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Jennifer A. Johnson, Populating the periodic table: Nucleosynthesis of the elements.Science363, 474-478(2019).DOI:10.1126/science.aau9540
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https://doi.org/10.1126/science.aau9540
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Aziz, A.A., Ahmad, N.S., Ahn, S. et al. 
Progress in nuclear astrophysics of east and 
southeast Asia. AAPPS Bull. 31, 18 (2021).
https://doi .org/10.1007/s43673-021-00018-z
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Theenergyof nuclei in a stellarplasmafollows a
Maxwell-Boltzmanndistribution

the crosssection falls faster than exponentially
asthe energydecreases

The Gamow peak defines the relevant energy 
range for this reaction to occur

Consider a reaction

A + B ­ C + D

The reaction rate is given by

ὶ ὔὔ ‰ὺ„ὺὺÄὺ

Nuclear astrophysicsin a nutshell
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This is valid for 
reactions involving 
charged particles
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EXTRAPOLATION

The cosmic-ray induced background makes any
direct measurementin the Gamow window very
challenging(the reaction rate becomesnegligible
w.r.t. the cosmic-ray inducedbackground)

Introducing the astrophysical S-factor S(E) and 
factorizing the Coulomb interaction term apart:

Ɑ╔
╔
▄ ⱫⱢ╢╔
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Nuclear astrophysicsin a nutshell
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it is possible to measure the cross section at high 
energy andextrapolate the astrophysical factor S(E) 
in the interesting energy range (Gamow window)
Indirect measurements can be very helpful too (but 
they rely on certain assumptions or normalizations)
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unexpected low-energy 
resonances may be 
present in the 
extrapolation region, 
enhancing the cross 
section considerably!
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Introducing the astrophysical S-factor S(E) and 
factorizing the Coulomb interaction term apart:
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Nuclear astrophysicsin a nutshell

Despite the small cross section, 
Ŕƣќƚveryimportant to perform direct
measurements at low energy! 
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it is possible to measure the cross section at high 
energy andextrapolate the astrophysical factor S(E) 
in the interesting energy range (Gamow window)
Indirect measurements can be very helpful too (but 
they rely on certain assumptions or normalizations)
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How to measurea nuclearcross section
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Å Ions
Å Current
Å energy
Å energy resolution
Å stability

Å solid
Å implanted
Å evaporated
Å oxidized

Å gas
Å extended
Å jet

Å (liquid)

Å HPGe
Å NaI
Å BGO
Å Si
Å Liquid Scintillators
Å 3He
Å в
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From љ9ċƨũĬƖŸŰƚШŔŰШƣőĲШ9ŸƚůŸƚШ-  ƨĦũĲċƖШ ƚƣƖŸƓőǃƚŔĦƚњЯШ9ũċƨƚШEЮШ
Rolfs and William S. Rodney, University of Chicago Press, 1988.
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ὧὶέίίίὩὧὸὭέὲ

ὨὩὸὩὧὸὭέὲὩὪὪὭὧὭὩὲὧώ

1014 pps  (100 µA for 1+ beams)

1019 atoms/cm 2 (often smaller)

10-36 cm2 (often smaller)

10-1  (often smaller)
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Challenges of directmeasurements
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ὨὩὸὩὧὸὭέὲὩὪὪὭὧὭὩὲὧώ

1014 pps  (100 µA for 1+ beams)

1019 atoms/cm 2 (often smaller)

10-36 cm2 (often smaller)

10-1  (often smaller)

a few counts/day  

We need
UNDERGROUND 
LABORATORIES
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Challenges of directmeasurements
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1990 NIC I  Baden bei Wien, Austria

G. Fiorentini, A. Pascolini; CERN Courier, October 2004:

άDuring hors d'oeuvre, Gianni Fiorentini (...) asked Claus Rolfs why 
nuclear reactions could not be measured in the laboratory at the 
energies at which they occur in stars (...). By the time of dessert, 
they had realized that the solution was to install an accelerator in 
an underground laboratory.
The director of the Laboratori Nazionali del GranSasso, Enrico 
Bellotti, was enthusiastic about the idea and the INFN president 
Nicola Cabibbo immediately endorsed it after receiving an informal 
letter of intent, which began: 
"We believe that the Gran Sasso laboratory offers a unique 
possibility for progress in the measurement of low-energy nuclear 
cross-sections, which are relevant for nucleosynthesis in stars and 
in the early universe, as well as for the evaluation of the solar-
neutrino flux."έ

