
NURE

Upgrade of the MAGNEX spectrometer toward the high-intensity 
phase of NUMEN

Manuela Cavallaro 
INFN – Laboratori Nazionali del Sud

Catania, Italy



C.Agodi, C.Altana, J.I.Bellone, S.Brasolin, G.A.Brischetto, O.Brunasso, M.P.Bussa,
S.Calabrese, L.Calabretta, D.Calvo, L.Campajola, V.Capirossi, F.Cappuzzello, D.Carbone,
M.Cavallaro, S.Ciociola, I.Ciraldo, M.Colonna, M.Cutuli, F.Dumitrache, C.Ferraresi,
P.Finocchiaro, M.Fisichella, A.Foti, S.Gallian, D.Gambacurta, E.M.Gandolfo, F.Iazzi, L.La
Fauci, G.Lanzalone, A.Lavagno, F.La Via, P.Mereu, L.Neri, L.Pandola, F.Pinna, D.Rosato,
A.D.Russo, G.Russo, E.Santopinto, D.Sartirana, O.Sgouros, V.Soukeras, A.Spatafora,
D.Torresi, S.Tudisco, R.I.M. sevolodovna

Istituto Nazionale di Fisica Nucleare, Laboratori Nazionali del Sud , Italy
Istituto Nazionale di Fisica Nucleare, Sezione di Torino, Italy
Dipartimento di Fisica e Astronomia, Università di Catania, Italy
Dipartimento di Fisica, Università di Torino, Italy
Dipartimento di Fisica, Università di Napoli Federico II, Italy
Istituto Nazionale di Fisica Nucleare, Sezione di Napoli, Italy
DISAT, Politecnico di Torino, Italy
DIMEAS, Politecnico di Torino, Italy
Istituto Nazionale di Fisica Nucleare, Sezione di Catania, Italy
Istituto Nazionale di Fisica Nucleare, Sezione di Genova, Italy
Università degli Studi di Enna "Kore", Italy
CNR-IMM, Sezione di Catania, Italy

Spokespersons: F. Cappuzzello (cappuzzello@lns.infn.it) and C. Agodi (agodi@lns.infn.it) 

96 Researchers
34 Institutions
12 Countries

Italy Brazil

Mexico Turkey

Germany South Africa

Greece Finland

France Romania

Israel Spain

L.H.Avanzi, E.N.Cardoso, K.M.Costa, J.L.Ferreira, R.Linares, J.Lubian, N.H.Medina,
D.R.Mendes Junior, M.Moralles, J.R.B.Oliveira, T.M.Santarelli, R.B.B.Santos,
M.A.Guazzelli, V.A.B.Zagatto

Centro Universitario FEI Sao Bernardo do Campo, Brazil
Universidade Federal Fluminense, Brazil
Universidade de Sao Paulo, Brazil
Instituto de Pesquisas Energeticas e Nucleares IPEN/CNEN, Brazil

L.Acosta, P.Amador-Valenzuela, R.Bijker, E.R.Chávez Lomelí, H.Garcia-Tecocoatzi, A.Huerta
Hernandez, D.Marìn-Làmbarri, V.R.Sharma, H.Vargas Hernandez

Instituto de Fìsica, Universidad Nacional Autónoma de México, Mexico
Instituto Nacional de Investigaciones Nucleares, Mexico
Instituto de Ciencias Nucleares, Universidad Nacional Autónoma de México, Mexico

I.Boztosun, H.Dapo, C.Eke, S.Firat, A.Hacisalihoglu, Y.Kucuk, S.O.Solakcı, A.Yildirin

Department of Physics, Akdeniz University, Turkey
Ankara University of Physics, Institute of Accelerator Technologies, Turkey
Institute of Natural Sciences, Karadeniz Teknik University, Turkey

P.Adsley, H.Jivan, R.Neveling, L.Pellegri
School of Physics, University of the Witwatersrand, Johannesburg, South Africa
iThemba Laboratory for Accelerator Based Sciences, Faure, Cape Town, South
Africa

S.Koulouris, A.Pakou, G.Souliotis
Department of Physics, University of Ioannina, Greece
Department of Chemistry, National and Kapodistrian University of Athens, Greece

H.Lenske, J.Isaak, N.Pietralla, V.Werner
Department of Physics, University of Giessen, Germany
Institut fur Kernphysik, Technische Universitat Darmstadt, Germany

F.Delaunay, S.Burrello
LPC Caen, Normandie Université, ENSICAEN, UNICAEN, CNRS/IN2P3, France
PN Orsay, CNRS/IN2P3, France

