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Nuclear reactions in Astrophysics

Nuclear reactions 

cross sections

Evolution of early Universe Stellar evolution

Astronomy with radioactivity

Solar system formation and evolution

Solar neutrinos

Nucleosynthesis
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3 – 20 min after the Big Bang: Production of the lightest 
elements (D, 3He, 4He, 7Li, 6Li) through a network of few 
nuclear reactions

Big Bang Nucleosynthesis
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Big Bang Nucleosynthesis
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The final abundance of the elements depends on the baryon density 
of the Universe

The comparison between predicted (BBN theory) and observed 
(stellar spectra) abundances gives a direct probe of the baryon density

CMB anisotropy measurement (e.g. Planck satellite) gives an 
independent measurement of the baryon density

The agreement of the two results must be understood in terms of 
uncertainties in the BBN predictions.

Besides 4He, uncertainties are dominated by systematic
errors in the nuclear cross sections
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Life of a star



Weaver et al. 1980

Evolutionary stages of a 25 Msun star
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Burning stage Main products Time scale Temperature [GK] Density [g/cm3]

Hydrogen 4He 7 · 106 y 0.06 5

Helium 12C, 16O 5 · 105 y 0.23 7 · 102

Carbon 20Ne, 23Na 600 y 0.93 2 · 105

Neon 16O, 28Si, 29Si, 1 y 1.7 4 · 106

Oxygen 28Si, 31P, 31S, 32S 6 months 2.3 1 · 107

Silicon 52Fe, 56Ni, 60Zn 1 d 4.1 3 · 107

Core collapse Seconds 8.1 3 · 109

Core bounce Milliseconds 34.8 ≈ 3 · 1014

Explosive burning 0.1 – 10 s 1.2 – 7.0 Varies



Beyond A>60, nuclear fusion becomes endothermic.

The synthesis of heavy elements occurs through consecutive neutron captures, followed by  decay:
AX+n→ A+1X+

A+1X+n→ A+1Y+e-+n

The abundances of heavy ions depend on the balance between
nutron capture rate n , and the  decay constant  b:

• n <<  the nucleus formed by neutron capture A+1X undergoes 
 decay before it can capture another neutron: s-process (slow)

• n >>   The nucleus A+1X does not have enough time to  
decay and instead undergoes multiple consecutive neutron 
captures, producing elements far away from the valley of 
stability (AX→A+1X→ A+2X→……): r-process (rapid)

Introduzione all'Astrofisica Nucleare - A.A. 2024/2025 8R. Depalo

Synthesis of heavy elements

Horowitz et al 2019 J. Phys. G 46, 083001



Ca, P, K, S, Na, Cl, Mg (4%)
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Origin of the elements

Nuclear cross sections are needed to explain the origin and relative abundances of the elements



Solar neutrinos are produced by nuclear reactions 
occurring in the solar core.

The flux and energy spectrum of neutrinos from 
the Sun can be used to study:

• Solar interior composition

• Neutrino properties

only if the cross sections of the involved reactions 
are known with high-enough accuracy

Borexino collab. Nature 562, 505-510 (2018)

Solar neutrinos
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Nuclear reactions at astrophysical energies

MAXWELL BOLTZMANN DISTRIBUTION          vs          COULOMB REPULSION

𝐸𝐶 =
𝑍𝑎𝑍𝑏𝑒2

𝑅
∼ 𝑀𝑒𝑉

N° Reactions CROSS 

SECTION
= N0· N1 · v · (v)

time · volume

RELATIVE

VELOCITY

REACTION  RATE = 
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In many astrophysical scenarios, nuclear reactions 

occur at energies far below the Coulomb barrier, 

through quantum-mechanical tunnel.