Enrico Bellotti

Claus Rolfs Gianni Fiorentini



ά{ǘŀǘǳǎ ƻŦ ǘƘŜ ǇǊƻƧŜŎǘ [ŀōƻǊŀǘƻǊȅ CƻǊ ¦ƴŘŜǊƎǊƻǳƴŘ 
bǳŎƭŜŀǊ !ǎǘǊƻǇƘȅǎƛŎǎ ό[¦b!ύέ

άόΦΦΦύ CƛǊǎǘ ōŀŎƪƎǊƻǳƴŘ ƳŜŀǎǳǊŜƳŜƴǘǎ ǿƛǘƘ {ƛƭƛŎƻƴ {ǳǊŦŀŎŜ 
Barrier Detectors were done [in the underground labs. of 
[bD{ϐ ƛƴ мффм όΦΦΦύέ 

ά! ǘǊŀƴǎǇƻǊǘŀōƭŜ ол ƪ± ŀŎŎŜƭŜǊŀǘƻǊ ǿŀǎ ŘŜǎƛƎƴŜŘ όΦΦΦύΦ ¢Ƙƛǎ 
june (...) the accelerator was for the first time build up in 
the underground laboratory (...). The next limitation will 
be due to intrinsic radiation of the detector or radiation 
ƻǳǘ ƻŦ ǘƘŜ ǘŀǊƎŜǘ ŀƴŘ ǘƘŜ ǾŀŎǳǳƳ ŎƘŀƳōŜǊ ƳŀǘŜǊƛŀƭΦέ 

1990 NIC I     Baden bei Wien, Austria

1992 NIC II    Karlsruhe, Germany

1994 NIC III   Gran Sasso, Italy

1996 NIC IV   Notre Dame, USA

1998 NIC V    Volos, Greece

2000 NIC VI   Aarhus, Denmark

2002 NIC VII  Fuji-Yushida, Japan

2004 NIC VIII Vancouver, Canada

2006 NIC IX   CERN, Switzerland

2008 NIC X    Mackinac Island, USA

2010 NIC XI   Heidelberg, Germany

2012 NIC XII  Cairns, Australia

2014 NIC XIII Debrecen, Hungary

2016 NIC XIV Niigata, Japan

2018 NIC XV  Gran Sasso, Italy

2021 NIC XVI Chengdu, China (online)

2023 NIC XVII Daejeon, South Korea
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ñ(...) The LUNA Project ï Status and first resultsò 

ά¢ƘŜ рл ƪ± ŦŀŎƛƭƛǘȅ Ƙŀǎ ōŜŜƴ ǘŜǎǘŜŘ ƻǾŜǊ ŀ ǇŜǊƛƻŘ ƻŦ о 
month at Bochum University and then moved to LNGS in 
late 1993 (...). It is now installed underground at LNGS 
όΦΦΦύέ

άǿŜ ŎƻǳƭŘ ƻōǘŀƛƴ ŀ ōŀŎƪƎǊƻǳƴŘ ƭŜǾŜƭ ƻŦ ƭŜǎǎ ǘƘŀƴ м ŜǾŜƴǘ 
ǇŜǊ ǿŜŜƪ όΦΦΦύέ

ά¢ƘŜ ŜȄǇŜǊƛƳŜƴǘŀƭ  ǎŜƴǎƛǘƛǾƛǘȅ Ƙŀǎ ōŜŜƴ ƛƳǇǊƻǾŜŘΣ ŀǎ 
compared to the previous [3He(3He,2p)4He] experiment,  
by more than four orders of magnitude:
Å a factor 3 in the beam current, 
Å a factor 20 in the detection efficiency (..)
Åmore than a factor 200 in the  background reduction 
We are now starting the experiment with the 50 KV  
ŀŎŎŜƭŜǊŀǘƻǊ ŦŀŎƛƭƛǘȅ ƛƴǎǘŀƭƭŜŘ ǳƴŘŜǊƎǊƻǳƴŘ ŀǘ [bD{Φέ
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ά!ŘǾŀƴŎŜǎ ƛƴ ŎǊƻǎǎ ǎŜŎǘƛƻƴ ƳŜŀǎǳǊŜƳŜƴǘǎ ŀǘ ƭƻǿ 
ŜƴŜǊƎƛŜǎέ

