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12C+ 12C motivation

If Mstar>Mup: quiescent Carbon burning core-
collapse supernovae, neutron stars, stellar mass black 
holes

If Mstar<Mup: no Carbon burning white dwarfs, 
nova, type Ia supernovae

The reaction produces protons and alphas in a hot 
environment nucleosynthesis in massive stars

O Straniero et al. 2016 J. Phys.: Conf. Ser. 665 012008
(E. Bravo et al, Astronomy & Astrophysics, 535(2011)A1 4)

• Carbon burning can trigger Superburst events



The 12C+12C state of the art

12C+12C 20Ne +  α Q = 4.62 MeV 
12C+12C 23Na +  p           Q = 2.24 MeV 
12C+12C 24Mg +  n           Q = 2.24 MeV
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The 12C+12C state of the art

• Several datasets and models

• Direct measurements above 2.1 
MeV (large scattering, large 
uncertainties)

• Only indirect measurements
below 2.1 MeV (problems with 
normalization and other
discrepancies)

• Very large uncertainty below 2.5 
MeV

• Presence of several states at low 
energies



The 12C+12C possible cluster states

subset of the excited 24Mg 0+

states that are strongly
populated by 24Mg(α,α’)24Mg

Possible analogy between the 
Hoyle state in 12C as the driver of 
3α fusion and 
candidate cluster states in 24Mg 
as fusion



Different potential models lead to different ways to 
extrapolate the low energy cross section (S-factor).
The only way to distinguish is to measure below 2 MeV.

hindrance potential model

The 12C+12C potential model

standard potential model  



12C+12C 20Ne +  a           Q = 4.62 MeV
12C+12C 23Na +  p           Q = 2.24 MeV

12C+12C 24Mg +  γ Q = 13.93 MeV  
12C+12C 23Mg +  n           Q = -2.62 MeV  

The 12C+12C reactions

Iliadis, C., Nuclear Physics of Stars, Wiley, 2015



12C+12C 20Ne +  a           Q = 4.62 MeV

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

EX

(MeV)
Jp Main γ transitions

(MeV)
ID

Eα−max (MeV)
(ECM = 2 MeV)

0.0 0+ α0 8.6

1.63 2+ 1.63 → 0
1.63

α1 6.8

4.24 4+ 4.24 → 1.63
2.61

α2 3.9

4.96 2- 4.96 → 1.63
3.33

α3 3.1

5.62 3- 5.62 → 1.63
3.98

α4 2.2

5.78 1- 5.78 → 1.63
4.15

5.78 → 0
5.78

α5 2.0

The 12C+12C reactions



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

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

EX

(MeV)
Jp Main γ 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

The 12C+12C reactions 



12C+12C 20Ne +  α Q = 4.62 MeV

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

EX

(MeV)
Jp Main γ transitions

(MeV)
ID

Eα−max (MeV)
(ECM = 2 MeV)

0.0 0+ α0 8.6

1.63 2+ 1.63 → 0
1.63

α1 6.8

The 12C+12C study via γ detection

Eγ=1.63 MeV

Eγ=0.44 MeV

12C+12C 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



Measuring 12C+12C in laboratory: γ-rays detection
Spillane et al., PRL 98, 122501 (2007)

Kettner

initial heating of the target by means of the beam
itself: desorption of H and 2H is sufficient for the 
measurement based on photon detection



Measuring 12C+12C in laboratory: γ-rays detection
Spillane et al., PRL 98, 122501 (2007)

Figures from Spillane’s PhD thesis Spillane

initial heating of the target by means of the beam
itself: desorption of H and 2H is sufficient for the 
measurement based on photon detection



Measuring 12C+12C in laboratory: γ-rays detection
Spillane et al., PRL 98, 122501 (2007)



Measuring 12C+12C in laboratory: γ-rays detection
Spillane et al., PRL 98, 122501 (2007)



The 12C+12C expected count rate
Reaction per day with 200 µA



40K  214Bi 232Th214Bi
208Tl

214Pb Background
γ-ray spectrum

Cosmic rays 

1. Environmental radioactivity (γ-rays of low energy):
a) natural radioactive series 226Ra, 214Bi, 214Pb (from 238U) and 224Ra, 208Tl, 212Pb (from 232Th);
b) radon (222Rn - 220Rn) a short-lived radioactive gas  (from 238U and 232Th respectively); 
c) long-lived natural radionuclides such as 40K, 87Rb, 115In, 133La, 142Ce, etc.

2. Cosmic rays (γ-rays of high energy).

γ-ray natural background



Beam induced background
HpGe spectrum Ecm= 230keV
«light» Pb shielding

14N(p,γ)15O – Imbriani et al. EPJA 25(2005)

11B(p,γ)12C

Beam induced background



Coincidence γγ + passive shielding 
resonance at 227 keV in 26Mg(p,γ)27Al, 1µA 

singles, no
shielding

γ-ray energy  (keV)

coincidences, no shielding

singles, shielding

Longland et al.,
Nucl. Instr. Meth.
A 566, 452 (2006)

LENA - experiment

Background reduction: 
up to 3000 for 0.6 < Eγ(MeV) < 3 and 20     for      3 < Eγ(MeV) < 9
Strong reduction of the efficiency!!