Fusion cross section depends on the 

transmission probability:

Nuclear reactions at astrophysical energies

Gran Sasso Hands-on 2025 12R. Depalo



MAXWELL-BOLTZMANN

TUNNELING PROBABILITY

N° Reactions CROSS 

SECTION
= N0· N1 · v · (v)

time · volume

RELATIVE

VELOCITY

REACTION  RATE = 

Nuclear reactions at astrophysical energies
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Inside the Gamow peak, nuclear fusion cross sections can be very low 

(fb – nb, 1b = 10-24 cm2)

reaction exp(-2) @ EMB EGamow exp(-2) @ EGamow

p+p 3.5×10-9 6 keV 1×10-4 *

p+12C 1.2×10-69 24 keV 9×10-17

Tcenter = 1.5 × 107 K → EMB = kBTcenter = 1.3 keV

*The probability for the p + p → d + e+ + ν
e

reaction to happen is much

smaller (~2x10-31), being it mediated by weak force

Nuclear reactions at astrophysical energies
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Hydrogen burning in the Sun 
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How much energy is released in the conversion 
of 4 protons into 1 He nucleus?

Input data: 
Msun = 2 x 1030 kg

Lsun = 3.9 × 1026 W = 2.4  × 1039 MeV/s
mH = 1.007825 amu
mHe = 4.002603 amu

1 amu = 931.4941 MeV



Hydrogen burning in the Sun 
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How much energy is released in the conversion 
of 4 protons into 1 He nucleus?

4 H → He + 2+ + 2e + 26.7 MeV

Input data: 
Msun = 2 x 1030 kg

Lsun = 3.9 × 1026 W = 2.4  × 1039 MeV/s
mH = 1.007825 amu
mHe = 4.002603 amu

1 amu = 931.4941 MeV



Hydrogen burning in the Sun 
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How much hydrogen is the Sun burning 
every second?

Input data: 
Msun = 2 x 1030 kg

Lsun = 3.9 × 1026 W = 2.4  × 1039 MeV/s
mH = 1.007825 amu
mHe = 4.002603 amu

1 amu = 931.4941 MeV



Hydrogen burning in the Sun 
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How much hydrogen is the Sun burning 
every second?

Fusion rate:

H mass burned per unit time: 𝑀 = 4𝑀𝐻 ⋅ 𝑁 ∼ 6.4 ⋅ 1014
𝑔

𝑠
= 640 𝑀𝑖𝑙𝑙𝑖𝑜𝑛 𝑡𝑜𝑛𝑠 𝑝𝑒𝑟 𝑠𝑒𝑐𝑜𝑛𝑑! 

𝑁 =
𝐿⊙

26.7𝑀𝑒𝑉
=

2.4 ⋅ 1039 Τ𝑀𝑒𝑉 𝑠

26.7 𝑀𝑒𝑉
∼ 1038

𝑓𝑢𝑠𝑖𝑜𝑛𝑠

𝑠

Input data: 
Msun = 2 x 1030 kg

Lsun = 3.9 × 1026 W = 2.4  × 1039 MeV/s
mH = 1.007825 amu
mHe = 4.002603 amu

1 amu = 931.4941 MeV



Hydrogen burning in the Sun 
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How much of the solar mass needs to burn to 
keep the Sun alive for 10 Gy?

Input data: 
Msun = 2 x 1030 kg

Lsun = 3.9 × 1026 W = 2.4  × 1039 MeV/s
mH = 1.007825 amu
mHe = 4.002603 amu

1 amu = 931.4941 MeV



Hydrogen burning in the Sun 
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How much of the solar mass needs to burn to 
keep the Sun alive for 10 Gy?

Hydrogen burning timescale: 𝑡 =
10%𝑀⊙

𝑀
∼ 1010𝑦𝑒𝑎𝑟𝑠

Although fusion probability is very low, the reaction rate in stars is high because 

there is a huge number of interacting particles

Input data: 
Msun = 2 x 1030 kg

Lsun = 3.9 × 1026 W = 2.4  × 1039 MeV/s
mH = 1.007825 amu
mHe = 4.002603 amu

1 amu = 931.4941 MeV



Typical counting rate in the laboratory

• High intensity
• High stability
• Small energy spread

ACCELERATOR
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• High purity
• Stable against irradiation

ACCELERATOR

TARGET

Typical counting rate in the laboratory
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ACCELERATOR

DETECTOR

TARGET

REACTION 
PRODUCTS

γ, p, n, α, ...++
++

• Best compromise between detection
efficiency and energy resolution

Typical counting rate in the laboratory
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1014 pps 

