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ASTROPHYSICAL MOTIVATION
13C(a,n)16O neutron source for s process

taken from Straniero et al, Nuclear Physics A 777 (2006) 

• 13C(a,n)16O (Q=2.215 MeV) is the main neutron source feeding s-process in low (1-3 
M☉) mass TP-AGB stars, responsible for nucleosynthesis of half of nuclides heavier than
iron

• Average temperature 108 K à Gamow window 140-250 keV
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Pioneering works
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Importance of the threshold state

P.Descouvemont PRC(1987)

This case of a near-threshold cluster resonance in the 13C(α, n) 16O reaction is an example of 
the impact of cluster configurations in nuclear astrophysics



INDIRECT MEASUREMENTS
Trippella (red band) et al.(2017) and La Cognata (green band) et al. (2013)  with the THM
ANC: Avila (violet band) et al (2015)
Cyan band is NACRE II compilation

Trippella O. & La Cognata M., ApJ, 837, 41 (2017)
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R.J Deboer PRC 101 837, 045802 (2020)



STATE OF THE ART

DIRECT MEASUREMENTS
Lowest point at Ecm = 280 keV by Drotleff et al.
Most recent meas + R Matrix at low energies: 
Heil (2008) 
High systematic uncertainty from target control 
(degradation, C build up)

Figure from Heil et al,PRC 78, 025803 
(2008)

(Heil)

LUNA GOAL
A direct meauserement of 
the 13C(a,n)16O (230-330keV) 
approaching the Gamow window
with a 20% uncertainty.



LUNA  400kV accelerator

• Uterminal = 50 – 400kV
• Imax = 220mA (on target)
• Allowed beams: H+, 4He, 
(3He)
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Experimental setup of the 13C(a,n)16O reaction
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12 3He steel counters 40 cm long .
6 3He steel counters 25 cm long
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BACKGROUND REDUCTION

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

10 atm pressurised 3He counters with a stainless
steel case with low intrinsic background
Background (n+a): (2.93+-0.09) counts/h in the ROI

ENVIRONMENTAL: neutron flux reduction of a factor 1000 in Underground Laboratory

POST Processing PULSE SHAPE 
DISCRIMINATION*

(rejects 90% alpha and 10% neutrons)
Background rate (ROI) for the entire 3He  

setup:
~ (1.05+-0.06) counts/hour 

*J. Balibrea-Correa et al., NIM A 906,103-109, (2018)
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NEUTRON DETECTION EFFICIENCY

• Geant4 simulations validated by
experimental measurements

51V(p,n)51Cr
• 5 MV Van dee Graaff at Atomki, Hungary
• 51Cr decay via electron capture 
(T1/2=27.7 days and emission of Eγ=320 keV)
• Ep,lab=1.7, 2.0, 2.3 MeV 
(En=0.13, 0.42, 0.71 MeV) 

Calibrated AmBe source

•En=0-12 MeV ; weighted En~ 4.0 MeV

13C(α,n)16O à En=2.2-2.6 MeV emission

L. Csedreki et al. NIM A 994 (2021)Efficiency interpolated (red diamond) in the 
ROI: (38 ± 3)%
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TARGET CHARACTERIZATION by 13C(p,g)14N 
1st phase at MTA Atomki

Ø 99 % enriched 13C powder evaporated on Tantalum
backing using the electron gun technique

Ø Thickness measured at 2 MV Tandetron (<I> 500 nA) using
the scan of the resonance Elab = 1747.6 keV (GR = 122 eV)
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Ciani et al, Eur. Phys. J. A(2020) 56:75 



2nd phase: 13C(p,g)14N GAMMA SHAPE ANALYSIS at
LUNA
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Ø No resonance in the energy range for online an  target degradation study
Ø Yield mimic the cross section and stopping power dependence vs the proton energy in the g-

spectrum
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Yield reduction as consequence of target 
stoichioemtry modification

beam detector

proton HPGe Ref1 (fresh
target) 0.2 C

alpha 3He counters 1C

proton HPGe Ref2 (0.2 C)

alpha 3He counter 1C

proton HPGe Ref3 (0.2 C)

alpha 3He counter 1C

proton HPGe Ref4 (0.2 C)
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Gamma Shape Analysis performed periodically at Ep=310 keV
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S(E) factor towards the Gamow window