Presenter Notes
Presentation Notes
 γγ-coincidence methods [28] could lead to a significantly higher suppression factor at the Earth’s surface compared with standard active and passive shielding, but these methods are always coupled to particular nuclear reactions and lead to a reduced detection efficiency. These techniques
reduced background count rates in the regions of Eg . 0:6–3:0 and 3.0–9.0MeV with respect to unshielded singles count rates by factors
of 3600 and 21, respectively.



Why going underground: γ-background

E>3.5MeV
Counts/keV/hours

0.33

0.00024

Gran Sasso shielding: 3800 m w.e.

Environmental radioactivity cosmic rays

Radiation LNGS/out
muons

neutrons
10-6

10-3

Therefore, the advantage of an underground environment is
evident for high Q-value reactions such as 14N(p,γ)15O,
15N(p,γ)16O, 17O(p,γ)18F, 25Mg(p,γ)26Al......



HPGe fully sorrounded (55°) with 15 cm of Pb

Why going underground: γ-background



3 orders of 
magnitude!!!!

Why going underground:  γ-background

25 cm of lead + radon box

Eur. Phys. J. A 39(2009)



γ-detection: high efficiency for low counting

Intrinsic background

Presenter Notes
Presentation Notes
In 20 years he has established the THM as a world renowned approach in NA



γ-detection: high efficiency for low counting

∽ a factor of 5 of reduction between 5 and 10 MeV.



Radiation LNGS/out
muons

neutrons
10-6

10-3

Why going underground:   n-background

Therefore, the advantage of an underground
environment is evident for n-source reaction as
13C(α,n)16O, 22Ne(α,n)25Mg

INTRINSIC: α particles source of  intrinsic
background from U and Th impurities in the 
counters’ case



Laboratori Nazionali del Gran Sasso

LNGS laboratory

Presenter Notes
Presentation Notes
In 20 years he has established the THM as a world renowned approach in NA



26

~ 1400 m
(3800 m.w.e.)

Cosmic ray attenuation: μ → 10-6

n → 10-3

LNGS laboratory

Presenter Notes
Presentation Notes
In 20 years he has established the THM as a world renowned approach in NA



LUNA-50 kV 
– 1992/00

LUNA-400 kV 
– 2000/

LNGS
LUNA-MV – 2022/

LUNA: a long story of discoveries 



LUNA: a long story of discoveries

pp chain
BBN

Main topics:
 Big Bang Nucleosynthesis;
 Hydrogen stellar burning;
 Solar neutrino;
 Age of globular clusters.



LUNA: a long story of discoveries

pp chain
BBN

Main topics:
 Big Bang Nucleosynthesis;
 Hydrogen stellar burning;
 Solar neutrino;
 Age of globular clusters.
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First LUNA result

LUNA 50 kV: the dream of W. Fowler

J. Bachall

σmin= 0.02 pb

2 events/month !



LUNA 50 kV: stopping power



LUNA: a long story of discoveries

Main topics:
 Big Bang Nucleosynthesis
Hydrogen stellar burning;
 Solar neutrino;
 Age of globular clusters.

pp chain
BBN



LUNA – available experimental set-ups

Voltage Range :
50 - 400 kV

Output Current:
500 µA

Beam energy spread:
70 eV

LUNA-400 kV 
– 2000/

LNGS
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With 14N(p,γ)15O rate = ½ of NACRE agreement between observation and calculation.

LUNA 400 kV: 14N(p,γ)15O



LUNA 400 kV: 14N(p,γ)15O

The age of the oldest Globular Clusters should be increased by about 0.7-1 Gyr.
The lower limit to the Age of the Universe is 14 ± 1 Gyr. In good agreement with the precise detrmination of WMAP.
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Likelihood distribution of the baryon density and the baryon-to-
photon ratio.

D(p,γ)3He: baryon density of the Universe



12,13C(p,γ)13,14N: CNO H-burning

1. HPGe Campaign
•Ep = 80 - 400 keV
•Gamma (Peak) Shape Analysis

2. BGO Campaign
•Ep = 65 - 400 keV
•13C(p,γ)14N: Sum Peak Method
•12C(p,γ)13N: Activation Method

Papers:
• JPhysG 2023: technical paper about background
• PRL: letter about the results, referee report just received 

Results
12C(p,γ)13N: ~ 25% lower than literature.
13C(p,γ)14N: ~ 35% lower than literature.



