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Nuclear Physics @ LNS

JLAB12, EIC_NET Linea 1 (QUARKS AND HADRON DYNAMICS)

CHIRONE, NUMEN_GR3 Linea 3 (NUCLEAR  STRUCTURES AND REACTIONS DYNAMICS)
NUCL-EX.DTZ

ASFIN, n_TOF Linea 4  (ASTROPHYSICS AND INTERDISCIPLINARY RESEARCHES)
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To date, LNS hosts:
à the largest nuclear physics community in Italy: ~90 researchers (60 FTE)
à the largest nuclear astrophysics community
à the two most innovative nuclear physics experiments inside INFN: PANDORA 
and NUMEN



The ongoing upgrades and the 
forthcoming facilities have called 
for new ideas and physics 
programs to be carried out

LNS session (4-5 April 2022):
https://agenda.infn.it/event/28717/

Nuclear physics midterm plan

https://agenda.infn.it/event/28717/


LINEA 1          

Few details about the physics
JLAB12-HPS

Search of the «heavy» or «dark» photon, linking the observable and the dark or
hidden sectors à connection with dark matter search and with physics beyond the
standard model.

The search is carried out at Jefferson Laboratory, in a mass region from MeV to GeV

Production through:

Following the interaction of an electron with some fixed target

Detection through the tracking of the e+e- couples produced in A’ decay



HPS detection setup

The experiments at JLAB carry out a broad range of studies, including the structure
of the nucleon, quark and hadron dynamics (nuclei and hypernuclei)

The LNS group uses the CEBAF (Continuous Electron Beam Accelerating Facility) 
electron beam (1-11 GeV) at the Jefferson Lab (Hall B) for A’ dark photon search



Activities 2022-2023
• HPS took data in 2021 @ 3.7 GeV
• From August 22  to November 1 2022.
• LNS contributed with 32 Shifts

Run Total = 168 pb-1

84% of goal
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The EIC project
LINEA 1          

The Electron-Ion collider will be installed at Brookhaven Nat’l lab and will make it 
possible to 
- Span the 20-100 GeV energy range, upgradable to 140 GeV
- Achieve high luminosities, in the 1034 cm-2 s-1

- Deliver highly polarized beams (~80%)

With the aim of studying 
- Quark and gluon distributions (spin, momentum, space)
- Nucleon and hadron properties (QCD tests)
- Quark and gluon dynamics in dense nuclear matter and in nucleons

The LNS group is mainly focused on R&D 
activities on the DRICH for hadron ID

Successful commissioning of the DRICH
prototype in 2021

Dual radiator with aereogel



Cherenkov Rings



CHIRONE
LINEA 3          CHImera

R3B
hOdoscopes
Neutrons
Experiment

Study of the dependence of
reaction mechanisms on isospin
with innovative detections
systems (CHIMERA, FARCOS,
neutron detectors)
à Research on nuclear matter
under extreme considition (EOS
for neutron stars, clustering in
light nuclei)

• High energy and angular resolution Low 
thresholds ( <1 MeV/A)
• Large Dynamic range (20MeV to 2GeV)
• Flexibility, modularity, transportability
• GET
• 20 telescopes

FARCOS:  Femtoscope Array for 
COrrelations and Spectroscopy



HIGHLIGHTS 2022
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NUMEN_GR3

Extraction from measured cross-sections of “data-driven” information
on Nuclear Matrix Elements for all the systems candidate for 0νββ
Use of nuclear reactions (Double Charge Exchange reactions) to
stimulate in the laboratory the same nuclear transition occurring in
0νββ

NURE

K800 
Superconducting
Cyclotron

MAGNEX magnetic
spectrometer

A 
challenging
perspective
at LNS in 
nuclear
science

LINEA 3          
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Status of NUMEN
Phase 2 completed
ü All the experiments in present condition recommended by the 

International Advisory Committee (chaired by F. Iachello) successfully
performed. Several articles published

ü R&D for MAGNEX upgrade completed. New technologies, e.g. SiC
within SiCilia project, MTHGEM, HOPG etc.. ) (Technical Design Report 
ready)

ü Theory deeply developed, showing that DCE reactions proposed by 
NUMEN are connected with Nuclear Matrix Elements for ββ decay

A broad collaboration inward LNS established

Leadership in the field: Japanese projects for DCE reactions could not
reach enough sensitivity

Fostering other project to success: ERC-NURE, POT-LNS, TeBe MIUR 
…

Interdisciplinarity: Interest by different communities from nuclear and 
neutrino physics. NUMEN acts within different scientific commissions of 
INFN

