
Skype meeting | 17 July 2014

Prospects of present and future underground labs for 
nuclear astrophysics

Rosanna Depalo 
for the LUNA Collaboration

Università degli Studi di Milano and INFN Milano

Nuclear Physics in Astrophysics X5 - 9 Sept. 2022 1
26 - 30 Sept. 2022 PUMA22



Prospects of present and future underground labs for nuclear astrophysics

NUCLEAR REACTIONS IN ASTROPHYSICS

2

R. Depalo

26 - 30 Sept. 2022 PUMA22

Nuclear reactions 

cross sections

Evolution of early Universe
Stellar evolution

Astronomy with radioactivity

Nucleosynthesis

Solar system formation and evolution

Solar neutrinos
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N° Reactions
= Na · Nb · v · s(v)

time · volume
REACTION RATE = 

Prospects of present and future underground labs for nuclear astrophysics

26 - 30 Sept. 2022



CHARGED-PARTICLE-INDUCED REACTIONS RATES AT ASTROPHYSICAL ENERGIES

4

R. Depalo

PUMA22

N° Reactions
= Na · Nb · v · s(v)

time · volume

RELATIVE

VELOCITY

MAXWELL BOLTZMANN DISTRIBUTION

REACTION RATE = 

Prospects of present and future underground labs for nuclear astrophysics

26 - 30 Sept. 2022
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N° Reactions CROSS 

SECTION
= Na · Nb · v · s(v)

time · volume

RELATIVE

VELOCITY

MAXWELL BOLTZMANN DISTRIBUTION                vs            COULOMB REPULSION

𝐸𝐶 =
𝑍𝑎𝑍𝑏𝑒

2

𝑅
∼ 𝑀𝑒𝑉

REACTION RATE = 
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Nuclear reactions occur at energies far below the 

Coulomb barrier (quantum-mechanical tunnel)

Cross sections are strongly energy-dependent

Ecm [MeV]

In the Gamow peak, the cross section can be 

extremely small
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CHARGED-PARTICLE-INDUCED REACTIONS IN THE LAB

1015 pps

(I ~ 100 μA)
1018 atoms/cm2 10-36 cm2

(1 pb)

1% - 100%

Counting rate in lab  =   NPROJECTILES/t x NTARGETS/A x  cross section x  detection efficiency

PUMA22
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~100 counts/PhD*
*3 years, 365 days/year

CHARGED-PARTICLE-INDUCED REACTIONS IN THE LAB

C = 3e-3 –> 0.3 counts/hour

1015 pps

(I ~ 100 μA)
1017 atoms/cm2 10-36 cm2

(1 pb)

1% - 100%

Counting rate in lab  =   NPROJECTILES/t x NTARGETS/A x  cross section x  detection efficiency
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Typical environmental background 
in HPGe detector

CHARGED-PARTICLE-INDUCED REACTIONS IN THE LAB
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Typical environmental background 
in HPGe detector

Cosmic muons + neutrons

Env. radioactivity

CHARGED-PARTICLE-INDUCED REACTIONS IN THE LAB
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WHY UNDERGROUND?
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THE LABORATORY FOR UNDERGROUND NUCLEAR ASTROPHYSICS
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Laboratori Nazionali del Gran Sasso
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~ 1400 m
(3800 m.w.e.)

LUNA 1
50 kV

(1991-2001)

LUNA 2
400 kV

(2000 → …)

Cosmic ray attenuation: μ → 10-6

n → 10-3

LUNA MV
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26 - 30 Sept. 2022



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

THE LUNA – 400 kV SETUP

R. Depalo
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REACTIONS STUDIED SINCE 1991
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Big Bang Nucleosynthesis

p 2H

n

3H

3He 4He

6Li

7Be

7Li

1

2

1. 2H + p → 3He + γ
2. 4He + 2H → 6Li + γ
3. 3He+4He -> 7Be + γ

3

p+p → 2H + e+ + n
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++n
e

7Be+e- → 7Li + γ + n
e

86% 14%

13.98% 0.02%

pp chain

PUMA22
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PRE-MAIN SEQUENCE: 6Li(p,g)7Be

S-PROCESS NUCLEOSYNTHESIS: 13C(a,n)16O, 22Ne(a,g)26Mg

CNO CYCLE NeNa and MgAl CYCLES

13C
(p,g)

b+

(p,a)
12C

(p,g)

13N

b+

15N

17O
(p,g)

18F

(p,a)

16O

(p,g)

17F

b+

18O
(p,g)

b+

(p,a)

19F
(p,g)

