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All visible objects in the night sky are powered by nuclear 
reactions

Nuclear physics governs the evolution of stars from birth to their 
final fate

Nuclear reactions in the Big Bang, in stars and in stellar explosions 
have created every single chemical element found in nature 
today
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Credit: S. Cristallo
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Overall picture 
understood



(Some) open questions

v 7Li produced in Big Bang Nucleosynthesis
v Elements in the Sun beyond He (metallicity)
v r process (Main & Weak ?)
v r process site (Supernovae or Neutron Star mergers, …)
v Stellar explosion (basic mechanism)
v X-ray bursts
v …

Overall picture 
understood
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(Some) open questions

v 7Li produced in Big Bang Nucleosynthesis
v Elements in the Sun beyond He (metallicity)
v r process (Main & Weak ?)
v r process site (Supernovae or Neutron Star mergers, …)
v Stellar explosion (basic mechanism)
v X-ray bursts
v …

3 main drivers pushing the frontiers: 
• Multi-messenger observations force rethinking our paradigms (e.g. 

detection of surprisingly massive neutron stars)
• Multi-facility nuclear experiments and advances in nuclear theory
• Expansion of computational capabilities enables  3D simulations of 

stellar interiors

Overall picture 
understood
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The role of s-process, 
an example

r = 1- s

INFN2022, 9-11 May 2022, LNGS massimi@bo.infn.it

Solar



The role of s-process, 
an example

Solar-system r-only 
abundance distribution

r = 1- s r-process rich
Galactic halo stars
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The role of s-process, 
an example

Solar-system r-only 
abundance distribution

r = 1- s

Detailed knowledge of 
the s-process 

nucleosynthesis is the 
prerequisite for the 

study of the chemical 
evolution of the 

Galaxy

r-process rich
Galactic halo stars
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s process, what matters?

v Reaction rate of the two main neutron 
sources 13C(a,n)16O and 22Ne(a,n)25Mg

v (n,g) cross sections with small (5%) uncertainty

v (n,g) cross sections of branching-point 
isotopes and b-decay rates

v Stellar models

v Stellar enhancement factors
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13C(a,n)16O
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13C(a,n)16O
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v Main neutron source in low-mass AGB stars 
at temperature ~ 90-100 MK

v Gamow window ~ 150 -230 keV



13C(a,n)16O
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v Main neutron source in low-mass AGB stars 
at temperature ~ 90-100 MK

v Gamow window ~ 150 -230 keV



13C(a,n)16O "BEFORE”

The broad  ½+ state at 6.356 keV plays 
a major role

Gamow 
window

Tentative extrapolations to 
Astrophysics energies

Cross section

S-Factor



13C(a,n)16O 
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16O

d

13C

6Li

n

α

6Li beam (8 MeV) 
on 13C targetMeasurement of the the sub-Coulomb 13C(a,n)16O reaction through the 

13C(6Li,n16O)d reaction in the quasi-free kinematics regime @ Florida State 
University. 

• Charged particle detection (instead of neutron)
• Measurement at ~ 10 – 60 MeV kinetic energy (>> Coulomb barrier)
• No electron screening

Baur PLB 178 (1986) 135
Spitaleri, in Problems of Fundamental Modern
Physics II, World Sci. (1991) 21
Spitaleri et al., PAN 74 (2011) 1763
Typel & Baur, Ann. Phys. 305 (2003) 228
Mukhamedzhanov et al., JPG 35 (2008) 014016

Model dependent (from indirect to direct)
Normalization needed



13C(a,n)16O 
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Good agreement with direct data
from the LUNA collaboration (and
some previous extrapolations).

Towards a concordance scenario
for the 13C(a,n)16O S(E)



13C(a,n)16O 
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13C(a,n)16O 
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v Deep-underground measurement 
v Energy range 230 –300 keV
v Drastically reduced uncertainties
v First time providing data directly inside the s-

process Gamow peak



13C(a,n)16O 

Collaboration with Atomki & HZDR

Neutron detector based on 3He counters



13C(a,n)16O
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GIANTS 

There is some interest in measuring the
inverse reaction at n_TOF (a first attempt
with gas detector failed, and a new setup is
being developed).

By using the detailed balance (i.e., time-
reversal invariance theorem) the reaction 
cross section of 13C(a,n)16O is deduced 
from the measurement in the reverse 
direction 16O(n,a)13C.

A single measurement could provide data 
in a large energy region.



