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Nuclear Astrophysics in a Nutshell

Courtesy: M. Arnould

investigating the MICRO COSMOS (nuclear physics)

to understand the MACRO COSMOS (astrophysics)



Seminar Layout

• key features of Nuclear Astrophysics

• stellar reaction studies in the laboratory

• why going underground?

• the LUNA experiment 

• past, present, and future activities (a biassed view!)

M. Aliotta



direct messengers
neutrinos, cosmic rays, meteorites, lunar samples, …

radio, microwave, infrared, optical, X-ray, g-rayelectromagnetic 
emissions

Crab Nebula SN 1054

gravitational waves

M. Aliotta The Messengers of the Universe



Data sources:  
Earth, Moon, meteorites, cosmic 
rays, solar & stellar spectra… 

Features:

• 12 orders-of-magnitude span
• H ~ 75%,  He ~ 23%
• C ® U ~ 2% (“metals”)
• D, Li, Be, B under-abundant
• exponential decrease up to Fe
• nearly flat distribution beyond Fe

(Solar) Abundance Distribution

M. Aliotta The Abundances of the Elements
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Burbidge, Burbidge, Fowler & Hoyle (B2FH):               Rev. Mod. Phys. 29 (1957) 547  

fusion of 
charged particles

mainly stable nuclei

neutron-capture 
reactions

mainly unstable 
nuclei

M  Aliotta Stellar Nucleosynthesis: A Major Breakthrough



BIRTH
gravitational
contraction

explosion
ejection
DEATH

abundance distribution

•  energy production
•  stability against collapse
•  synthesis of “metals”

Inter-stellar medium Stars

M  Aliotta Life Cycles of Stars 



low-mass star
0.1 solar masses

sun-like stars    
1 solar mass

high-mass stars
10 solar mass

brown dwarf

white dwarf

neutron star

black hole

deathbirth evolution

massive stars contribute to chemical evolution of the Universe

low-mass stars critical for existence and evolution of life

M  Aliotta Stellar Evolutionary Paths



M. Aliotta Nuclear Astrophysics: A Truly Interdisciplinary Effort

Astrophysics

Atomic Physics

stellar evolutionary codes
nucleosynthesis calculations 

astronomical observations

Nuclear Physics
experimental and 
theoretical inputs

stable and exotic nuclei

Plasma Physics
degenerate matter
electron screening
equation of state

radiation-matter interaction
energy losses, stopping powers, spectral lines

materials and detectors

Nuclear Astrophysics: A truly interdisciplinary field



Astrophysical Reaction Studies in the Laboratory:
Experimental Challenges



Schematic Layout for Nuclear (Astro-)Physics Experiments

BEAMS
• high beam currents
• low energy (easily tunable)
• high purity

TARGETS
• high purity (solid or gas)
• known stoichiometry
• appropriate thickness and uniformity 

DETECTORS
• high efficiency
• good resolution

Excellent Students!

M Aliotta Astrophysical Reaction Studies in the Laboratory



Example: 3He(a,g)7Be

M Aliotta Experimental Challenges

energy of astrophysical 
interest

(Gamow window)

100% for charged particles 
~1-10% for gamma rays (HPGe detectors)

10-15 barn   (often even smaller)

Yield   = Np   x    Nt     x        cross section    x      detection efficiency 

1019 atoms/cm2  typical solid-state targets

1014 pps (~100 µA q=1+) typical stable beam intensities

Y = 0.3-30 counts/year

~ 1.2-120 counts/PhD

How to increase the signal-to-noise ratio?

s = E-1 exp(-2ph) S(E)



•  natural radioactivity (mainly from U and Th chains and from Rn)
•  cosmic rays (muons, 1,3H, 7Be, 14C, …)
•  neutrons from (a,n) reactions and fission

ideal location: underground + low concentration of U and Th
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cosmic rays

typical g-ray spectrum at surface lab

M. Aliotta Main Sources of Background



LUNA: A Brief Introduction

LUNA: Laboratory for Underground Nuclear Astrophysics   (established early 1990s)