J.Ferretti, Z.J.Kotila,
University of Jyväskylä, Jyväskylä, Finland

N. Auerbach
School of Physics and Astronomy Tel Aviv University, Israel

H. Petrascu,
IFIN-HH, Bucarest, Romania

J.A. Lay
Departamento de FAMN, University of Seville, Spain

https://web.infn.it/NUMEN/index.php/it/
F. Cappuzzello et al., Eur. Phys. J. A (2018) 54: 72The NUMEN collaboration  

(NUclear Matrix Elements for Neutrinoless double beta decay)  



MAGNEX magnetic spectrometer

MAGNEX is a large acceptance magnetic spectrometer at INFN-LNS

LNS facility - Several users for different experiments with 
accelerated beams

Since 2014 it is the main facility for the NUMEN (Nuclear Matrix 
Elements for Neutrinoless double beta decay) project

NURE

Scientific motivation for the upgrade of the 
LNS superconducting cyclotron and related
infrastructures to deliver high intense 
beams (10kW)

The MAGNEX facility at INFN-LNS

Optical characteristics Measured 
values

Angular acceptance (Solid angle) 50 msr

Angular range –20° - +85°

Momentum acceptance -14%, +10%

Momentum dispersion for k= - 0.104 (cm/%) 3.68

Maximum magnetic rigidity 1.8 T m

Measured resolution:
Energy E/E  1/1000
Angle θ  0.3°
Mass m/m   1/160 

PON(2014-2020) PIR01_00005 
C.Agodi et al. Universe 2021,7(3),72

F. Cappuzzello et al., EPJ A (2016) 52:167 

see talk V. 
Soukeras

see talk S. 
Koulouris
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Nuclear Matrix Element (NME)

Nuclear physics plays a 
key role!

0νββ decay half-life contains the average
neutrino mass

Transition probability of 
a nuclear process

0νββ is considered the most promising approach to solve open problems in 
modern physics (Neutrino absolute mass scale and nature)

The physics case

Large uncertainties in Nuclear
Structure calculations

NURE



78Se

74Ge

76As

77Se

75As 77As

75Ge

A new experimental tool

Heavy-Ion induced Double Charge Exchange reactions (DCE) as surrogate process of 0νββ
to stimulate in the laboratory the same nuclear transition (g.s. to g.s.)

N

Z 76Se

76Ge

F. Cappuzzello et al., EPJ A (2018) 54:72

Extraction from measured cross-sections of data-
driven information on NME for all the systems 

candidate for 0νββ

• Constraints to the existing theories of NMEs (nuclear 
wave functions)

• Model-independent comparative information on the 
sensitivity of half-life experiments

• Complete study of the reaction mechanism

NURE



• DCE on isotopes of interest for 0νββ via (20Ne,20O) (ββ-) and 
(18O,18Ne) ββ+ from 15 MeV/u to 60 MeV/u

• Complete net of reactions which can contribute to the DCE cross-
section: 1p-, 2p-, 1n-, 2n-transfer, SCE, (elastic and inelastic)

The NUMEN experiments

(20Ne,20Ne)

(18O,18O)
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NUMEN phases
Phase 1 Phase 2 Phase 3 Phase 4

Feasibility
study

Study of few cases + 
development of theory +
R&D activity

Shutdown
& Upgrade

Systematic study
of all the targets

2014-2015 2015-2020 2020-2022 2023 - …

 Low cross sections of DCE (few nb) 
 Only few systems have been studied in the present condition

Much higher beam current is needed

NURE

see talk F. 
Cappuzzello

see talk O. 
Sgouros



• Superconducting Cyclotron current (from 100 W to 5-10 kW);

• beam transport line transmission efficiency to nearly 100%

• Maintaining the present beam quality 

For ions with A<40, and energies
higher than 15 MeV/u, the abundance
of q = Z exceeds 99%

Upgrade of the LNS accelerator and beam lines

New extraction
channel
(stripping)

Old extraction
channel
(electrostatic)

Extraction by stripping
Extraction by stripping is based on the
instantaneous change of the magnetic
rigidity of the accelerated ion, when
its charge state increases after
crossing a thin stripper foil



