRON chip
Collab. York

• New PCB design / ceramics

• New pin connectors

• DW ~ 24 % of 4p.
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Gamma detection

Design IPHC : G. Heitz / M. Heine

• Up to 36 LaBr3 detectors 
from the FATIMA collaboration 
(P. Regan et al.)

• Cylindrical geometry
IPHC designed mechanical
support, 
Strabourg + York construction

• Self activity

• e = 8% @ 440 keV

• e = 5% @ 1634 keV
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Targets 

• Cryogenic pumping

• Fixed target system 

• Rotating target (> 1000 rpm)

• I > 1 pµA

Collaboration : IPHC and GANIL

M. Heine et al., submitted to NIMA



Targets 

• Cryogenic pumping

• Fixed target system 

• Rotating target (> 1000 rpm)

• I > 1 pµA

M. Heine et al., submitted to NIMA



DAQ

• µTCA system (CERN) 

• 96 channels

• 125 MHz clock

• Synchronized with the FATIMA
DAQ.

M. Heine, M. Rudigier
M. Heine et al., submitted to NIMA



Beam 

• Andromede facility, University of Paris-Sud - Orsay

• 4 MV Pelletron

• ECR Source

• 12C up to 10 µA



Results of the 1st run 
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Results of the 1st run 
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Results of the 1st run 
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Results of the 1st run 

Cross section consistent with previous experiments

Analysis performed by G. Fruet and M. Heine



Timing and background …
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Conclusions

• Succesfull comissioning of the 
STELLA + FATIMA experiment

• 12 energy points explored
ELab = 11 to 5.6 MeV
consistent with previous work

• Succesful test of the rotating 
target system

• Data under analysis

• High intensity phase (12C+12C,
I > 1 µA): Sept. – Dec. 2017

• Other systems in the coming phases



Conclusions

… astrophysics ?

• Reduced reaction rates match 
the observed 26Al abundance in 
the Galaxy.  

• And, it also leads to a further 
enhancement of the 60Fe 
production  in the Galaxy

K. Knie et al., Phys. Rev. Lett. 83
(1999) & 93 (2004)

A. Wallner et al., Nature 532, 69 
(2016) 

L.R. Gasques et al., Phys. Rev. C76, 
035802 (2007)

Results from the 
Gammasphere run
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