M. Aliotta

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

LUNA 1
50 kV

(1991-2001)

LUNA 2
400 kV

(2000 → …) LUNA MV
(2023 -> …)

Laboratori Nazionali del Gran Sasso, INFN

Cosmic ray attenuation: μ → 10-6

n → 10-3



M AliottaGamma-ray background: underground vs overground comparison
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The LUNA 400 kV facility

400 kV ACCELERATOR:
→ H+ and He+ beams
→ I ~ 250 µA 
→ ΔE = 100 eV

Solid Target

Windowless gas target:
 → 3 differential pumping stages
 → Gas recirculation and purification 
system

M. Aliotta



LUNA: The First Underground Laboratory for Nuclear AstrophysicsM. Aliotta



M. Aliotta

• solar fusion reactions
3He(3He,2p)4He      2H(p,g)3He        3He(α,g)7Be

• electron screening and stopping power
2H(3He,p)4He       3He(2H,p)4He

• CNO, Ne-Na and Mg-Al cycles
12,13C(p,g)13,14N   14,15N(p,g)15,16O 16O(p,g)17F  20,21,22Ne(p,g)21,22,23Na   22Ne(α,g)26Mg 23Na(p,g)24Mg  25Mg(p,g)26Al

• (explosive) hydrogen burning in novae and AGB stars
17O(p,g)18F    17O(p,α)14N     18O(p,g)19F      18O(p,α)15N

• Big Bang nucleosynthesis
2H(α,g)6Li       2H(p,g)3He      6Li(p,g)7Be

• neutron capture nucleosynthesis
13C(α,n)16O 

30 years of Nuclear Astrophysics at LUNA (LNGS, INFN)

some of the lowest cross sections ever measured (few counts/month)

LUNA: A pioneering experiment

ca. 24 reactions in 30 years:  ~15 months data taking per reaction!



The Past:
Recent Selected Highlights

• Big Bang Nucleosynthesis:   2H(p,g)3He  (gamma rays)

• O-rich Pre-Solar Grains:   17O(p,a)14N (charged particles)

• Neutron source for heavy elements: 13C(a,n)16O (neutrons)



Skype meeting | 17 July 2014

Big Bang Nucleosynthesis



NASA - http://wmap.gsfc.nasa.gov/media/101080

Cosmic Microwave Background (CMB) radiation 

accidentally discovery by Penzias and Wilson in 1965 (Nobel Prize in 1978)

M. Aliotta Cosmic Microwave Background

oldest electromagnetic radiation in the Universe (~ 380,000 y after Big Bang)

http://wmap.gsfc.nasa.gov/media/101080


11 reactions
+ neutron decay

Big Bang Nucleosynthesis (BBN):  3 minutes after Big Bang

BBN is only tool to probe state of early universe 

M. Aliotta Big Bang Nucleosynthesis



determine baryon density from comparison between BBN predictions and observations

• D is only produced during Big Bang Nucleosynthesis

• D is destroyed easily in stars

• D abundance is the most sensitive to the baryon density Ωbh2

Deuterium is an excellent baryometer

M. Aliotta Big Bang Nucleosynthesis



• baryon density inferred from BBN à early epoch

• baryon density inferred from CMB à recombination epoch 

independent determinations of Wb can provide useful tests 

according to Standard Cosmological Model (LCDM)

baryon density can only vary as a result of Universe expansion, which can be calculated

if present-day value of Wb (BBN) = Wb (CMB) à validity of LCDM

if present-day value of Wb (BBN) ≠ Wb (CMB) à new physics beyond LCDM

(380000 years after Big Bang)

M. Aliotta The d(p,g)3He reaction at LUNA



BBN energy range

• Astronomical observations of deuterium abundance have reached % accuracy  [Cooke et al, APJ 781 (2014) 31]

• BBN predictions of deuterium abundance affected by large uncertainties [Di Valentino et al, PRD 90 (2014) 023543]