Ion Energy Isource Iacc Iextr Iextr Pextr

MeV/u emA emA emA pps watt

12C q=5+ 30 200 30 (4+) 45 (6+) 4.71013 2700

12C q=4+ 45 400 60 (4+) 90 (6+) 9.41013 8100

12C q=4+ 60 400 60 (4+) 90 (6+) 9.41013 10800

18O q=6+ 20 400 60 (6+) 80 (8+) 6.21013 3600

18O q=6+ 29 400 60 (6+) 80 (8+) 6.21013 5220

18O q=6+ 45 400 60 (6+) 80 (8+) 6.21013 8100

18O q=6+ 60 400 60 (6+) 80 (8+) 6.21013 10800

18O q=7+ 70 200 30 (7+) 34.3 (8+) 2.71013 5400

20Ne q=7+ 28 400 60 (7+) 85.7 (10+) 5.31013 4800

20Ne q=7+ 70 400 60 (7+) 85.7 (10+) 5.31013 10280

40Ar q=14+ 60 400 60 (14+) 77.1 (18+) 2.71013 10280

Expected beam intensity

Present performance13C4+ @ 45 MeV/u Pextr = 100 watt I= 1x1012 pps

Beam specification at the
NUMEN experiment (expected at the 

exit of FRAISE separator)

Radial Beam size FWHM 1.0 mm
Radial Divergence FWHM ± 4 mrad

Vertical Beam size FWHM 2.5 mm
Vertical divergence FWHM ± 7.5 mrad

Energy spread FWHM 0.1%

Characteristics of the beam 
extracted by stripper

Energy spread FWHM 0.23%



FRAISE:a new FRAgment In-flight SEparator

Main features:
• 4 dipoles and 6 quadrupoles, 

arranged in a symmetrical 
configuration

• maximum magnetic rigidity  3.2 Tm
• momentum acceptance ±1.2% 
• solid angle acceptance ±2.5 msr, 
• energy resolution 2500 for a beam 

spot size of 1 mm.

• thanks to high energy dispersion 
value at the symmetry plane, it will 
allow to deliver stable beams with 
an energy spread of 0.1 %  

𝐑𝐏 =
𝑹𝟏𝟔

𝟐𝐱𝟎𝑹𝟏𝟏

= 𝟐𝟓𝟎𝟎
(𝐛𝐞𝐚𝐦 𝐬𝐩𝐨𝐭  𝟏 𝐦𝐦)

Exit Slits
Achromatic waist

Degrader 
or Energy 
selection 

slits

Production 
target

X,Y selection 
slits

A.D. Russo et al., NIM B 463 (2020) 418



Upgrade of the MAGNEX target system 
An innovative approach to high-intensity beams: evaporation on HOPG

F. Iazzi et al., WIT Trans. on Eng. Sciences 116 (2017) 61

 Substrate made of Highly Oriented
Pyrolytic Graphite(HOPG) featuring high 
thermal conductivity (1930 Wm-1K-1) 

 Target encased in a Cu holder, mounted
on top of a cryocooler and kept at 40 K

Advantages:
• Thin targets (resolution issues)
• Small emcumbrance ( detectors around target)
• Small quantities and reduced waste of 

isotopically enriched material

Target holder assembly

 Numerical codes for equilibrium
temperature

 Tests with heavy-ion beams (radiation
damage)

 Non-trivial evaporation technology to 
guarantee uniformity



Target characterization: microscopy techniques

5 𝜇m HOPG

10 𝜇m HOPG

Field Emission Scanning Electron Microscopy (FESEM) Atomic Force Microscopy (AFM)

Qualitative informations on

500 nm

A 2
3

Ge Te

Sn Sn (deposition Joule effect)

• Morphology (few nm resolution in the planar axes)
• Topography map with nm resolution in the z axis



• Small experimental set-up (radioactive source)
• Thickness evaluation
• Thickness uniformity evaluation

Rutherford Backscattering (RBS)

• Large experimental set-up (accelerator)
• Thickness evaluation
• Elemental analysis

Target characterization: Low-energy ion beams techniques

Alpha Particle Transmission

Remotely controlled positioning
241Am SOURCE

DETECTOR

SAMPLE

𝛼

Collimator

Eaverage Ekinematic

Ge target
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Silicon detectors

Cathode 
(-950V)

Frisch grid
(0V)

Induction pads

DC wires (750V)

φfoc

-

+

Upgrade of MAGNEX detectors
The present Focal Plane Detector (FPD)

Hybrid detector:
Low pressure Gas section

proportional wires and drift chambers
+

Stopping wall of silicon detectors

z

y
x

Large volume: 1360mm X 200mm X 96mm

Two tasks to accomplish:
1) High resolution measurement at the focal plane of 

the phase space parameters (Xfoc, Yfoc, θfoc, φfoc)
2) Identification of the reaction ejectiles (Z, A) -

crucial aspect for heavy ions

M. Cavallaro et al.  EPJ A 48: 59 (2012)

D. Torresi et al. NIM A 989 (2021) 164918



Rate
from few kHz to MHz
preserving low-pressure operation

Upgrade of the MAGNEX detectors: The tracker

Multiple THGEM
Assembly of several THGEM elements stacked together

Large achievable gain at low pressure due to: 

