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Stellar evolution

Nucleosynthesis
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The evolving composition of the Universe

@ Big Bang fusion
@ Cosmic ray fission
@ Exploding massive stars
© Exploding white dwarfs
® Merging neutron stars
Dying low-mass stars
@ Very radioactive isotopes; nothing left from stars
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Jennifer A. Johnson, Populating the periodic table: Nucleosynthesis of the elements. Science363,474-478(2019).DOI10.1126/science.aau9540
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https://doi.org/10.1126/science.aau9540
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Nuclearastrophysican anutshell

This is valid for

Theenergyof nucleiin a stellar plasmafollows a reactions involving
Maxwell-Boltzmanndistribution charged particles
: : M ) Gamow
the cross section falls faster than exponentially Boltzmann  Peak /
asthe energydecreases Tunnelin
9 = E“P(- -%) thmughg

: : Coulomb

Consider aeaction barrier

A+B C+D

Probability ———e—

The reaction rate is given by

i) 00 % V),O)LA

The Gamow peak defines the relevant energy
rangefor this reactionto occur Energy & —w=
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Nuclearastrophysican anutshell

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

Introducing the astrophysical Sfactor S(E) and
factorizingthe Coulombinteraction term apart

CROSS SECTION 6(E )
(log. scale)

ap —m “Hr
F

it is possibleto measurethe crosssectionat high
energyand extrapolatethe astrophysicafactor S(E)
in the interestingenergyrange(Gamowwindow)
Indirectmeasurementsanbe very helpful too (but
they rely on certainassumptionr normalizations)

S (E) - FACTOR
(lin. scale)
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Nuclearastrophysican anutshell

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

Introducing the astrophysical Sfactor S(E) and
factorizingthe Coulombinteraction term apart

ap —m “Ar

unexpected low-energy
resonances may be
present in the
extrapolation region,
enhancing the cross
sectionconsiderably!

T S
==
it is possibleto measurethe crosssectionat high = o1
energyand extrapolatethe astrophysicafactor S(E) GJI" 2 LOWEST ENERGY E,
in the interestingenergyrange(Gamovvwindow) ; = OF DIRECT MEASUREMENTS COUL*OMB BARRIER Ec
Indirectmeasurementsanbe very helpful too (but
they rely on certainassumptionor normalizations) ENERGY E
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Nuclearastrophysican anutshell

The cosmicray induced background makes any

direct measurementin the Gamow window very unexpected low-energy
challenging(the reaction rate becomesnegligible [ESOnANCces s mey be
w.r.t. the cosmieray inducedbackground) present  in the

extrapolation region,

enhancing the cross
Introducing the astrophysical Sfactor S(E) and sectionconsiderably!
factorizingthe Coulombinteraction term apart

ap —-m A Despite the small cross section,

(8
r 3 — L R ayéryimportant to perform direct
it is possibleto measurethe crosssectionat high e E measurements at low energy!
energyand extrapolatethe astrophysicafactor S(E) Cul" 2 LOWEST ENERGY E,
in the interestingenergyrange(Gamovvwindow) Cq_. = OF DIRECT MEASUREMENTS COUL*OMB BARRIER E.
Indirectmeasurementsanbe very helpful too (but
they rely on certainassumptionr normalizations) ENERGY E
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How tomeasurea nuclearcrosssection

A solid

implanted
A evaporated
A oxidized

A gas

A extended
jet
A (liquid)
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Challenges oflirectmeasurements

6¢0¢ 0 @@ QEAN 6 © 104 pps (100 pA for 1 beams)

0 i VA dOQOEHxE i QO @ atoms/icm?2  (often smaller)

wi €iiRwo Q¢ ¢ 10-36¢cm? (often smaller)
QQO0 QD AR RW QQE ww 101 (often smaller)
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Challenges oflirectmeasurements

6¢0¢ 0 @@ QEAN 6 © 104 pps (100 pA for 1 beams)
0 Ol NA®OOQOHAE | QO @oatoms/cm?  (often smaller)

wi €iiRwo Q¢ ¢ 10-36¢cm? (often smaller)

QQ0 QU ARRO VAL W 102 (often smaller)

