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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
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University of Catania  (founded in 1434) 
one of the oldest in the world
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1994-1995:  Postgraduate Fellowship 

   Ruhr-Universität Bochum (Germany)

   Prof. Claus Rolfs



M. Aliotta

1996 – 1999: PhD at University of Catania (Italy)   

       Laboratori Nazionali del Sud (INFN)

PhD Project: 

The quasi-free 4He(12C,12C)4He scattering: A test measurement

ASFIN Proposal: The 12C(,)16O with the THM
Supervisor 

Prof Spitaleri



M. Aliotta Trojan Horse Method: Basic Idea

1993: Masters Degree in Physics
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Advantages:

• reaction within nuclear field (‘no’ Coulomb, no screening) 

• different projectile-target combinations possible

BUT...

• complex formalism and data analysis

• validity tests required

X A

t
s

Fermi motion

Baur  (1986) 

study a reaction of interest    X(t,b)Y    using a suitable three-body reaction:    X(A,bs)Y  with A = t + s



M. Aliotta The quasi-free 4He(12C,12C)4He scattering: A test measurement

University of Catania  (founded in 1434) 
one of the oldest in the world

1993: Masters Degree in Physics

Experimental setup

=22.5

c=12.5

E

E

PSD

PSD

6LiF
150 g cm-2

12C++

E = 18 MeV

Laboratori Nazionali del Sud – Catania 

after much data analysis, checks and cross-checks…

6Li(12C,12C)2H   4He(12C,12C)4He

cross section in good agreement with direct data
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1999 – 2001:  Alexander von Humboldt Fellowship          
  Ruhr-Universität Bochum (Germany)
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Electron Screening



in the lab and in stellar plasmas 
interaction affected by electrons
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Ratomic

 (E) =     exp(-2) S(E) 

assumption: 2 ~ Z1Z2(/E)½

bare nuclei

SCREENING  POTENTIAL  Ue 

 corrections typically negligible, except at ultra-low energies

E0

bare S(E)

S(E)

high-energy data
extrapolation

screened S(E)

fit to measured
low-energy data

 Ue

flab(E) = 
Sscreen(E)

Sbare(E)
~ exp(Ue/E)

experimental Ue values in excess of theoretical limit !

ELECTRON SCREENING PUZZLE

M Aliotta textElectron Screening



M Aliotta textElectron Screening
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100 kV accelerator – Ruhr-Universität Bochum

Ni foil

aperture
8 mm f

x/y wobbling
 units

D+ ion beam MxD 
target

Cu pipe
-200 V

LN2-cooled

turbo pump = 130°
P = 2x10-8 mbar

M Aliotta textElectron Screening Studies at RUB

systematic study of

d(d,p)t reaction

on various hosts



Electron screening in d(d,p)t reaction

compared to screening in gas D2 target (Ue  30 eV)

anomalous enhancements observed for

some materials but not for others

WHY?

factor ~ 20 higher

factor ~ 25 higher

comparable to gas target case

comparable to gas target case

Cu
Ue = 470 eV

Pt
Ue = 670 eV

Hf
Ue < 30 eV

Nd
Ue < 30 eV

M Aliotta textElectron Screening: Anomalous Ue Behaviour for d(d,p)t Reactions in Metals



• elements in same group show similar Ue values

• large effect  ~ 300 eV  

• small effect  ~  30 eV   

• exceptions: group 13 (B = metalloid) and group 14 (C, Si, Ge = semiconductors)

Results overview 
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55 samples
in total

Key Results: 

M Aliotta textElectron Screening



M. Aliotta

2001: Lectureship at the University of Edinburgh

2008: Senior Lecturer

2013: Reader

2016: Full Professor

2021 – present: Head of Nuclear Physics Group

2010 - present: member of the LUNA Collaboration

School of Physics and Astronomy
James Clerk Maxwell Building
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Nuclear Astrophysics with Radioactive Ion Beams



M. Aliotta

2010 - present: member of the LUNA Collaboration

X-ray bursts

thermonuclear explosion in binary 
systems with neutron star + LEC

origin of double-peak structures unclear

some Type I X-ray bursts show double peak in luminosity 

separated by a few seconds
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M. Aliotta X-ray bursts

short-lived unstable nuclei

22Mg,  26Si,  30S,     and 34Ar

T1/2 (s)        3.9     2.2     1.18         0.8

possible cause: waiting points in thermonuclear reaction flow ?

waiting points: 22Mg, 26Si, 30S, and 34Ar ?