(I ~ 100 μA)
1018 atoms/cm2 

(typical solid-state target )

10-36 cm2 

(1 pb)
1% - 100%

Counting rate  =   NPROJECTILES

p  

x   NTARGETS

t  

x  cross section   x  detection efficiency

Typical counting rate in the laboratory
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1014 pps 

(I ~ 100 μA)
1018 atoms/cm2 

(typical solid-state target )

10-36 cm2 

(1 pb)
1% - 100%

Counting rate  =   NPROJECTILES

p  

x   NTARGETS

t  

x  cross section   x  detection efficiency

Typical counting rate in the laboratory
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ME

WAITING FOR 1 COUNT

C = 0.004 – 0.4 counts/hour



1014 pps 

(I ~ 100 μA)
1018 atoms/cm2 

(typical solid-state target )

10-36 cm2 

(1 pb)
1% - 100%

Counting rate  =   NPROJECTILES

p  

x   NTARGETS

t  

x  cross section   x  detection efficiency

Typical counting rate in the laboratory
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C = 0.004 – 0.4 counts/hour



Environmental background sources
Environmental radioactivity: 235,238U, 232Th chains and 40K

Cosmic rays: mainly muons at sea level

Neutrons from (α,n) and spallation reactions 

Cosmic rays + neutrons

Radioisotopes
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Typical environmental background in HPGe detector



1. Increase signal

a. Increase beam current Target degradation

How can we improve signal-to-background ratio?
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1. Increase signal

a. Increase beam current

b. Increase target density

Target degradation

Beam energy loss and straggling

How can we improve signal-to-background ratio?
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1. Increase signal

a. Increase beam current

b. Increase target density

c. Improve detection efficiency

Target degradation

Beam energy loss and straggling

How can we improve signal-to-background ratio?
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1. Increase signal

a. Increase beam current

b. Increase target density

c. Improve detection efficiency

2. Reduce background

a. Active/passive shielding

Target degradation

Beam energy loss and straggling

How can we improve signal-to-background ratio?
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1. Increase signal

a. Increase beam current

b. Increase target density

c. Improve detection efficiency

2. Reduce background

a. Active/passive shielding

b. Background rejection techniques (PSA, coincidences,…)

Target degradation

Beam energy loss and straggling

How can we improve signal-to-background ratio?
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1. Increase signal

a. Increase beam current

b. Increase target density

c. Improve detection efficiency

2. Reduce background

a. Active/passive shielding

b. Background rejection techniques (PSA, coincidences,…)

c. Move underground…

Target degradation

Beam energy loss and straggling

How can we improve signal-to-background ratio?
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Why underground?

Radioattività – Esperimento LUNA 34

Rocks can efficiently suppress cosmic ray flux

C. Broggini+, Prog. Part. Nuc. Phys. 98 (2018) 55–84



Radioattività – Esperimento LUNA 35

+ More effective passive shielding

Cosmic rays + neutrons

Radioisotopes

Why underground?



Underground nuclear astro worldwide

LUNA
3800 m.w.e.
Since 1991

Felsenkeller
110 m.w.e.

5 MV – H, He, N, C
Since 2019

CASPAR
4300 m.w.e.
1 MV - H, He
Since 2017

JUNA
6700 m.w.e.
0.4 MV H, He
Since 2021
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LUNA 50 kV

(1992-2001)

LUNA 400 kV

(2000 → …)

Bellotti IBF

(2023 → …)

The LUNA experiment at LNGS

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

Cosmic ray attenuation: μ → 10-6

n → 10-3

Cosmic ray attenuation: μ → 10-6

n → 10-3
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The past: LUNA-50 kV accelerator

Homemade accelerator devoted to the study of 3He(3He, 2p)4He and 2H(p,γ)3He
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4 p → 4He + 2e+ + 2νe + 26.7 MeV

Fusion rate = 1038 fusions/s Emitted neutrinos = 2x1038 neutrinos/s

Solar neutrino problem


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John N. Bachall

Ray Davis

Solar neutrino problem

expected flux ~ 

3x measured flux
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3He(3He, 2p)4He: A solution to the solar neutrino problem?

