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Isotopic abundance and stellar nucleosynthesis

● Origin of chemical elements => 
nucleosynthesis 

 

kilonovae

Isotopic abundance of chemical elements 
in the Universe
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– 12C + 12C => fusion of heavy-

ions, neutrons seed generation 

Nuclear chart with light nuclei
(from Chieffi et al., APJ 502, 1998)
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12C + 12C fusion reaction
● Investigation of fusion 

hindrance and resonances

(Fruet et al. PRL 124, 2020)

● At low energies => order of 
magnitude between 
theoretical models

● Experimental challenges
– Small cross sections (~pb)

– Background

● Jiang et al. => coincidence 
method

(Jiang et al., NIMA 682, 2012)

S(E) for 12C + 12C 
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Coincidence method with STELLA
● Background => coincidences

– Simultaneous measurements of light particles 
and associated gamma rays

STELLA mobile station (STELar LAboratory) 
(Heine et al., NIMA 903, 2018)

Andromede facility (IJCLab, Orsay France) =>     
I = 1-10 pµA

Thin rotating targets (180 - 350 nm, 1000 rpm)

LaBr3(Ce) scintillators FATIMA (FAst TIMing 
Array)

Annular charged-particle silicon detectors (high 
granularity and nanoseconds timing)

High vacuum (10-8 mbar) 

=> Direct measurement at low energies

STELLA experiment

Scheme of the reaction chamber
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Coincidence method with STELLA
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=> Direct measurement at low energies
(Heine et al., NIMA 903, 2018)

(Fruet et al. PRL 124, 2020)
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Excitation functions

● Cross sections measured by STELLA 
for Ecom = 5,4 – 2,1 MeV 

(Fruet et al., PRL 124, 2020)

● Hindrance model adapted from Jiang 
et al. 

(Jiang et al., PRC 75, 2007)
● Resonance at Ecom = 2.14 MeV 

proposed by Spillane et al.
(Spillane et al., PRL 98, 2007)

● Simultaneous fit for α and proton 
channels
Parameters consistent with those 
from Jiang et al. 
Compatibility between hindrance + 
resonance model and STELLA 
measurements 

Cross section for 12C + 12C
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Reaction rates
● Different approaches for 

hindrance and hindrance + 
resonance models

● Estimation STELLA 
sensitivity
– Temperature range where no 

extrapolations are required
– Reached temperature :            

T = 0,6 GK
● Relative uncertainties 

– Hin : 15 %
– HinRes : 31 %

● C-burning phases in the 
sensitivity zone

Reaction rates for 12C + 12C

(from Monpribat et al., A&A 660, 2022)
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Impact on stellar evolution: GENEC
● The Geneva stellar evolution code

(Eggenberger et al., Astro. & Space Science 316, 2008)
– Two stellar models: 12 and 25 M

ʘ
, no rotation, Z

ʘ
● Evolution followed until the end of C-burning phase

Central temperature evolution during the C-burning phase

● Fusion temperature for 
hindrance model: 10% 
higher => C-burning phase 
lifetime divides by 2

 Hindrance + resonance and 
CF88 similar

(from Monpribat et al., A&A 660, 2022)
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Impact on stellar evolution: GENEC
● C-burning regions => evolve in the same way
● Hindrance => convective zone much extended
● No differences for 12 M

ʘ 
model

● C-burning phase => longest phase with large 
neutrino emissions

● Difference in C-burning phase lifetime => may 
have impacts on core collapse and remnant 
nature

Kippenhahn diagram for the center of 25 M
ʘ
 

models during the end of C-burning phase

Energy production at the middle of     
C-burning for 25 M

ʘ
 models 

(from Monpribat et al., A&A 660, 2022)

(from Monpribat et al., A&A 660, 2022)
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Impact on detailed nucleosynthesis
● “One layer-model” => monitoring the 

evolution of 1454 isotopes
(Choplin et al., A&A 593, 2016)

● Stellar model: 25 M
ʘ
 with GENEC 

● Final abundances
– Na, Al and P
– Small changes for heavier elements

● Possible impact on nucleosynthesis

Abundances obtained at the end of the C-burning 
phase normalized on the final abundance of CF88 rate

(from Monpribat et al., A&A 660, 2022)
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Conclusion
●  Determination of new nuclear reaction rates from STELLA data

– Excitation functions according to two scenarios: hindrance and hindrance + resonance

– Hindrance and hindrance + resonance reactions rates lower than CF88 one

– STELLA sensitivity covers the C-burning regions of stellar evolution models used in 
this work

● Impact on stellar evolution:
– Moderate impact on the C-burning phase

– Simulations of the following burning phases required

– New measurements needed to more constrain the scenarios

=> New reaction rates ready to be implemented (tabulated version available: 
Monpribat et al., A&A 660, 2022)