άLƴ мффу LbCb Ƙŀǎ ŀǇǇǊƻǾŜŘ ǘƘŜ ŦǳƴŘƛƴƎ ŦƻǊ ƛƴǎǘŀƭƭƛƴƎ ŀ 
new 400 kV accelerator in the underground laboratories 
of LNGS. 
The accelerator has been constructed by High Voltage 
Engineering Europe B.V. (The Netherlands) and is actually 
ōŜƛƴƎ ŎƻƳƳƛǎǎƛƻƴŜŘΦέ



Electrostatic Accelerators  at LNGS

https://doi.org/10.3389/fphy.2023.1291113

LUNA 400 (2000 ςΧύ
HVEE Singletron®Accelerator  
Uterminal = 50 ς400kV
ImaxҐ рлл˃! όƻƴ ǘŀǊƎŜǘύ
ɲ9 Ґ лΦлтƪŜ± 
Allowed beams: H+, 4He+, (3He)
Formicola at al.  NIM 507 (2003) 609ς616

LUNA-MV (2023 - ...)
HVEE Singletron®Accelerator  

Uterminal = 0.300 ς3.5MV
Imax= 1 mA

Allowed beams: H+, 4He,12,13C+, 12,13C2+

Sen at al https://doi.org/10.1016/j.nimb.2018.09.016 
Junker et al 

https://doi.org/10.3389/fphy.2023.1291113

LUNA 50 (1992-2001)
Made by Ruhr Uni Bochum & INFN
Uterminal = 1 - 50 kV
Imax= 1 mA
ɲ9 Ґ лΦлнл ƪŜ±
Allowed beams: H+, 4He+, 3He+

Greife et al https://doi.org/10.1016/0168-

9002(94)91182-7

LUNA-50 (dismissed 2002)

¸ Pilot project to explore possibilities of Underground Nuclear

¸ Worldwide first deep underground accelerator laboratory

¸ Based on idea by C. Rolfs, G. Fiorentini, E. Bellotti 

¸ Pathfinder for LUNA-400

¸ Astrophysics p-p chain - solar neutrino problem

¸ Dismissed 2002

LUNA-400

¸ Operated by LUNA Collaboration ς funded by INFN τ CSN 3

¸ Workhorse of the LUNA-Collaboration since 2000

¸ Big Bang, pp-chain, AGB Stars

¸ Over 70 papers on refereed journals

LUNA-MV @ Bellotti Ion Beam Facility 

¸ Proposed by LUNA Collaboration in 2007

¸ Funded by Progetti Premiali, LNGS and CSN 3

¸ Installation terminated in December 2022

¸ In operation since June 2023
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The Bellotti Ion Beam Facility

3.5 MV Singletron ƛǎ ƻǇŜǊŀǘŜŘ ƛƴ ǘƘŜ ŦǊŀƳŜǿƻǊƪ ƻŦ ǘƘŜ άBellotti Ion Beam Facilityέ 

¸  ProgramAdvisoryCommittee:

¸ Components: G. Cuttone (Chair), F. Hammache(Orsay), J. Josè (Barcellona)

¸ Established October 2022

¸ Meets every 6 month (First meeting: Jan 18, 2023)

¸ First call for proposal: October 2023

¸  Service for Accelerator operations:

¸ LUNA-MV Accelerator Operation, maintenance and user support

¸ Components of service: 1 Technologists, 2 Technicians, 2 trainees

¸ https://l.infn.it/lngs-accel

October 18, 2023: Inauguration of the Bellotti 
Ion Beam Facility of LNGS by President of INFN, 
Prof. A. Zoccoli 

https://l.infn.it/bellotti 

25 novembre 2025 federico.ferraro@lngs.infn.it 19

https://l.infn.it/bellotti


Cryoplatform

DS20K

BELLOTTI IBF
LVD

LEGEND-200
CRESST

CUORE

DAMA/LIBRA

LUNA-400

GEMINI
GINGER

LOW ACTIVITY LAB

ENTRANCE

EXIT

CUPID

BOREXINO

CUPID R&D

VIP

NEWS
LIME/CYGNUS

COSINUS

COSMIC SILENCE

STELLA Facility

XENON-nT

o Running
o Construction/Commissioning
o Decommissioning

A look inside

ü The 3 experimental halls 
measure approximately 100 m 
in length, 20 m in width and 18 
m in height