p+p → 2H + e+ + ν
e

p+2H → 3He + γ

3He+3He → 4He + 2p 3He+4He → 7Be + γ

7Be+p → 8B + γ

7Li+p → 4He +4He
8B → 4He+4He+e++ ν

e

7Be+e- → 7Li + γ + ν 
e

86% 14%

13.98% 0.02%

SOLAR NEUTRINO PROBLEM:

predicted ν flux ~ 3 x measured flux

POSSIBLE SOLUTION:

Resonance in 3He(3He, 2p)4He reaction
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→ Direct measurement within the Gamow peak

→ No resonance found

→ cross section at the lowest energy ~ 20 fb (2 events per month)

R. Bonetti et al., PRL (1999)
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3He(3He, 2p)4He: A solution to the solar neutrino problem?



The present: LUNA-400 kV accelerator
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400 kV ACCELERATOR:
→ H+ and He+ beams
→ I ~ 250 µA 
→ ΔE = 100 eV

Gamma-ray 
detection setup

Charged-particle 
detection setup



• Inline Cockcroft Walton accelerator

• TERMINAL VOLTAGE: 0.2 – 3.5 MV

• Beam energy reproducibility: 0.01% TV or 50V

• Beam energy stability: 0.001% TV / h

• Beam current stability: < 5% / h

80 cm thick concrete shielding around accelerator room. This will reduce the neutron flux just outside the 

shielding to a value about one order of magnitude lower than the neutron flux at LNGS, Φ = 3 · 10-6 n/(cm2 s)

80 cm thick concrete shielding around accelerator room. This will reduce the neutron flux just outside the 

shielding to a value about one order of magnitude lower than the neutron flux at LNGS, Φ = 3 · 10-6 n/(cm2 s)

H+ beam: 500 - 1000 eµA

He+ beam: 300 - 500 eµA

C+ beam: 100 - 150 eµA

C++ beam: 100 eµA

The present: Bellotti Ion Beam Facility
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The present: Bellotti Ion Beam Facility

Accelerator operative since June 2023
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LUNA-MV: 5 yr scientific program

14N(p,γ)15O: the bottleneck reaction of the CNO cycle in connection with the solar 
abundance problem. Also commissioning measurement for the LUNA MV facility

12C+12C: energy production and nucleosynthesis in Carbon burning. Global chemical
evolution of the Universe

13C(α,n)16O and 22Ne(α,n)25Mg: neutron sources for the s-process (nucleosynthesis
beyond Fe)

Later on…

12C(a,γ)16O: key reaction of Helium burning: determines C/O ratio and stellar evolution
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Recent results by the LUNA Collaboration
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2H(p,)3He reaction

The comparison of observed primordial elemental abundances 
with the abundances predicted by BBN (intersection of blue 
curves with vertical line)provides stringent constraints to 
cosmological parameters and the Big Bang model

Alain Coc et al JCAP 10 (2014) 050
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PRIMORDIAL ABUNDANCE OF 2H:

• Direct measurements: observation of absorption 

lines in DLA system 

•  BBN theory: from the cosmological parameters 

and the cross sections of the processes involved 

in 2H creation and destruction

R. Cooke at al., ApJ. 855, 102 (2018)

𝐷

𝐻 𝑂𝐵𝑆
= 2.527 ± 0.030 ⋅ 10−5

𝐷

𝐻 𝐵𝐵𝑁
=

2.587 ± 0.055 ⋅ 10−5

2.439 ± 0.052 ⋅ 10−5

Plank 2018 results arXiv:1807.06209v1

The D/H predicted by BBN changes by 6% 

depending on the 2H(p,γ)3He cross section adopted

2H(p,)3He reaction
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The cross section of the 2H(p,γ)3He reaction is the main 

source of uncertainty on the primordial 2H abundance

Measurement at solar energies performed at the 

LUNA – 50 kV accelerator

Only few data points available at BBN energies
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BBN energies

2H(p,)3He reaction: State of the art



HPGe

beam

2H gas target
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2H(p,)3He reaction: Setup at LUNA



Systematic uncertainty reduced to < 3%
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BBN energies