Outreach: An intense outreach activity performed with high visibility for 
INFN

100 Researchers
40 Institutions
15 Countries

Italy Mexico
Brazil Turkey
Germany China
Greece Romania
Israel France
US Finland
Spain Sud Africa
Chile



40Ca

38Ar

42Ca

40Ar

S. Calabrese et al. (to be submitted)

F. Cappuzzello, et al., EPJA (2015)
H. Lenske, et al., PPNP (2019)

A multi-channel
approach to nuclear
reactions

M. Cavallaro et al., Front. Astr. Sp. Sc. (2021)

J.L. Ferreira et al., PRC (2021)

Consistent study (experimental and 
theoretical) of all the reaction channels
competing with the double charge
exchange to obtain a reliable
description of the reaction mechanism
and structure

N U M E N
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Last experiment performed at LNS after 
the COVID lockdown and before the 
shutdown of LNS facilities for the 
upgrade

The research activity includes:
à Theoretical work focused, for instance, on the Majorana 
mechanism and its connection with 0νββ
à R&D for the development of novel detectors, e.g. for high rates





LINEA 4          ASFIN2
- Indirect methods allow to complement direct measurements overcoming several

experimental difficulties (Coulomb barrier penetration effects, electron screening effects, 
background effects…);

- ASFIN is active in the field of experimental nuclear astrophysics since 90’s allowing to shed
light on several astrophysical problems (BBN, stellar nucleosynthesis, explosive
nucleosynthesis…)

- During the years, ASFIN applied THM but also ANC e Thick Target Inverse Kinematic (TTIK)
methods for extracting nuclear reaction cross section of interest for astrophycis

- Indirect methods allow one to deduce the bare-nucleus S(E)-factor at ultra-low energies for 
astrophysical applications
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Most important results 
2021-2022

Black and green solid line
à S(E)-factor via ANC of 
Kiss2021



First time observation of a 80 keV 
resonance occurring exacting at 
the Gamow energy makes it 
possible to calculate a factor of 3 
lower rate than presently used in 
nucleosynthesis models  

M. La Cognata et al. PLB 
2022

Road to indirect study of the 26Al+n reaction
channels via a devoted THM experiment running

at TRIUMF (Vancouver, Canada).
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Spokespersons:
M. La Cognata, D. Mengoni, A. Caciolli

p

4He/p
26Al

2H

23Na/26Mg

n

Use of d quasi-free breakup to
induce reactions on 26Al

	The	Astrophysical	Case:26Al	

Observa?on	of	1808.65	keV	γ-rays	from	the	decay	of	26Al	to	26Mg		
in	the	interstellar	medium	demonstrated	that	26Al	
nucleosynthesis	does	occur	in	the	present	Galaxy.	The	present-
day	equilibrium	mass	of	26Al	was	found	to	be	2.8±0.8	M8.		
	
The	irregular	distribu?on	of	26Al	emission	seen	along	the	plane	of	
the	Galaxy	provided	the	main	argument	for	the	idea	that	massive	
stars	dominate	the	produc?on	of	26Al.	(Diehl	et	al	2006)	

In	CAIs	(the	oldest	solid	of	the	Solar	System):	
the	inferred	6.5	x	10-5	<	(26Al/27Al)0	<2	x	10-6.	
There	is	no	correla?on	between	O-	and	Mg-isotope	composi?ons.		
à26Al	was	injected	into	the	26Al-poor	protosolar	nebula,	possibly	by	a	wind	
from	a	neighboring		massive	star.		
	
Presolar	grains		
Corundum,	hibonite	and	carbonaceous	chondrites	formed	before	the	birth	of	
the	solar	system	show	excesses	in	26Mg.	The	highest	ra?os	are	found	in	grains	
originated	in	supernova	ejecta,	but	the	largest	number	of	grains	with	26Al/27Al	
>3	x	10-3	(at	least	100	?mes	larger	than	the	solar	value)	are	of	the	type	that	
come	from	low	mass	stars.		

!
!

The radioisotope
 26Al 

(T1/2 = 7.17 × 105 yr) is 

of outstanding 
importance in 
astrophysics !

	
Observation of 1808.65 keV γ-rays from the decay of 26Al to 26Mg in the 
interstellar medium demonstrated that 26Al nucleosynthesis does occur in the 
present Galaxy. The present-day equilibrium mass of 26Al was found to be 
2.8±0.8 Msun. 

The irregular distribution of 26Al emission seen along the plane of the Galaxy 
provided the main argument for the idea that massive stars dominate the 
production of 26Al. (Diehl et al 2006) 

The 26Al(n,p/𝛂) reaction measured by the THM

Neutron stars counting: NS birth rate has been estimated to be 10.8+7.0/-5.0 
NSs/century, while the CCSN rate is estimated to be 1.9+/-1.1 
SNe/century from measurements of gamma-ray from 26Al. Additional 
sources necessary? 



