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See Alessandro’s and
Thibaut’s talks

Mischenina+ 20242

Light-intermediate mass elements
in metal-poor stars and GCE

Lorenzo’s talk

Neutrinos from Carbon-burning 
(Future detectability?)

Gwangeon Seong+ 2025

CCSN: Cas A
~ 11000 lyr
~ 300 years ago

Light-intermediate mass elements
in SN remnants

Haxton+ 2025

Axion emission from 23Na → γ-ray ≈ 440 keV
(COSI detectability?)

Grefenstette+ 2014



  

33

MP+2016, ApJS

Low-mass AGB stars… or
13C(α,n)16O & 22Ne(α,n)25Mg

massive stars… or
22Ne(α,n)25Mg

Stellar yields:

Production of isotopes beyond iron?



  

Conditions for the s-process

Thielemann & Arnett 1985 ApJ
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Nn ~ few 107 cm-3

≈ 70+% of neutrons

Nn ≲ 1012 cm-3

≲ 30% of neutrons



  From Clayton’s book (1968), Section 5.6 Advanced Burning Stages

Why not the 13C(α,n)16O?6



  

From Clayton’s book (1968), Section 5.7 Photodisintegration
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22Ne(α,n)25Mg is the main neutron source in massive stars

See also Chieffi+ 1998 ApJ (reaction list in Figure 6) 



  Pignatari+ 2026 EPJA
in honour of R. Gallino
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He-burning component + C-burning component + SN explosion component



  

Pignatari+ 2010 ApJ
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GCE



  

Short-lived-radioactive isotopes 
(T1/2 ~ 0.1-100 million years) observed 
in the Early Solar System 
(Lugaro+ 2018 PrPNP 102)

GCE contribution may be relevant for 
species with T1/2 ≥ 2 Myr

SLRs yields variation from CCSNe

Lawson+ 2022 
MNRAS 511

15Msun
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Brinkman+ 2021 ApJ 923

SLR Al26 yields from massive star winds
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M=15Msun, Z=0.02
Ritter+2018 MNRAS
MESA progenitor
Fryer+12 explosion
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Neutron burst driven by the 22Ne(α,n) in 

explosive He-burning: 135Cs (r-process SLR?!)

The n-process in CCSNe:
- Blake & Schramm 1976 ApJ 
- Meyer+ 2000 ApJ  
- Pignatari+ 2018 GeCoA

Pre-SN
s-process in 
the C shell

Explosive
n-process in 
the He shell



  

+ hindrance term

+ 12C+12C 
cluster resonance at 
Ecm = 1.5 MeV

...see also Bennett+ 2012 MNRAS
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13C(α,n)16O activation

This does not look like the weak s-process component!
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Is this a hidden LEPP component in the Solar System?

LEPP=
Lighter Element Primary Process

{

Is the LEPP controversial?
See e.g., Cristallo+ 2015 ApJ, 
Involved with AGB s-process 
uncertainties, e.g., the role of 
rotation….Piersanti+ 2013 ApJ
Den Hartogh+ 2019 A&A...
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MP+ 2013

If 20%≲  of the C-shell overlaps with C-core ashes, the 13C(α,n)16O 
exposure will dominate over the later 22Ne(α,n)25Mg contribution. 
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Bennett+ 2012 MNRAS Chieffi+ 2021 ApJ

17



  

What about with low C12+C12 rates?

Gasques+ 2007 Phys Rev C (confirmed by MP+ 2013).
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Impact of the α-/p- channel relative strength in the C12+C12
19

CF88 C12+C12 CU C12+C12

Rα/Rp = 0.95/0.05
Rα/Rp = 0.05/0.95



  

Impact of the n-channel C12(C12,n)Mg23

cases: X10, X5, X2 cases: X5, X2

However, see Bucher+ 2015, PRL

20



  

Impact of the explosive γ-process production?

F0 = 42.3 (CF88x10)
F0 = 347.7  (CU)

Uao! Could this solve the underproduction of
the p-nuclei in the solar system and the
missing production of Mo-Ru p-nuclei ?!
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No, it does not work...  :(
Remember, it must be a rare source



  

Summary
● High C12+C12 rates may strongly affect the s-process production, if C fusion yields at T9 < 0.75 

made its way to the SN ejecta (and the 13C(α,n)16O signature dominates over the 22Ne(α,n)25Mg). 
● This should be a rare event in massive stars, in order to not break the weak s-process 

component from GCE (1-10% of all CCSN). 
●  The relative strength of the C-fusion α- and p-channels affect the s-process production
● The C-fusion n-channel is also relevant for the total neutron-budget, but currently covered by the 

22Ne+α uncertainty (based on Bucher+ uncertainties). To be verified in CO shell mergers 
(Lorenzo’s talk).

● The γ-process signature resulting from the s-process boosted seeds from the C-core component 
is more compatible with the solar system abundance distribution of p nuclei than the standard γ-
process from CCSN (or SNIa). However, even if it exists this should be a rare component, not 
relevant for GCE.  
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