22Ne(a,n)25Mg
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22Ne(a,n)25Mg

v Main neutron source in massive stars 

v Gamow window: threshold ~ 300 keV
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22Ne(a,n)25Mg

v Main neutron source in massive star

v Gamow window: threshold ~ 300 keV



22Ne(a,n)25Mg 

v Possible presence of resonances in the Gamow window (unmeasured) 
v Large uncertainty in extrapolations at low energy
v Background on surface labs. too high (only upper limit in Gamow window)
v Non negligible 22Ne(a,g) branch
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22Ne(a,n)25Mg 
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22Ne(a,n)25Mg 

v Indirect approach, resonances above 
n-threshold 

v R-Matrix parametrization (ER, Gg,Gn Jp)
v Deduced 26Mg states with natural parity 

v No experimental Ga



22Ne(a,n)25Mg international  effort
ChETEC
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Only natural-parity states in 26Mg contribute

n+25Mg
26Mg(a,a’)26Mg, 26Mg(p,p’)26Mg, 26Mg(d,d’)26Mg 
22Ne(6Li,d)26Mg
11B(16O,p)26Mg 

(a,g)

(a,n)



22Ne(a,n)25Mg  
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v LUNA-MV scientific proposal: started in 2020, first measurements in 2022 
v Novel high-efficiency, energy sensitive detector array (3He + liquid scintillator)



22Ne(a,n)25Mg  
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v LUNA-MV scientific proposal: started in 2020, first measurements in 2022 
v Novel high-efficiency, energy sensitive detector array (3He + liquid scintillator)

Characterization of 
detectors and gas 
target ongoing
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22Ne(a,n)25Mg

ASFIN aims at measuring the inverse reaction 25Mg(n,a)22Ne with an 
indirect method based on Trojan Horse Method (feasibility studies ongoing)



12C + 12C

INFN2022, 9-11 May 2022, LNGS massimi@bo.infn.it



Explosive burning (massive stars) Quiescent and explosive nucleosynthesis in 
massive stars are constrained by a few 
nuclear reactions:
12C(a,n)
12C(12C,p)23Na
12C(12C,a)20Ne
12C + 16O
… and others

INFN2022, 9-11 May 2022, LNGS massimi@bo.infn.it

Credit: NASA 

Type Ia
Supernovae

Quiescent 4He and heavy Ion burnings 
result in massive stars with convective shells 
at different densities: onion structure



12C + 12C
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v Reaction rate determines the late phase of stellar evolution

v Gamow window below Coulomb barrier ~ 1- 2 MeV 



12C+12C “BEFORE”
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v Presence of resonances in the 
Gamow window (unmeasured)

v Large uncertainty in extrapolations 
at low energy

v Microscopic model?
v Impact of the background

GW

Measurements based on g-ray or particle spectroscopy



12C+12C 
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12C+12C 
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v Detailed study of the background
v Study of suitable 12C carbon targets à Morales-Gallegos et al 2015 J. Phys.: Conf. Ser. 578 012002

Beam-induced background background 

Using thick 12C target methods (Taking the difference of two measurements at 
different energies) experimental evidences are protons and a particle from the 
reactions 12C(12C,p)23Na & 12C(12C,a)20Ne



12C+12C 
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v Detailed study of the background
v Study of suitable 12C carbon targets à Morales-Gallegos et al 2015 J. Phys.: Conf. Ser. 578 012002
v Development of detection setup for p and a

Gastly -> particle spectroscopy



12C+12C @ CIRCE
2<ECM<4 MeV



12C+12C 

To be completed … 
data analysis ongoing 

Temperature monitor



12C+12C 

12C(12C,a)20Ne
12C(12C,p)23Na
via the Trojan Horse Method applied to
12C(14N,a20Ne)2H
12C(14N,p23Na)2H
three-body processes



12C+12C 

12C(12C,a)20Ne
12C(12C,p)23Na
via the Trojan Horse Method applied to
12C(14N,a20Ne)2H
12C(14N,p23Na)2H
three-body processes

v Normalization to
direct data

v Model to extract 
direct cross section
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12C+12C 
Nature volume 557, pages687–690 (2018) Published: 23 May 2018

12C(12C,a)20Ne
12C(12C,p)23Na
via the Trojan Horse Method applied to
12C(14N,a20Ne)2H
12C(14N,p23Na)2H
three-body processes

@ LNS
1 < ECM < 2.5 MeV

v Normalization to
direct data

v Model to extract 
direct cross section



12C+12C international effort
STELLA @ IPN ORSAY
NOTRE DAME Univ.
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12C+12C international effort 
STELLA @ IPN ORSAY
NOTRE DAME Univ.