2H(p,)3He reaction: Results



Using the baryon density provided by Planck, we derive

𝐷

𝐻 𝐵𝐵𝑁
= 2.52 ± 0.07 ⋅ 10−5

𝐷

𝐻 𝑂𝐵𝑆
= 2.527 ± 0.030 ⋅ 10−5

In excellent agreement with astronomical observations

V. Mossa et al. Nature (2020)

2H(p,)3He reaction: Results
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Major neutron source for the main component of the s-process in low (1-3 M☉) mass AGB stars
Average temperature 108 K → Gamow window 0.13 – 0.25 MeV

minimum measured energy 

Ecm: 0.28 MeV
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13C(,n)16O reaction
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18 3He counters arranged in two rings

INNER: 6 tubes (25 cm active length)

OUTER: 12 tubes (40 cm active length)

J. Balibrea Correa et al, NIM A 906 (2018) 103–109 
G.F. Ciani et al, Eur. Phys. J. A (2020) 56:75 
L. Csedreki et al, NIM A 994 (2021) 165081 

13C(,n)16O reaction
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• Data taking in 4 campaigns of 3 months each in about 2 years
• Statistical uncertainty lower than 10% for our data
• Lowest energy data ever achieved and at the Gamow window edge of low mass AGB.
• Reaction rate uncertainty reduced from 20% to about 10%

G.F. Ciani et al PRL 127, 152701 (2021)

13C(,n)16O reaction
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Stellar carbon burning
In stars, carbon burning is the first evolutionary stage involving the fusion of heavy ions.

M < M
up

White dwarfs/classical novae
M > M

up

Supernovae→ neutron stars
  and black holes

M
UP

 (and hence the whole life and fate of a star) depends on the 12C+12C cross sectionM
UP

 (and hence the whole life and fate of a star) depends on the 12C+12C cross section

Image credit ESA/Hubble & NASA Image credit NASA/ESA

Only stars with mass higher than a threshold M
UP

 (~ 8 M
SUN

) can ignite carbon burning:
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IS THERE A LOW-ENERGY RESONANCE?
If so, MUP may decrease by 2 solar masses!

ASTRO ENERGIES J
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Stellar carbon burning
12C+12C → 20Ne + α (+γ) (Q = 4.62 MeV)
  → 23Na + p (+γ) (Q = 2.24 MeV)

Main exit channels
Experiments are performed detecting charged particles 
and/or gamma rays



A. Tumino et al. Nature 557, 687 (2018)
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Stellar carbon burning
12C+12C → 20Ne + α (+γ) (Q = 4.62 MeV)
  → 23Na + p (+γ) (Q = 2.24 MeV)

Main exit channels
Experiments are performed detecting charged particles 
and/or gamma rays



o 12C beam on thick graphite target

o gamma-rays detected by one large-volume HPGe

o detector surrounded by 7cm Cu + 25cm Pb shielding 
to suppress background

o NaI detectors to suppress Compton continuum

o Data taking just started! 
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Carbon burning at the Bellotti IBF



«If you wish to make an apple pie from scratch, 
   you must first invent the Universe.» 

Carl Sagan



LUNA Collaboration
~50 researchers from:

  Laboratori Nazionali del Gran Sasso, INFN, ASSERGI, Italy/GSSI, L'AQUILA
  Università degli Studi di Milano and INFN, MILANO
  Università degli Studi di Padova and INFN, PADOVA
  Università degli Studi di Genova and INFN, GENOVA
  Università di Torino and INFN, TORINO
  Università degli Studi di Bari and INFN, BARI
  Università degli Studi di Napoli ”Federico II” and INFN, NAPOLI
  INFN Lecce, LECCE
  INFN Roma, ROMA
  Laboratori Nazionali di Legnaro
  Osservatorio Astronomico di Collurania, TERAMO

  Konkoly Observatory, Hungarian Academy of Sciences, BUDAPEST, Hungary
  Institute of Nuclear Research (ATOMKI), DEBRECEN, Hungary

  Helmholtz-Zentrum Dresden-Rossendorf, DRESDEN, Germany

  University of Edinburgh, EDINBURGH, United Kingdom
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