• Data taking in 4 campaigns of 3 months each in about 2 years (more than 100 targets used)
• Statistical uncertainty lower than 10% for the whole dataset (Ecm 230-305 keV)
• Lowest energy data ever achieved and at the Gamow window edge of low mass AGB.
• Reaction rate uncertainty reduced to about 10%
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FROM S(E)-FACTOR TO REACTION RATE
Three reaction rates evaluated

• NO LUNA (about +2s)
• LUNA
• LOW LUNA (about -2s)

M=2M⨀
metallicity Z= 0.02 and Y= Y= 0.27

Calculated percentage variation
LOW LUNA/NO LUNA data

Reduction of the surface
abundances is stronger for A>130.
In general variation smaller than

10% with few exeptions
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VARIATION OF 60Fe

The 60Fe is produced when the neutron density
is high enough to allow neutron captures at
the 59Fe branching point (half-life 44.5d). 
Therefore, its final abundance is enhanced in 
case of the activation of the second
(convective) neutron burst. 

Main radiative neutron event : low
flux, high exposure ( 80-100 MK)

Second convective neutron burst: 
high flux, low exposure (200 MK)

We find that the new low-energy
cross-section measurements imply

sizeable variations of the 60Fe, 152Gd 
and 205Pb yields
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S-factor of 13C(a,n)16O
Courtesy by Xiaodong Tang. JUNA Collaboration

0.1 GK
0.19 MeV

0.2 GK
0.35 MeV

• Coveralmost the entire Gamowwindow for i-processs (0.2-0.3 GK)
• Extrapolation needed for s-process (0.1 GK)



Deep Underground Laboratories 
World-wide 
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As 99% of the energy liberated in a 
supernova is thought to be radiated 
away in the form of neutrinos, their 
detection provided much information 
about what actually happens when 
a star collapses. Neutrinos produced 
by radioactive beta decays within 
Earth have also been detected: these 

geoneutrinos could become a priceless 
tool for geophysics (Bellini et al., 2011), 
as they provide information about the 
size and location of radioactive sources 
within Earth’s interior, where access is 
completely impossible.

Neutrinos from the Sun puzzled 
scientists for several decades. The 

number of neutrinos detected overall 
was much lower than scientists 
expected the Sun to produce, based 
on detailed calculations of nuclear 
fusion processes. The problem was 
solved in 2001 when it was found that 
neutrinos, which exist in three types 
called ‘flavours’, can flip from one type 

This map shows the location of some of the most relevant 

deep underground facilities around the world. There 

are also similar underground facilities in Finland, Japan, 

Russia, Ukraine and the USA, and there are plans to build 

new ones in Australia, India and South America.

· Laboratori Nazionali del Gran Sasso (LNGS), the 

world’s largest underground laboratory, is located in a 

highway tunnel 120 km from Rome, Italy.

· Three other mid-size underground laboratories have 
been active in Europe since the 1980s: Boulby Labo-
ratory on the north-east coast of England, UK; Modane 
Laboratory in the French Alps; and Canfranc Laboratory 
under the Spanish Pyrenees.

· Sandford Underground Research Facility was built in a 

former gold mine in South Dakota, USA. This pioneer 
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solar neutrinos were carried out in the 1960s (Rosen, 

2006).

· SNOlab (Sudbury Neutrino Observatory), near Sudbury 

in Ontario, Canada, is located in a working nickel 

mine. The laboratory is one of the deepest in the world, 

at 2100 m below ground. 

· JinPing Laboratory in located within the tunnels of a 

hydroelectric power company in Sichuan province, 

China. At 2400 m beneath JinPing mountain, it is the 

world record holder for depth beneath the Earth’s 

 surface.

· Kamioka Laboratory in Kamioka-cho, Gifu, Japan, has 

the world’s largest underground neutrino detector. 

Groundbreaking neutrino experiments have been car-

ried out at this lab over the past two decades.
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The world’s underground laboratories

Image courtesy of Susana Cebrián

SNOLAB, 
Canada

Sandford Underground  
Research Facility, USA

Soudan Underground 
Laboratory, USA

Boulby Underground 
Laboratory, UK

Laboratorio Subterráneo 
de Canfranc, Spain

China JinPing Underground 
Laboratory, China

Yangyang Underground 
Laboratory, Korea

Kamioka Observatory, 
Japan

Laboratoire Souterrain 
de Modane, France

Laboratori Nazionali 
del Gran Sasso, Italy

SUPLANDES

CallioLab



OUTLOOK
With the installation (2021-2022) of the 
LNGS facility V (TV max=3.5 MV) a new 
measurement of the 13C(α,n)16O at
higher energies will allow to have a 
unique dataset in a wide energy range
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