Measurements based on 
g-ray + particle spectroscopy

In coincidence STELLA + GAMMOSPHERE
(Anular Si + LaBr3)



12C+12C international effort 
STELLA @ IPN ORSAY
NOTRE DAME Univ.

Measurements based on
g-ray + particle spectroscopy

in coincidence

Silicon detector array + HPGe



12C+12C 

INFN2022, 9-11 May 2022, LNGS massimi@bo.infn.it

Present situation unclear

Measuremetn to be included in the LUNA-MV scientific program



12C+12C 
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LUNA aims at measuring down to E=1500 keV through
detection of de-excitation g-rays of residual nuclei (20Ne or
23Na) and/or detection of emitted particles (GASTLY ?)

Several tasks are being afforded:

1) 12C target production and characterization, with
particular emphasis on the strategy to reduce and
quantify residual H and D impurities that cause beam
induced background

2) Setup for gamma measurement: a new ultra pure HPGe
with 158% efficiency is being tested at LNGS

2-a) A proper shielding is being developed and the use of
ancillary NaI detectors is under evaluation



Conslusions

Many intriguing open questions in Nuclear Astrophysics. 
Common international effort required to address some of these puzzles.

Neutron source in Red Giant Stars:

13C(a,n) well characterised, possible some future activities @ n_TOF & perhaps LUNA)
22Ne(a,n) fair knowledge, ongoing activities (ASFIN & LUNA)

Heavy-Ion burning in Red SUpergiants stars:

12C + 12C still far from being accurately constrained, ongoing activities (ERNA, LUNA). 
After Normalization to LUNA data, ASFIN data will provide S(E) in the whole
Gamow window
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Backup 13C(a,n)
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Indirect study of the 13C(α, n)16O reaction via the 13C(7Li,t)17O transfer reaction
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The 13C(α, n)16O reaction is considered the main neutron source for the s process in low mass asymptotic
giant branch (AGB) stars. In the Gamow peak, the cross section sensitively depends on the 1/2+ subthreshold
state of 17O (Ex = 6.356 MeV). In this work, we determined the astrophysical S factor through an evaluation
of the α spectroscopic factor and the corresponding asymptotic normalization factor (ANC) of the 6.356 MeV
state using the transfer reaction 13C(7Li,t)17O at two different incident energies. Our result confirms that the
contribution of the 1/2+ state is dominant at astrophysical energies. Our reaction rate at T = 0.09 GK is slightly
lower than the value adopted in the Nuclear Astrophysics Compilation of REaction rates (NACRE), but two times
larger than the one obtained in a recent ANC measurement.

DOI: 10.1103/PhysRevC.77.042801 PACS number(s): 25.70.Hi, 25.55.Hp, 26.20.−f, 27.20.+n

Nearly half of the heavy elements observed in the universe
are produced by a sequence of slow neutron capture reactions,
the so-called s-process nucleosynthesis. In AGB stars of
1–3 solar masses at low temperatures, the description of
this process critically depends on the neutron flux from the
13C(α, n)16O reaction [1].

Direct measurements of the 13C(α, n)16O cross section have
been performed down to 270 keV [2], whereas in asymptotic
giant branch(AGB) stars at temperatures around 108 K, the
Gamow peak is at Ecm ∼ 190 keV. R-matrix extrapolations [3]
of the cross sections measured at higher energies then have
to be performed and have to include the contribution of the
1/2+ state of 17O which lies at 6.356 MeV (3 keV below
the α +13 C threshold). This contribution strongly depends on
the α-spectroscopic factor Sα of this state. With values Sα

∼ 0.3–0.7 deduced from a nuclear model [4] and considered
in the s-process modeling, a rise of the astrophysical S factor
is expected when the energy decreases. This rise is compatible
with the experimental data of Drotleff et al. [2] but their error
bars are too large to derive definite conclusions.

From the analyses of the experimental results of Kubono
et al. [5] on the 13C(6Li,d)17O transfer reaction, performed
at the incident energy of 60 MeV, two different results are
deduced: one by Kubono et al. [5], Sα ∼ 0.011, and the
other one by Keeley et al. [6], Sα ∼ 0.4, which lies within
the theoretical values [4]. In addition to these controversial
analyses, the new study of the contribution of the 1/2+ state
to the total 13C(α, n)16O reaction rate by a 6Li(13C,d)17O
asymptotic normalization factor (ANC) measurement [7] led
to an astrophysical S factor at the energy of 190 keV ten times
smaller than the value adopted in the Nuclear Astrophysics

*Present address: Dipartimento di Fisica e Astronomia, Universitá
di Catania and Laboratori Nazionali del Sud - INFN, Catania, Italy.