ü About 22 experiments in data 
taking or under construction

ü STELLA: the most sensitive 
laboratory to measure  
radioactive contaminants in 
materials

ü BELLOTTI ION BEAM FACILITY: 
first deep underground 
accelerator operated as a User 
Facitity
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The Bellotti IBF - blueprint
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Genesis of the 3.5 MV Singletron®Accelerator

March 2007 Letter of Intent by LUNA Collaboration

May    2015 Public tender

May    2016 Contract signed with High Voltage  
  Engineering Europe 

Dec    2019 Factory Acceptance Tests at HVEE passed

Oct     2021 Start of mechanical installation at LNGS

May - Nov 2022 Installation and Commissioning at LNGS

Dec  2022 On- Site Acceptance Test passed

Apr   2023  All authorizations obtained (Radio-  
  protection, Fire brigade, Pressure  
  vessel,Environment)

June 2023 Start of experimental activities
  in day time operation mode

25 novembre 2025 federico.ferraro@lngs.infn.it 22



Maximum beam intensity on target at 
different terminal voltages 

Ion Terminal Voltage

0.3 MV τ0.5 MV 0.5 MV τ3.5 MV

1H+ Җ рлл ˃! Җ 1000 ˃ !

4He+ Җ 300 ˃ ! Җ 500 ˃ !
12C+ Җ 100 ˃ ! Җ 150 ˃ !
12C+2 Җ 60 ˃ ! Җ 100 ˃ !

Specifications of the 3.5 MV Singletron (1)

Sen at al https://doi.org/10.1016/j.nimb.2018.09.016 
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FAT    12/19 

 OSAT 12/22

Calibration 09/23

Calibration 10/24

Er, lab (keV) ɱ (eV)

632,23 ± 0.04 6,7 ± 0.5 

991,86 ± 0.03 70 ± 10

1213,08 ± 0.06 < 100

1317,14 ± 0.07 35 ± 4

1587,49 ± 0.08 < 200

1799,75 ± 0.09 450 ± 60

Beam Energy calibration and stability using 27Al(p,ɔ) resonances

TV + EV [kV]
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Underground laboratoriesfor Nuclear
Astrophysics
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LUNA
1400 m underground

400 kV: H+, He+

ImaxҒ 100-1000 eµA
Since1991

Felsenkeller
45 m underground (shallow)

5 MV: H+, He+, C+, C++

ImaxҒ ол eµA
Since2019

CASPAR
1490 m underground

1 MV: H +, He+ 
ImaxҒ нрл ҡ!
Since2017

JUNA
2400 m underground
400 kV: H+, He+, He++

ImaxҒ мнлл eµA
Since2021

Underground Nuclear Astrophysics experiments/facilities worldwide

federico.ferraro@lngs.infn.it 25

Bellotti IBF
1400 m underground

3.5 MV: H+, He+, C+, C++

ImaxҒ 100-1000 eµA
Since2003
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Background reductionat LNGS

gamma background
reduction : ~104

mostly muons

radioactivity

25 novembre 2025

Photons
in HPGe detectors
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Neutrons
in He counters

Background reductionat LNGS
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Charged particles
in Si detectors

Background reductionat LNGS
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Nuclear astrophysicsat LNGS
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Bellotti
IBF

Min. overburden: 3400 mwe
muon flux reduction:     ~ 106

neutron flux reduction: ~ 103

LUNA 50 kV

LUNA 400 kV
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Risultati immagini per luna lngs

It has been the only deep underground accelerator for nuclear astrophysics for 26 years

 solar physics (solar neutrinos) 
 cosmological model (̧ b, Neff in ̚ -CDM)  
 big bang nucleosynthesis (BBN)
 stellar nucleosynthesis (H, He and C burning, s-process)

25 novembre 2025 federico.ferraro@lngs.infn.it 31

http://server11.infn.it/video/multimedia/esperimento-luna-lngs-2016/Main_Page.html


LUNA 50 kV
(1991-2001)

LUNA 400 kV
(2001-today)
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LUNA-MV @ Bellotti IBF
(2023-????)
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