=

| got it! M;/’p"réciou; PhD!
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Challenges oflirectmeasurements

6¢0¢ 0 @@ QEAN 6 © 104 pps (100 pA for 1 beams)
0 Ol NA®OOQOHAE | QO @oatoms/cm?  (often smaller)

wi €iiRwo Q¢ ¢ 10-36¢cm? (often smaller)

QQ0 QU ARRO VAL W 102 (often smaller)

a few counts/day

-
We forgot the taste of bread, the sound

-
| gOt It! My preCIOL_L; PhD! of trees, the softness of wind...
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Challenges oflirectmeasurements

6¢0¢ 0 @@ QEAN 6 © 104 pps (100 pA for 1 beams)
0 Ol NA®OOQOHAE | QO @oatoms/cm?  (often smaller)

wi €iiRwo Q¢ ¢ 10-36¢cm? (often smaller)

QQ0 QU ARRO VAL W 102 (often smaller)

a few counts/day

¥

We need
“\" UNDERGROUND
| got it!iMy/precious PhD! R e L o LABORATORIES
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1990 NIC | Baddoeil Wien, Austria

G. Fiorentini, APascoliniCERN Courier, October 2004

oDuring hors d'oeuvreGianni Fiorentini...) askedClaus Rolfsvhy

nuclear reactions could not be measured in the laboratory at the
- Eg— energies at which they occur in stars (...). By the time of dessert,
Claus Rolfs Gianni Fiorentini  they had realized that the solution was to install an accelerator in

an underground laboratory.

The director of thd_aboratoriNazionaldel GrarGassoEnrico
Bellotti, was enthusiastic about the idea and the INFN president
Nicola Cabibbommediately endorsed it after receiving an informa
letter of intent, which began:

"We believe that the Gran Sassolaboratory offers a unigue
possibility for progressin the measurementof low-energynuclear
crosssections,which are relevant for nucleosynthesisn starsand
in the early universe,as well as for the evaluation of the solar-
neutrino flux."€

- A Y al
Enrico Bellotti



1990 NIC |
1992 NIC |l

Badenbei Wien, Austria
Karlsruhe, Germany
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GOPPPY CANRG o6 O]l ANRdzy R °
Barrier Detectors were done [in the underground labs.
[ bD{ 6 AY MPpdM O0DPDPDU ¢

! ONFYyaLR2NIlFrotS on 1+ I«
june (...) the accelerator was for the first time build up ir
the underground laboratory (...). The next limitation will
be due to intrinsic radiation of the detector or radiation
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1990 NIC |
1992 NIC I
1994 NIC 1l

Badenbei Wien, Austria
Karlsruhe, Germany
Gran Sasso, Italy

A(...) The LOYNAt Psoaedt |

G¢CKS pn 1+ FLOAEAOE KI &
month at Bochum University and then moved to LNGS
late 1993 (...). It is now installed underground at LNGS
OPPDPU €

G6S O2dA R 200lFAY F o6l 013
LISNJ 6SS]T O0PDPDO €

G¢KS SELISNRARYSY(l f aSyaAa
compared to the previousiHefHe,2p¥He] experiment,
by more than four orders of magnitude:

A afactor 3 in the beam current,

A a factor 20 in the detection efficiency (..)

A more than a factor 200 in the background reductior
We are now starting the experiment with the 50 KV

I OOSt SN 02NJ) FIFOAft A& Aya



1990 NIC |
1992 NIC I
1994 NIC I

2000 NIC VI

Baden beil Wien, Austria
Karlsruhe, Germany
Gran Sasso, Italy

Aarhus, Denmark

a! R yOSa Ay ONRaa aSOUuA?Z
S Saé

GLY Mdpdy LbCb KIFa&a I LILINR &€
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 actu
0SAYy3 O2YYAAaaArzySR®E

g . 4 -
4 ! ‘}'




LUNA 50 (1992001) LUNAMV (2023-...)
HVEESingletrorfAccelerator

Electrostatic Accelerators at LNGSE2 et

o= L MA- N . A 7 ‘—:I )