†Corresponding author: hammache@ipno.in2p3.fr

Compilation of REaction rates (NACRE) [8] but five times
larger than the value deduced by Kubono et al. Consequently,
it appeared highly desirable to perform a new determination
of this Sα factor.

In this article, we report on a study of the 6.356 MeV
state and of three other excited states at 3.055 MeV(1/2−),
4.553 MeV (3/2−), and 7.380 MeV (5/2−) by means of the α
transfer reaction 13C(7Li,t)17O. Two incident energies, 28 and
34 MeV, were used to check the direct mechanism character
of our transfer reaction. The use of 7Li instead of 6Li reduces
possible multistep effects [9] and the transfer cross sections to
low spin states are enhanced because of the nonzero α angular
momentum in 7Li as observed when comparing the transfer
reactions (6Li,d) and (7Li,t) on 12C [10,11]. Moreover, an
estimate of the systematic errors associated with the DWBA
analysis can be evaluated from the comparison of the results
of different reactions involving different angular momenta and
performed at different energies.

The experiment was performed with a 7Li3+ beam at the
Orsay TANDEM. Two self-supporting enriched 13C targets,
with 72(4) and 133(7) µg/cm2 of 13C and an initial purity of
90%, were used. A 12C target of 80(4) µg/cm2 was also used
for calibration and background subtraction. Despite a rather
low gas pressure in the reaction chamber (!10−5 mb), a 12C
buildup was observed during the whole experiment ending
with an amount of 12C in the enriched 13C target about twice
its initial value. This building up was of least consequence as
shown in the analysis described below and was however duly
monitored. Note that a more enriched target would not have
brought a big improvement.

The absolute (and constant) amount of 13C and the final
amount of 12C in the 13C targets were deduced from α energy
loss measurements on all targets and by comparing the ratio
between 28 MeV elastically scattered 7Li particles at 21◦

from the 12C nuclei in 12C and 13C targets [see Figs. 1(a)
and 1(b)] measured in a run at the end of the experiment.

0556-2813/2008/77(4)/042801(5) 042801-1 ©2008 The American Physical Society



Backup 12C+12C
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12C+12Cà 20Ne +  a           Q = 4.62 MeV
12C+12Cà 23Na +  p           Q = 2.24 MeV 
12C+12Cà 24Mg +  g Q = 13.93 MeV  
12C+12Cà 23Mg +  n           Q = -2.62 MeV  
12C+12Cà 16O +  2a Q = -0.12 MeV  
12C+12Cà 16O +  8Be          Q= -0.21 MeV



Backup 12C+12C
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12C+12Cà 20Ne +  a           Q = 4.62 MeV

g-rays and a particles energies for excited states for
12C(12C, α)20Ne (Q =  4.617 MeV)

EX

(MeV)
Jp

Main g transitions
(MeV)

ID
Ea-max (MeV)
(ECM = 2 MeV)

0.0 0+ a0 8.6

1.63 2+
1.63 ® 0

1.63
a1 6.8

4.24 4+
4.24 ® 1.63

2.61
a2 3.9

4.96 2-
4.96 ® 1.63

3.33
a3 3.1

5.62 3-
5.62 ® 1.63

3.98
a4 2.2

5.78 1-
5.78 ® 1.63

4.15
5.78 ® 0

5.78
a5 2.0



Backup 12C+12C

12C+12Cà 23Na +  p           Q = 2.24 MeV 

g-rays and p particles energies for excited states for
12C(12C, p)23Na (Q =  2.241 MeV)

EX

(MeV)
Jp

Main g transitions
(MeV)

ID
Ep-max (MeV)

(ECM = 2 MeV)
0.0 3/2+ p0 5.3

0.44 5/2+
0.44 ® 0

0.44
p1 4.8

2.07 7/2+
2.07 ® 0.44

1.63
p2 3

2.39 1/2+
2.39 ® 0.44

1.95
2.39 ® 0

2.39
p3 2.6

2.64 1/2-
2.64 ® 0

2.64
p4 2.3

2.70 9/2+
2.70 ® 2.07

0.62
2.70 ® 0.44

2.26
p5 2.3

2.98 3/2+
2.98 ® 0.44

2.54
2.98 ® 0

2.98
p6 1.9
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