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direct messengers

neutrinos, cosmic rays, meteorites, lunar samples, …

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

electromagnetic emissions
Crab Nebula SN 1054

gravitational waves

M Aliotta The Messengers of the Universe

cosmic bar codes 



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

Features:

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

Why these features? Where do all elements come from?

M Aliotta Solar Abundance Distribution



Rev. Mod. Phys. 29 (1957) 547 (B2FH, 1957)

Burbidge Hoyle FowlerBurbidge

"for his theoretical and experimental studies of the nuclear reactions of importance in the formation of the chemical elements in the universe" 

1983
Nobel Prize

M  Aliotta On the Origin of the Chemical Elements



elements created by nuclear reactions in stars

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 
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M  Aliotta Galactic Chemical Evolution



Stellar Reactions in the Laboratory:
Experimental Challenges of Direct Measurements
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Thermonuclear Reactions in Stars

S-FACTOR

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

Astrophysical energies (Gamow window)  << Coulomb repulsion between interacting charges

CROSS SECTION

M Aliotta



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

10-15 barn   (often even smaller)

low cross sections à low yields à poor signal-to-noise ratio 

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

Thermonuclear Reactions in Stars

How to increase the signal-to-noise ratio?

M Aliotta



Nuclei in the Cosmos I, 1990 – Baden/Vienna,  Austria

M Aliotta A Pivotal Encounter

Gianni Fiorentini Claus Rolfs

Why don’t you do your 
measurements  
underground?

This is such a 
great idea, 

it could have 
been mine!



•  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

1000 2000 3000 4000 5000 6000 7000 80001E-3

0.01

0.1

1

10

100

1000

10000

 Gran Sasso 
 Boulby 
 surface 

 

 

co
un

ts 
/h

/k
eV

E
g
 [keV]

1000 2000 3000 4000 5000 6000 7000 80001E-3

0.01

0.1

1

10

100

1000

10000
 Gran Sasso 
 Boulby 
 surface 

 

 

co
un

ts 
/h

/k
eV

E
g
 [keV]

ambient

neutron induced

cosmic rays

typical g-ray spectrum at surface lab

M. Aliotta Main Sources of Background



courtesy: C Broggini

Antonino Zichichi

M Aliotta The Ideal Location: Laboratori Nazionali del Gran Sasso



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



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



M. Aliotta Gamma-ray Background Suppression

Costantini et al. Rep. Prog. Phys. 72 (2009) 086301 Bruno et al EJPA 51 (2015) 94
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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

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



https://youtu.be/-6maQS4rCh0

M Aliotta Notre Dame University



M Aliotta Notre Dame University



Homestake Gold Mine 4850 ft (1.5km) below sea level

Michael CF Wiescher

https://sanfordlab.org/facility

M Aliotta SURF: Sandford Underground Laboratory at Homestake (South Dakota)

Ray Davis Jr.
2002 Nobel Prize



CASPAR
Compact Accelerator Systems for Performing Astrophysical Research 

1 MV Accelerator Inaugurated July 2017

M Aliotta CASPAR: The US Underground Lab for Nuclear Astrophysics



14N(p,g)15O reaction: 
 
CNO cycle, solar neutrinos, solar metallicity, 
age of Globular Clusters, …

discrepancies still remain…

M Aliotta SURF: Sandford Underground Laboratory at Homestake (South Dakota)



wg = 35 ± 4 µeV 
(in good agreement with literature) g-ray summing detector HECTOR

22Ne(a,g)26Mg reaction: 

competitor to 22Ne(a,n)25Mg

(n-source for synthesis of elements with 60 < A < 90)

AGB stars

wg < 0.15 µeV
(a factor of 4 smaller than literature)

à lower depletion of 22Ne à enhanced production of s-process elements

M Aliotta SURF: Sandford Underground Laboratory at Homestake (South Dakota)



18O(a,g)22Ne reaction: 

feeds 22Ne + a reaction channels

nearly 50% reduction in reaction ratevarious resonances studiesstrong background suppression

M Aliotta SURF: Sandford Underground Laboratory at Homestake (South Dakota)



M Aliotta Edinburgh’s Attractions



M Aliotta Enjoying the Scottish Lifestyle



M Aliotta The Full Scottish Attire



Nuclear Clustering and Open Questions in Astrophysics

• Cosmological Lithium Problem(s)

• Nucleosynthesis in First Stars

• Electron Screening Puzzle

M Aliotta



triple alpha process

nuclear clustering may greatly 

enhance fusion probabilities

at low (i.e. astrophysical) energies

Nuclear Clustering

do similar cluster resonances exist in other key nuclear reactions? 

can they solve all three open questions?

very stable configurations

à building blocks for other nuclei
a ⊕ d ⊕ a 

10B6Li

a ⊕ d

~107 times faster

Hoyle state

M Aliotta Nuclear Clustering: A Possible Solution ?



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©



Primordial Lithium Abundances

solar 
system

observed 7Li ~ 3x lower 
than predicted

observed 6Li ~ 102 – 103 higher 
than predicted

first Lithium Problem

CBM + BBN predictions 
7Li abundance (6Li/7Li ~ 10–5)

second Lithium Problem

M Aliotta The Cosmological Lithium Problem(s)



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 3-4!



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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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?



“run out of steam” … further breakthrough will require new measurements UNDERGROUND

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



The Electron Screening Puzzle



in the lab and in stellar plasmas 
interaction affected by electrons
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s (E) =     exp(-2ph) S(E) 

assumption: 2ph ~ Z1Z2(µ/E)½

bare nuclei

SCREENING  POTENTIAL  Ue 

typically tiny amount (~ 10-100 eV)  
  Þ 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

µ Ue

flab(E) = 
Sscreen(E)

Sbare(E)
~ exp(phUe/E)

typically, experimental investigations

Ue in excess of theoretical limit !

electron screening puzzle

M Aliotta Electron Screening Effect
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electron screening 
enhancement

the 3He(d,p)4He reaction: one of the best studies cases

M Aliotta The 3He(d,p)4He reaction: A case study



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

large/small compared to D2 gas target (Ue @ 30 eV)

anomalous enhancements observed for some materials but not for others
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M Aliotta Electron Screening Anomalies



Electron screening in d(d,p)t reaction

+ +≠

lower Coulomb barrier à enhanced fusion 

M Aliotta Electron Screening: A possible solution from nuclear clustering?
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To Conclude…



• cosmological lithium problem
• evolution of first stars
• electron screening

• how do massive stars evolve and die?
• which stars explode as supernovae and which die as white dwarfs?
• what is the core metallicity of the Sun?
• how to explain pre-solar grain anomalies? 
• what is the origin of heavy elements?
• and more…

Nuclear Astrophysics Deep Underground: Very Prolific Endeavor 

much has been learnt and understood, but many open questions remain: 

M Aliotta Open Questions



Happy Birthday Michael!

no time to relax…. yet!

M Aliotta