[ ' 28 ned®nHn~N Sk ~ he - P~ 12,130+

LUNASO (dismissed 2002) \ e B e Sl P 0 Ty
. : — Jidoi. ' e, R T Jynker et al
Pilot project to explore possibilities of Underground Nuclear N ~ ,:126@;1?18[3

Worldwide firstdeep undergroundhccelerator laboratory
Based on idea by C. Rolfs, G. Fiorentini, E. Bellotti
Pathfinder for LUNAOO

Astrophysics fp chain- solar neutrino problem
Dismissed 2002

LUNA400 LUNA™@Q. (2009

Operated by LUNA Collaboratiqriunded by INFN CSN 3 HVEE Singletrdt8gelerator
o Usermina = 50¢ 400KV
Workhorse of the LUN& ollaboration since 2000 Imfaxrl : SR e y\aﬂ NES G
Big Bang, pjghain, AGB Stars no I nontq S+
. Allowed beams: H “He', (He)
Over 70 papers on refereed journals Formicola at al. NIM 507-(2003) 66816

& frontiers | Frontiers in Physics

LUNAMV @ Bellotti lon Beam Facility
Proposed by LUNA Collaboration in 2007 https://doi.org/10.3389/fphy.2023.1291113
Funded byProgettiPremialj LNGS and CSN 3 oo Thedeepungergrating Bellotiian

Beam Facility—status and
Installation terminated in December 2022

cccccccccc

perspectives

Matthias Junker'*, Gianluca Imbriani?, Andreas Best?
Axel Boeltzig®, Alessandro Compagnucci**, Antonino Di Leva
Federico Ferraro!, David Rapagnani® and Valentino Rigato

In operation since June 2023

18
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https://doi.org/10.3389/fphy.2023.1291113

https://l.infn.it/bellotti

The Bellotti lon Beam Facllity

3.5 MVSingletrorh & 2 LISN) 0§ SR Ay B8&ddt Ioh Rdanm SagilyNJ|
ProgramAdvisoryCommittee:
ComponentsG. Cuttone (Chair), HammachgOrsay), J. Jose (Barcellol  BrE
Established October 2022

Meets every 6 month (First meeting: Jan 18, 2023)
First call for proposal: October 2023

Service for Accelerator operations:

LUNAMYV Accelerator Operation, maintenance arseusupport
Components of service: Technologists2 Technicians, 2 trainees

October 18, 2023: Inauguration of the Bellot
lon Beam Facility of LNGS by President of |

PI’Of. A ZOCCQJjjerico.ferraro@Ings.infn.it



https://l.infn.it/bellotti

A look Inside

EXIT

U The3 experimental halls
measure approximately¥00 m
In length,20 min width and18
m in height

U About22 experimentdn data
taking or under construction

U STELLAhe most sensitive
laboratory to measure
radioactive contaminants in
materials

U BELLOTTIION BEAM FACILITY
first deep underground
accelerator operated as a User
Facitity

INFN 25 novembre 2025
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0 Running
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The Bellottl IBF blueprint

=

Control
Room

INFN

25 novembre 2025

Shielded ceor Hall

Accelerator terminal
with ion source Sl HB

Inline Singletron

federico.ferraro@Ings.infn.it
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Genesis of the 3.5 M®ingletron®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 pagSSiing
Oct 2021 Start of mechanical installation at LNG? 7 "
May - Nov 2022 Installation and Commissioning at LNG&%a
Dec 2022 On Site Acceptance Test passed

Apr 2023 All authorizations obtained (Radio
protection, Fire brigade, Pressure
vessel,Environmeit

June 2023 Start of experimental activities
In day time operation mode

INFN 25 novembre 2025 federico.ferraro@Ings.infn.it 22



Specifications of the 3.5 M$ingletron(1)
3

ACCEL.TUBE
: i i 2 _ POWER
Maximum beam intensity on target at H IS
different terminal voltages Hm“ =D T,ﬁ_*ié_%ﬁmmla
EXH% ] =t ]
Ion Termlnal VOItage LIE':(EPII\LSlI‘Oil V|I-ESSEL1 TURBO PUM?
0.3MVT 0.5MV 0.5MVt 3.5MV
14t X penln >K1000> !
“Het H300> ! >K500> |
12+ >K100> ! XK150> | ml\:’osl:g(::uwer
122 X0 > | >K100> |
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Beam Energy calibration and stability usida6Al(p,0) resonances