(p,a)

(p,g)*

14N

15O

Done
In progress

Planned

21Ne
(p,g)

22Na

(p,a)
20Ne

21Na

b+

25Mg 26Al

24Mg

(p,g)

25Al

b+

27Al
(p,g)

b+

(p,a)

b+

26Mg

(p,a)

(p,g)

22Ne

23Na

(p,g)

(p,g)

REACTIONS STUDIED SINCE 1991

(p,g)
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BIG BANG NUCLEOSYNTHESIS: THE 2H(p,g)3He REACTION

PUMA22
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THE 2H(p,g)3He REACTION: ASTROPHYSICAL RELEVANCE
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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

PUMA22
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2H(p,γ)3He 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

THE 2H(p,g)3He REACTION: STATE OF THE ART

PUMA22
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Systematic uncertainty reduced to < 3%

THE 2H(p,g)3He REACTION: LUNA RESULTS

PUMA22
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THE 2H(p,g)3He REACTION: LUNA RESULTS

PUMA22
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Baryon density of the Universe:

✓ Obtained with PArthENoPE code by comparing
[D/H]OBS and [D/H]BBN

✓ Neff = 3.045, fixed

✓ Comparison with Planck results

Analysis performed by Ofelia Pisanti and Gianpiero Mangano
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LUNA
3800 m.w.e.
Since 1991

Felsenkeller
110 m.w.e.

5 MV – H +, He+, C+

I ~ 30 mA
Since 2019

CASPAR
4300 m.w.e.

1 MV – H +, He+

I ~ 250 mA
Since 2017

JUNA
6700 m.w.e.

0.4 MV H+, He+, He++

I ~ 1 – 12 mA
Since 2021

UNDERGROUND NUCLEAR ASTROPHYSICS WORLDWIDE
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LUNA 1

(1992-2001)

50 kV

LUNA 2

(2000 → …)

400 kV LUNA MV

NEW ACCELERATOR AT LNGS: LUNA-MV

PUMA22
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• 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, to reduce the neutron flux just outside the building.

H+ beam: 500 - 1000 eµA

He+ beam: 300 - 500 eµA

C+ beam: 100 - 150 eµA

C++ beam: 100 eµA

A. Sen et al. NIM B 450 (2019) 390 - 395

PUMA22
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14N(p,γ)15O: bottleneck reaction of the CNO cycle, important for CNO neutrino flux. 
Also commissioning experiment for the LUNA MV facility.

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

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

LUNA-MV SCIENTIFIC PROGRAM

PUMA22
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Acceptance tests are now ongoing!
First experiment in 2023

LUNA-MV

PUMA22
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LUNA COLLABORATION:

Laboratori Nazionali del Gran Sasso, INFN, Italy/*GSSI, L'AQUILA, Italy A. Compagnucci*, M. Junker

Università degli Studi di Bari and INFN BARI, Italy F. Barile, G.F. Ciani, V. Paticchio, L. Schiavulli

Università degli Studi di Genova and INFN, GENOVA, Italy P. Corvisiero, P. Prati, S. Zavatarelli

INFN Lecce, LECCE, Italy R. Perrino

Università degli Studi di Milano and INFN, MILANO, Italy R. Depalo, A. Guglielmetti

Università degli Studi di Napoli ”Federico II” and INFN, NAPOLI, Italy A. Best, A. Di Leva, G. Imbriani, D. Rapagnani,

C. Ananna

Università degli Studi di Padova and INFN, PADOVA, Italy C. Broggini, A. Caciolli, P. Marigo, R. Menegazzo, D. Piatti, 

J. Skowronski

INFN Roma, ROMA, Italy A. Formicola, C. Gustavino

Laboratori Nazionali di Legnaro, Italy V. Rigato, M. Campostrini

Osservatorio Astronomico di Collurania, TERAMO and INFN LNGS, Italy O. Straniero

Università di Torino and INFN, TORINO, Italy F. Cavanna, P. Colombetti, G. Gervino

Konkoly Observatory, Hungarian Academy of Sciences, BUDAPEST, Hungary M. Lugaro

Institute of Nuclear Research (ATOMKI), DEBRECEN, Hungary L. Csedreki, Z. Elekes, Zs. Fülöp, Gy. Gyürky, T. Szücs

Helmholtz-Zentrum Dresden-Rossendorf, DRESDEN, Germany D. Bemmerer, A. Boeltzig, E. Masha

University of Edinburgh, EDINBURGH, United Kingdom M. Aliotta, C.G. Bruno, T. Davinson, R. Sidhu
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