   (p,)-reaction quenched by photodisintegration 

   (,p) reactions too weak because of Coulomb barrier 

  

However: no relevant RIBs available at that time…

18Ne(,p)21Na breakout from HCNO cycle

by time reversal approach:   21Na(p,)18Ne as proof of principle for further (,p) reactions 



up to a factor of ~25 lower 
than HFgs at T=2.4 GK

M. Aliotta X-ray bursts

Silicon Strip Detectors 
developed in Edinburgh
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Nuclear Astrophysics with Stable Beams Underground



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. Aliotta

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

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

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

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

• Big Bang nucleosynthesis
2H(α,)6Li       2H(p,)3He      6Li(p,)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
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The 17O(p,)18F Reaction in Classical Novae

David Scott’s
PhD project 

annihilation radiation (511 keV gamma rays) from + decay of 18F (t½ ~ 110 mins) 

can provide constraints on novae nucleosynthesis

no 511 keV radiation observed to date!
uncertain 17O(p,)18F rate?

INTEGRAL

can be detected by 
space-borne telescopes



17O(p)18F reaction in novaeM Aliotta



improved reaction ratefirst measurement within Gamow window

17O(p)18F reaction in novae

firmer constraints
on amount of 18F 

produced in novae

new limits to 
satellite detection 

of 511keV  rays

M Aliotta
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The 17O(p,)14N Reaction: Puzzling Origin of Pre-Solar Grains

Carlo Bruno’s
PhD project 

Pre-solar grains: stellar dust trapped in meteorites

isotopic anomalies can reveal 
clues on site of formation

puzzling origin of Oxygen-rich grains

improved knowledge on
 17O(p,)14N reaction needed



M. Aliotta Background Suppression

intrinsic alpha-
particle activity

factor of 15 reduction 
in background

Edinburgh

Gran Sasso
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M Aliotta 17O(p,)14N Results

reaction rate ~ 2x higher than 
previously assumed

reaction can occur 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



Skype meeting | 17 July 20146Li destruction:
The 6Li(p,)7Be and 6Li(p,)3He Reactions

Thomas Chillery’s
PhD project 

6Li(p,)7Be reaction involved in BBN as well as in 6Li depletion in early stages of stellar evolution

J. He et al, Physics Letters B, 725 (2013) 287

resonance(-like) structure reported but 
never independently confirmed

Si
HPGe

target

beam



ruled out 
previously 
suggested 
resonance

M. Aliotta The 6Li(p,)7Be and the 6Li(p,)3He reactions at LUNA
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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 35/8
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Q2. Nucleosynthesis in First Stars

made of pristine H and He 
very massive → 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 36/8
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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 → 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 37/8

very stable configurations

→ building blocks for other nuclei

 ⊕ d ⊕  

10B6Li

  ⊕  d

+ +≠

lower Coulomb barrier → enhanced fusion 

electron screening puzzle

~107 times faster

Hoyle state



N

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

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

deuterons as catalyst isotope

possible neutron source

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

requirement: strong enhancement of () reaction rates

M Aliotta Nuclear Clustering: A Possible Solution?



new measurements UNDERGROUND needed

no data
at relevant 

energies

d +       →  6Li    +       →    10B     +    →  14N

                ⊕ d                   ⊕ d ⊕                  12C  ⊕  d 

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

M Aliotta Current Status



G Hupin 
[10%]

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 40/8

Experimental Programme
WP1: PI, PDRA1, PhD1,PhD2

Laboratory for Underground Nuclear Astrophysics

 

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

RJ deBoer 
[10%]

M Pignatari 
[20%]

WP2b: PI, PDRA2

• improved R-matrix capabilities
• robust reaction rates



2 PhD students just started, 1 PDRA Exp (Feb 2025), 1 PDRA Theo (recruiting)

Grant started on 2 December 2024



In Summary…

• Experience with Direct and Indirect Methods in Nuclear Astrophysics 

• Radioactive and Stable Beam Experiments

• Surface and Underground Laboratories

Enjoyed many fruitful collaborations throughout my career 

Look forward to further collaborations with the Mainz group



M  Aliotta
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