Experimental Area 1
25 meV<En<1 
GeV
105 n/cm2/pulse
DE/E=10-4

n_TOF: Neutron Time Of Flight LINEA 4          

The experiment uses the high neutron flux produced at CERN for 
investigating neutron induced reactions of interest in many fields:

à Applied physics (fission reactors, waste transmutation, material studies…)

à Nuclear astrophysics (s-process, fission recycling in the r-process…)

à Basic science (fission, spectroscopy…)

Neutrons produced by spallation.
PS proton beam on a lead target

• 20 GeV/c
• 7·1012protons/pulse
• Repetition rate 0.8 Hz

Experimental Area 2
25 meV<En<300 
MeV
106 n/cm2/pulse
DE/E=10-3



235U(n,f): 15MeV ÷ 1GeV

LNS & n_TOF

Extremely laborious data analysis, almost

completed. Thanks to the measurement of the

neutron flux at energies of hundreds of MeV, we

will shortly provide the first experimental data of

the 235U(n,f) cross section over 200MeV.

Recent results

140Ce(n,γ): s process
Data analysis completed. Resonances analyzed

up to 65 keV. From preliminary calculations,

however, a good agreement is found with the

activation measurement at 30 keV, even if there

are significant differences with low-energy nuclear

libraries.

Resonances

and nTOF coll.

Universe 2021, 7(6), 200
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Istituto Nazionale di Fisica 
Nucleare 
LABORATORI NAZIONALI DEL 
SUD 

140Ce(n,γ): s process

MACS up to + 40% higher at 5 keV than

in the literature.

Data analysis completed, MACS definitive, good agreement with the activation measurement at 30 keV.

Important variations in the abundance of 140Ce and for all heavier elements predicted by the stellar

models.

Variation of isotopic

abundances for stars of
different metallicity.



PANDORA: an interdisciplinary facility to be 
installed at LNS

It could  “add unique research capability” [CVI-

report 2019] in Astrophysics and Nuclear 
Astrophysics in laboratory

1) for the first time, β-decay measurements in 
plasmas;

2) plasma opacity measurements in conditions 
similar to kilonovae ejecta; 

3) an unprecedented setup for applications: it will 
be the biggest B-minimum magnetic trap with potentiality as ion 
source; as testbench for magnetic fusion; as radiation source for 
Archeometry.

Huge impact on nuclear physics and stellar 
nucleosynthesis

Heavy elements production in n-star merging

New ion and radiation sources for science 
and technology

PANDORA facility will consist of:

1) Superconducting Magnetic Plasma Trap: it contains a plasma made of multiply 
charged radioisotopes

2) HpGe Array: it consists of 14 detectors to measure the γ rays emitted after 
β-decays

3) Plasma Diagnostics System: it consists of RF, optical and X ray spectrometers 
allowing direct correlation of β-decay rate to plasma density and 
temperature

LINEA 4          

PANDORA_GR3: articoli WoS à 12 / talks à 9 
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Build a magnetic trap for hot plasmas excited 
by e.m. waves

Study of beta-decay properties of highly ionized atoms of astrophysical interest: 

Investigation of the dependence of decay rate on plasma 
parameters (Te, re, CSD)

PANDORA	plasma	multidiagnostics systems

An innovative multi-diagnostic system used to
correlate plasma parameters to nuclear activity
has been proposed. It is based on several detectors
and non-invasive techniques (Optical Emission
Spectroscopy, RF systems, InterferoPolarimetry,
time- and space-resolved X-ray spectroscopy)

Three main pillars:
• Plasma trap
• HPGE detector array
• multidiagnostic system



31

Magnetic Trap procurement
The magnetic system, fully superconductive, consists of:
1. #3 axial coils that generates the axial magnetic field;
2. #6 hexapole coils that generates the radial magnetic field.

Trap requirements were defined and procurement officially started in May 2021: 
• Competitive Dialogue to choose the BEST TECH. SOLUTION

• 3 ’’potential suppliers’’ have presented their project
• the RUP has started procedures to exchange informations with suppliers
• Different ideas were submitted – critical issues raised

PANDORA-GAMMA Coll. Agreement signed in 
Oct. 2021 to use 16 HPGe detectors of 
GALILEO 

• Time window from 2023 till the end of 
2025

Development of dedicated HPGE - electronics
• Possibility to work at high rates (up to about 50 or 60 kHz 

on each detector)
Definition of an acquisition system stable for long run 
(experiments running for months)

Plasma  modelling: à Stepwise ionization: from electron 
energy-density  3D maps to charge state distribution



Thanks for your

attention