M. Aliotta The d(p,g)3He reaction: state of the art before study at LUNA

high precision data at BBN energies required
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Primordial Deuterium Abundance:
The d(p,g)3He Reaction 



Ep = 395 keV

beam-induced 
background (19F(p,ag)16O 

reaction)

Ep = 50 keV

with (inert) 4He gas
(P=0.4 mbar) 

with D2 gas target 
(P=0.3 mbar) 

M. Aliotta The d(p,g)3He reaction at LUNA

HPGe

HPGe
BEAM

• proton beam (100 uA) 
• Ebeam = 50 – 400 keV (full BBN range)
• extended D2 gas target (99.99% isotopic purity)
• Beam stop = calorimeter -> current measurement

Experimental Setup



Mossa et al. Nature,  587 (2020) 210

Mossa et al. EPJA,  56 (2020) 144

M. Aliotta The d(p,g)3He reaction at LUNA

faster destruction of deuterium

 better agreement with observations

2 years of data taking



M. Aliotta The d(p,g)3He reaction at LUNA

baryon density (Wbh2) now in 
excellent agreement with Planck 
and with comparable uncertainty

analysis by
Gianpiero Mangano and Ofelia Pisanti (Uni Naples)

standard cosmological model seems safe for now...
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Pre-Solar Grains Composition: 
the 17O(p,a)14N reaction
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M. Aliotta Pre-solar grains in meteorites

Pre-solar grains: 
stellar dust trapped in meteorites
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M. Aliotta Pre-solar grains in meteorites

an improved study of 17O(p,a)14N was needed 

puzzling origin of Oxygen-rich grains



Edinburgh

Gran Sasso

M. Aliotta Background Suppression

intrinsic alpha-
particle activity

factor of 15 reduction 
in background
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M Aliotta 17O(p,a)14N Results

reaction rate ~ 2x higher than 
previously assumed

reaction becomes effective at
lower temperatures, i.e. those 

attained in IM AGB stars

15x lower 
background

underground



M. Aliotta On the origin of Group II grains

new LUNA rate allows to reproduce correct abundances

confirms intermediate mass AGB as likely site of production

for oxygen-rich pre-solar grains
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The Creation of Heavy Elements:
the 13C(a,n)16O reaction



Big Bang Stellar Nucleosynthesis

Fe

what about the synthesis of 
elements heavier than iron?

M Aliotta The Creation of Heavy Elements

neutron
s

Neutron capture reactions: the s(low) and the r(apid) processes



M. Aliotta Neutron Sources for the s-process

13C(a,n)16O importance: s-process in AGB stars
Gamow region: 130 - 250 keV 
min. meas. Ecm: 280 keV

mainly hampered by cosmic background  à excellent case for underground study
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M Aliotta Neutron Background Reduction at LNGS

thousand-fold reduction 
in neutron background

3He detector tubes
3He(n,p) 3H

Csedreki et al. NIMA 994 (2021) 165081



M. Aliotta The 13C(a,n) 16O reaction at LUNA

+ 102%
(12 months data taking)

13C(a,n)16O
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The Present:
Currently Ongoing



M. Aliotta Just Completed and Ongoing Reaction Studies at LUNA (with strong Edinburgh involvement)

first and slowest reaction in NeNa cycle; 22Na production in 
novae

21Ne(p,g)22Na 

23Na(p,a)20Ne O-Na anti-correlation in spectra of globular clusters 

27Al(p,a)24Mg Mg and Al abundances; MgAl cycle; 26Al abundance

16O(p,g)17F 16O/17O ratio in red giants and AGB spectra; pre-solar grain compositions

Duncan Robb’s
PhD project 

Lucia Barbieri’s
PhD project 

Ragan Sidhu
(now Fellow  @Surrey)