NeNa cycle
•We have directly  measured several low energy 

state belonging to 22Ne(p,γ)23Na, 20Ne(p,γ)23Na and 
21Ne(p,γ)22Na;

•Using gas target, lead shielding, BGO and HPGe
detecors;

•We reduced the rate uncertainties enourmosly
improving the knowledge of the NeNa cycle

22Ne(p,γ)23Na, 
PRL 121(2018)172701 BGO
PRL115(2015)252501 HPGe

20Ne(p,γ)21Na, 
Submitted to PRL HPGe

21Ne(p,γ)22Na, 
Data acquisition 
ongoing HPGe



17O(p,γ)18F: CNO H-burning
• Footprint of AGB nucleosynthesis and link to other cycles;
• 65 keV resonance direct measurement;
• Expected counting: 0.1 Counts/hour;
• Improved passive and active shielding to reduce background at about 

5.6 MeV (10 cm of lead + 4 cm of B.P.) and coincidence technique;
• BGO detector;
• 400 C (1 month of continuous beam operation) and about 100 counts. 

Weakest resonance ever directly measured 
ω𝛾𝛾 = (25.5 ± 4.2) 𝑝𝑝𝑝𝑝𝑝𝑝

Factor 4 background reduction



Nuclear Burning in Stars
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• ⇒ 56Fe Neon, Oxygen, Silicon
Burning

• 2 12C  ⇒ 24Mg Carbon Burning

• 3 4He ⇒ 12C + 8MeV Helium Burning

• 4 1H   ⇒ 4He + 26MeV Hydrogen Burning



LNGS

Status of LUNAMV project



Status of LUNAMV project



Requested beam intensities
Acceptance tests

The 3.5 MV machine



The 3.5 MV machine

Requested beam intensities
Acceptance tests

0.3 MV

12 hours !!!



The 3.5 MV machine

Requested beam intensities
Acceptance tests

3.3 MV

1.1 mA !!!



3.5 MV

3.5 MV

The 3.5 MV machine

Requested beam intensities
Acceptance tests



Test during FAT energy stability and spread via (p,γ) resonances



Avalaible beams:
H, He, C+ and C++

Competitors:
• JUNA, China -> 400 kV machine, 

available beams: H, He+ and He++;
• CASPAR, USA -> 1 MV machine, 

available beams: H and He+

LNGS is still the unique place where to find an underground carbon beam!



LUNA MV first years scientific proposal
• CNO Hydrogen burning, Age of Globular Clusters and C production in AGB:

14N(p,γ)15O also for final scientific commissioning the MV accelerator
First experiment, ready to start

• C burning:
12C+12C fusion Pillar processes 

detections of both particles and γ−rays
γ-experiment ready to start by spring of 2024

• Main neutron source:
22Ne(α,n)25Mg

Data taking ready to start by second half of 2023



14N(p,γ)15O : open issues

GS transition



14N(p,γ)15O @ LUNAMV

• 3 HPGe detectors for angular
distribution measurement.

There is the need to cover the energy window between about 1.5 MeV down to 250 
keV using the same detection setup



The 12C+12C expected count rate
Reaction per day with 200 µA



More than 4 OoM less background 
compared with Spillane et al.

Underground shielding 

Massive shielding very effective underground: 
we will detect the structures below Ecm = 2.5 MeV and presence of hindrance !!!!

Spillane et al. PRL 2009



Reaction per day with 200 µA

Measuring 12C+12C in laboratory: γ-rays detection @LNGS



Reaction per day with 200 µA

Measuring 12C+12C in laboratory: γ-rays detection @LNGS
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The 12C+12C setup at LUNA-MV
• 25 cm thick lead shielding, 

under production;

• An 150% HPGe;

• 16 NaI detector as further 
active shielding/anti-
Compton;

• Work ongoin on targets 
characterization in 
collaboration with LNL
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The 12C+12C setup at LUNA-MV
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Expected setup efficiency and sensitivity

10



Thank you for your attention

Few months ago… 
my last visit in Edinburgh




	Pushing direct measurement of 12C+12C fusion reaction towards Gamow window�Edinburgh 01-06-2023
	Slide Number 2
	Slide Number 3
	Slide Number 4
	Slide Number 5
	Slide Number 6
	Slide Number 7
	Slide Number 8
	Slide Number 9
	Slide Number 10
	Slide Number 11
	Slide Number 12
	Slide Number 13
	Slide Number 14
	Slide Number 15
	Slide Number 16
	Slide Number 17
	Slide Number 18
	Slide Number 19
	Slide Number 20
	Slide Number 21
	Slide Number 22
	Slide Number 23
	Slide Number 24
	Slide Number 25
	Slide Number 26
	Slide Number 27
	Slide Number 28
	Slide Number 29
	Slide Number 30
	Slide Number 31
	Slide Number 32
	Slide Number 33
	Slide Number 34
	Slide Number 35
	D(p,g)3He: baryon density of the Universe
	Slide Number 37
	Slide Number 38
	Slide Number 39
	Slide Number 40
	Slide Number 41
	Slide Number 42
	Slide Number 43
	Slide Number 44
	Slide Number 45
	Slide Number 46
	Slide Number 47
	Slide Number 48
	Slide Number 49
	Slide Number 50
	Slide Number 51
	Slide Number 52
	Slide Number 53
	Slide Number 54
	Slide Number 55
	Slide Number 56
	Slide Number 57
	Slide Number 58
	Slide Number 59
	Slide Number 60
	Slide Number 61
	Slide Number 62