08/09/2022 E. MONPRIBAT - NPA X 19

Acknowledgements 

S. Martinet1, S. Courtin2,3, G. Meynet1, M. Heine2, S. Ekström1, D. G. 
Jenkins3,4, A. Choplin5, P. Adsley6,7, D. Curien2, M. Moukaddam2, J. Nippert2, 
S. Tsiatsou1, and the STELLA collaboration
1 Department of Astronomy, University of Geneva, chemin Pegasi 51, 1290 Versoix, Switzerland
2 Université de Strasbourg, CNRS, IPHC UMR 7178, F-67000 Strasbourg, France
3 University of Strasbourg Institute of Advanced Studies (USIAS), Strasbourg, France
4 Department of Physics, University of York, Heslington, York YO10 5DD, United Kingdom
5 Institut d’Astronomie et d’Astrophysique, Université Libre de Bruxelles, CP 226, 1050, Brussels, Belgium
6 Cyclotron Institute, Texas A&M University, College Station, Texas 77843, USA
7 Department of Physics & Astronomy, Texas A&M University, College Station, Texas 77843, USA

And thank you for your attention



08/09/2022 E. MONPRIBAT - NPA X 20

Bibliography
● C.L. Jiang et al ., Physical Review C, 97 :012801, 2018.

● C.L. Jiang et al ., Nuclear Instruments and Methods in Physics Research A, 682 :012, 
2012.

● M. Heine et al. , Nuclear Instruments and Methods in Physics Research A, 903 :01, 
2017.

● Page web de l’accélérateur andromède, 15/05/2020, 
http://ipnwww.in2p3.fr/ANDROMEDE ?lang=fr.

● G. Fruet et al ., Physical Review Letters, 124 :192701, 2020.

● C.L. Jiang et al ., Physical Review Letters, 93 :012701, 2004

● C. Simenel et al ., EPJ Web of Conferences 163, 00055, 2017

● C.L. Jiang et al ., Physical Review C, 75 :015803, 2007.

● E. Almqvist et al ., Physical Review Letters, 4 :515, 1960.



08/09/2022 E. MONPRIBAT - NPA X 21

Bibliography
● L.R. Gasques et al. , Physical Review C, 76 :035802, 2007.

● C. Illiadis, Nuclear Physics of Stars. Wiley-VCH, 2015.

● Thielemann, F. K., Arnould, M., & Truran, J. W. 1986, in Advances in Nuclear Astrophysics, 
ed. E. Vangioni-Flam, J. Audouze, M. Casse, J.-P. Chieze, & J. Tran Thanh Van, 525–540

● Bucher, B., Tang, X. D., Fang, X., et al. 2015, Phys. Rev. Lett., 114, 251102

● Choplin, A., Maeder, A., Meynet, G., & Chiappini, C. 2016, A&A, 593, A36 
[arXiv:1606.02752]

● Caughlan, G. R. & Fowler, W. A. 1988, Atomic Data and Nuclear Data Tables, 40, 283

● Jenkins,  D.  &  Courtin,  S.  2015,  Journal  of  Physics  G:  Nuclear  and  ParticlePhysics, 
42, 034010, and references therein.

● G. Fruet, Structure des ions lourds et nucléosynthèse dans les étoiles massives : la 
réaction 12C +12C. PhD thesis, University of Strasbourg, 2018.



08/09/2022 E. MONPRIBAT - NPA X 22

Bibliography
● C.E. Rolfs and W.S. Rodney.Cauldrons in the Cosmos. The University of Chigaco Press, 1988.

● P. Eggenberger et al., Astrophys Space Sci, 316 :43, 2008.

● W.A. Fowler et al., Annu Rev. Astro. Astrophysics, 13 :69, 1975.

● L.J. Patterson et al., The Astrophysical Journal, 157 :367, 1969.

● M. Mazarakis et al., Physical Review C, 7 :1280, 1973.

● M.D. High and B. Cujec, Nuclear Physics A, 282 :181, 1977.

● H.W. Becker et al., Z. Phys.A - Atom and Nuclei, 28 :305, 1981.

● E.F. Aguilera et al., Physical Review C, 73 :064, 2006.

● T. Spillane et al., Physical Review Letters, 98 :122, 2007.

● C.L. Jiang et al., Physical Review C, 97 :012801, 2018

● E. Monpribat et al., A&A 660 (2022) A47

● M. Heine et al., EPJ Web Conf. 260 01004 (2022)


	Diapo 1
	Diapo 2
	Diapo 3
	Diapo 4
	Diapo 5
	Diapo 6
	Diapo 7
	Diapo 8
	Diapo 9
	Diapo 10
	Diapo 11
	Diapo 12
	Diapo 13
	Diapo 14
	Diapo 15
	Diapo 16
	Diapo 17
	Diapo 18
	Diapo 19
	Diapo 20
	Diapo 21
	Diapo 22