M. Aliotta A new 3.5 MV Accelerator with ECR Ion Source: Bellotti Ion Beam Facility

Sen et al. NIM B450 (2019) 390

Intense H, He, and C beams



M. Aliotta Neutron Sources for the s-process
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importance:  weak s-process component
energy of interest: 360-690 keV 
min. measured E: 700 keV

22Ne(a,n)25Mg

SHADES
Andreas Best (Naples)

data taking 
ongoing



12C/16O BURNING 12C ashes = Ne, Na, Mg
 16O ashes = Al, … Si 

M Aliotta Nuclear Burning in Stars

Aliotta et al. J. Phys. G: Nucl. Part. Phys. 49 (2022) 010501

measurements just started at 
Bellotti IBF

12C + 12C
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Plans for the Future…



NUclear CLustering Effects in Astrophysical Reactions
NUCLEAR

Nucleosynthesis in First Stars and Other Puzzles



Long-Standing Questions in Nuclear Astrophysics

M Aliotta NUCLEAR 48/8
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Q2. Nucleosynthesis in First Stars

made of pristine H and He 
very massive à need CNO nuclei

Q3. Electron Screening Puzzle

discrepancy between experiment 
and theory remains unexplained

Standard Model of Particle Physics
+ Cosmology

Chemical Evolution of Early Universe
+ Astronomical Observations (JWST)

Reactions in Plasmas
Fusion-driven Energy Generation

Q1. Cosmological Lithium Problem

factor of 3 discrepancy between 
observed and predicted Li abundance
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Long-Standing Questions in Nuclear Astrophysics

M Aliotta NUCLEAR 49/8
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key idea:
Nuclear Clustering 

key to unlock all three puzzles

Q1. Cosmological Lithium Problem

factor of 3 discrepancy between 
observed and predicted Li abundance

Q2. Nucleosynthesis in First Stars

made of pristine H and He 
very massive à need CNO nuclei

Q3. Electron Screening Puzzle

discrepancy between experiment 
and theory remains unexplained
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triple alpha process

nuclear clustering may greatly 

enhance fusion probabilities

at low (i.e. astrophysical) energies

Nuclear Clustering

M Aliotta NUCLEAR 50/8

very stable configurations

à building blocks for other nuclei
a ⊕ d ⊕ a 

10B6Li

a  ⊕  d

+ +≠

lower Coulomb barrier à enhanced fusion 

electron screening puzzle

~107 times faster

Hoyle state



The Cosmological Lithium Problem(s)



Primordial Nucleosynthesis (BBN) and Primordial Abundances 

3 minutes after Big Bang

M. Aliotta Big Bang Nucleosynthesis

adapted from Fields (2011) ARNPS©



M Aliotta The Cosmic Lithium Problem: Possible Solutions

Astrophysics:  
incorrect interpretation of astronomical observation?
depletion mechanisms in stars?

Nuclear physics: 
wrong or incomplete nuclear reaction rates?
other key reactions controlling 7Li yield?

Non-standard model: 
current theories incorrect or incomplete?

D, 3He and 4He: good agreement

  Li: overestimated by factor 3!



Nucleosynthesis in First Stars



M Aliotta Nucleosynthesis in First Stars

Identikit of First Stars

• formed 200-400 million years after Big Bang

• very massive (up to 100-1000 M¤)

• made of primordial H and He

• no CNO to sustain star against gravity

How did first stars evolve?

• burn He via 3a?

• form CNO nuclei?

• die as CCSN, pair production SN, or BHs?
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Hydrogen and 
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Hertzsprung-Russell Diagram
for the First  Stars
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70 Myr

Supernova with Black Hole

Neutron Star

White Dwarf

Supernova without  Black Hole

19 Myr

11 Myr
8 Myr

6 Myr

4 Myr

3 Myr

2 Myr

2 Myr

cococube.com

HE 1327-2326: 
one of the most metal poor stars observed 

[Fe/H]= -5.4 (1/250000 of solar Fe value)

First stars are difficult to observe today…

… but their imprints remain visible 
in the composition of second-generation stars