E. an(keV) neV)
632,23+ 0.04 6,7£0.5
991,86+ 0.03 70+10
1213,08+0.06 <100
1317,14+0.07 3514
1587,49+0.08 < 200
1799,75+0.09 450+ 60
501 5 % o
Op = 293 + 40 eV
A0 0p = 110 % 22 eV
3 Op = 121 + 28 eV
o 30
- o, =118 = 10 eV
@ 50
& 20 0 FAT 12119
o OSAT 12/22
10

048

¢ Calibration 09/23
$ Calibration 10/24

981.5 982.0 9825 983.0 9835 984.0

g

TV + EV - Bias [kV]

Energy [keV]

Residuals [keV]

200

Opeam (€V)
[ -
o
o

0 . T r .
600 900 1200 1500 1800

1|0 [eV] = 0.06E [keV] + (26.07 + 18.54) |

Beam Energy (keV)

20001

=
U
o
o

1000 -

500

—— Fit

¢ Data

x> =1.62
a=-0.16 £ 0.06
b =1.0099 £ 0.0001

0.4
0.2
0.01---
—0.2 1

~0.4-

¢ Calibration 09/24 ¢ Calibration 10/23

250 500 750 1000 1250 1500 1750 2000
TV + EV [KV]

A. Compagnucci (GSSI & LNGSkavronsk{Padova)
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Underground Nuclear Astrophysics experiments/facilities worldwide
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=) Home - LNGS X 4+ v —
O ¢« > C 0 & = infn.t ® B % ©

Login Phone book

Life&Work Visiting Outreach Activities Contacts

Ai Laboratori Nazionali'del Gran
~ Sasso Si apre una nuova |
““frontiera della fisica
_sotterranea con il workshop » IIIIIIIIIII)I//////»wm
| intérnazionale “Perspectives at sy

the Bellotti IBF” YR

——— Wy

Dall’8 fino al 10 ottobre 2025 i Laboratori Nazionali del ” ,
_ Gran Sasso dellIstituto Nazionale di Fisica Nucleare
* (INFN) ospitano il workshop internazionale “"Perspectives

-t the Bellotti IBF”, un incontro scientifico...

B NN

Ai Laboratori Nazionali del Gran Sasso si apre una Useful Links
nuova frontiera della fisica sotterranea con il
INFN workshop internazionale “Perspectives at the

| - - " Bellotti IBF”
PIRQTeIVEYy]  THE SUT'S PROGRAMME IS CLOSED federico. ferraroglngs infn. it e INTRANE-Eg

Dall’8 fino al 10 ottobre 2025 i Laboratori Nazionali del Gran Sasso dellIstituto

I\ NsSnNI

NP ege . Nazionale di ano il workshon  internazionale JESS—



Backgroundaeductionat LNGS

4
10 " Surface
3 N Underground partial shield —— |
10 Underground full shield ——
Photons ol _
In HPGe detectors e M}k mostly muons :
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INFN 25 novembre 2025 federico.ferraro@Ings.infn.it 27 (LUNn



Backgroundaeductionat LNGS
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Backgroundaeductionat LNGS
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Nuclearastrophysicat LNGS

Min. overburden: 3400mwe
muon flux reduction: ~10°
neutron flux reduction= 10°

Primary Cosmic Rays

Gran Sasso
. National
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Laboratory for Underground
Nuclear Astrophysics

solar physics (solar neutrinos)

cosmological model ( ,, Ny in~ -CDM)

big bang nucleosynthesis (BBN)

stellar nucleosynthesis (H, He and C burning,-$rocess)

INFN 25 novembre 2025
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http://server11.infn.it/video/multimedia/esperimento-luna-lngs-2016/Main_Page.html

LUNA 50 kV
(1991-2001)

INFN 25 novembre 2025

LUNA 400 kV
(2001-today)

LUNA-MV @ Bellotti IBF
(2023-2277)

federico.ferraro@Ings.infn.it