M Aliotta First Stars and Their Imprints

Where do CNO, Ca and Sr come from?
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N

Z
3He(a,g)7Be(e,g)7Li(a,g)11B(a,p)14C
           11B(α,n)14N  possible neutron source

4He(d,g)6Li(α,g)10B(α,d)12C
             10B(α,p)13C
                  10B(α,n)13N 

deuterons as catalyst isotope

possible neutron source

NOTE: 3a process forms C but completely by-passes Li;
 instead, proposed reaction sequences would also 
 alter Li abundances à solution to CLiP?

requirement: strong enhancement of (a,g) reaction rates

M Aliotta Nuclear Clustering: A Possible Solution?



new measurements UNDERGROUND needed

no data
at relevant 

energies

d +  a     à  6Li    +    a   à    10B     +   a à  14N

               a ⊕ d                  a ⊕ d ⊕ a                 12C  ⊕  d 

proposed reactions involve strong cluster configurations tantalizing new evidence for broad cluster resonances 

M Aliotta Current Status



M Aliotta NUCLEAR 59/8

Experimental Program:
a-induced reactions on Li and B isotopes

Theoretical Program Computational Program

optimize information transfer across boundaries

for accelerated progress with widest impact

Strategic Approach: Synergic Exploitation of Critical Expertise



Theoretical Programme
WP2a: PDRA2

• cluster structures at low energies 
• impact on astrophysical reactions
 & electron screening

Computational Programme
WP3: PI, PDRA3

• stellar models for first stars (MESA)
• nucleosynthesis networks (NuGRID)
• impact on Q1 and Q2

Work Programme and Outcomes

M Aliotta NUCLEAR 60/8

Experimental Programme
WP1: PI, PDRA1, PhD1,PhD2

Laboratory for Underground Nuclear Astrophysics

 

• a+Li and a+B reactions (Q1-Q3)
• ultra-low background @LUNA
• lowest-energy data (world best)

RJ deBoer 

M Pignatari 

WP2b: PI, PDRA2

• improved R-matrix capabilities
• robust reaction rates

G Hupin 



Grant Start Date: 2 December 2024

https://www.erc-nuclear.uk

PDRA Experiment 
Alessandro Compagnucci 

(from February 2025 )

PDRA Theory 
Kevin Becker 

(from July 2025)



10B + a Reaction Studies at LUNA 400kV



M Aliotta Upcoming measurements at LUNA

charged particle detection
10B(α,d)12C
10B(α,p)13C

10B(a,n)13N activation measurement:

detect 511 keV annihilation g rays following b+ 
decay of 13N  (t ½ ~ 10 mins) in opposite crystals 

silicon detector array segmented BGO detector 

Rhys Bonnell, PhD



Charged-particle + Gamma-ray Detection Setup

64

3”x3” NaI detector

four 18x18 mm2 
Silicon detectors
@ q = 135o 

2nd beamline

cold finger10B target
(water cooled)design: Peter Black



First Spectra (just acquired): 10B(a,pg)12C
NaI Detector Si Detector



6,7Li + a Reaction Studies at Bellotti Facility

3.5 MV accelerator 
4He+ (TV: 0.3 – 0.5 MV): 300 μA
4He+ (TV: 0.5 – 3.5 MV): 500 μA



M Aliotta NUCLEAR 67

6,7Li(a,g) reactions: prompt g-ray measurements 

prompt g-ray detection with either

HPGe detectors or the BGO detector 

push measurements 

to lowest accessible energies

Lavinia Dalla Vedova
(from September 2025)
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To Conclude…

• nuclear astrophysics is a very lively & highly interdisciplinary research field

• low-energy, stable-beam experiments pose major experimental challenges 

• major advances can come from underground measurements



M. Aliotta LUNA: A Success Story

LUNA has pioneered 
underground studies in
Nuclear Astrophysics for 

almost three decades



M  Aliotta

THE LUNA COLLABORATION

http://luna.lngs.infn.it