1) Extended  avalanche volume (larger than the e- mean 
free path)  high e- multiplication

2) Avalanche confinement within the hole 
 Lesser photon-mediated secondary effects

Manufactured by standard PCB techniques of precise drilling in 
G-10/FR-4 (and other materials) and Cu etching

 Simple & Robust

Thick Gas Electron Multiplier (THGEM)

The new tracker



The tracker prototype

18
0 

m
m

Strip-based anode

Row THGEM

Pad- based anode

Full THGEM

M-THGEM

Cathode

Stripped
Anode



The tracker prototype

High gain at low voltage and pressure

Low Ion Back Flow

TEBE (Test Bench) station



Strip time (y-coordinate)

Centroids of the charge 
distributions (x-coordinates)

Example of the extraction of a track for a single event (strip-based anode)

The tracker prototype

1 mm

108 mm



F. Cappuzzello et al., NIM A 621 (2010) 419

M. Cavallaro et al., NIM B 463 (2020) 334

S. Calabrese et al., NIM A 980 (2020) 164500

Br  p

q
Xfoc

2 µ m

q2
Eresid

Z identification A identification

Upgrade of MAGNEX detectors: The PID wall

• Energy loss in the active gas section
• Residual energy at the silicon 

detector wall
• Position and angle measured by the 

tracker 

Present FPD PID (wire based gas detector + silicon detector wall)

Radiation hardness
expected 1013 ions/cm2 in 10 years activity
(silicon detectors dead at 109 implanted
ions/cm2 heavy ions not MIP!!)



Total 720 telescopes

The new FPD PID wall

• PID capabilities for heavy ions
• Working in gas environment
• Large area
• High energy resolution (2%)
• Timing resolution (few ns)

 SiC-CsI telescopes

Radiation hardness

Upgrade of MAGNEX detectors: The PID wall

SiC
Thickness 100 μm
Area 1.54 x 1.54 cm2

Bias -600/-1000 V

CsI (Tl) 
Thickness 5 mm
Area 1.5 x 1.5 cm2

Hamamatsu Photodiode S3590  
Area ~ 1 x 1 cm2

Bias -70 V

1.26 m



SiC detectors for NUMEN

R&D performed within the SiCilia
project (call of INFN CSN5)

S. Tudisco et al. Sensors, 18 (2018) 2289

Excellent radiation hardness (> 1000 better than Silicon) 

Faster than Si

Good energy resolution

Ciampi et al. NIM A 925 (2019) 60

Good PID with 100 mm SiC + CsI



Requirements
• High photo-peak detection efficiency
• Gamma and neutron radiation tolerance
• High timing resolution (separate events from subsequent 

beam bunches) 

Array of ~100 LaBr3(Ce) scintillator crystals coupled to 
standard PM tubes disposed in rings covering a total solid angle 
of 20% of the unit sphere

38 mm diameter, 50mm length, 245 mm distance from the target 

Expected total photopeak efficiency of the array near 4%, 
energy resolution around 3%, at 1.3 MeV gamma-ray energy.
Expected timing resolution under 1 ns

The  array (G-NUMEN)

F. Cappuzzello et al., Front. Astr. Space Sc. 8 (2021) 668587

Typical MAGNEX energy resolution for a NUMEN experiment ~500 keV (FWHM) at 15 MeV/u  enough for 
many systems. 
For deformed nuclei and for all experiments at high beam energies energy resolution  array of -detectors



Selection of PLF energy range in γ-p 
coincidence confines gamma decay 
scheme to few low lying level transitions

1.67

0+(2)

1.29

Level scheme

20O   116Sn

PLF TLF
2+

GS

0.46 2+

Kept

PLF E* spectrum @ FPD

The  array (G-NUMEN)

J.R.B. Oliveira et al., EPJ A (2020) 56:153

• Spectrum is simple - few transitions are present, no need for very high resolution
• Level scheme and transitions are well known, objective is not searching for new ones



Compton BG in G-NUMEN + MAGNEX

1.67

0+(2)

1.29

Level scheme

20O   116Sn

PLF TLF

2+

GS

0.46 2+

At low beam currents the continuum BG (mostly Compton) is 
quite small

0+(2) TLF
0.46 MeV

2+ TLF
1.29 MeV

2+ PLF
1.67 MeV
Doppler corrected

k ~ 0

116Cd(20Ne,20O)116Sn @ 300MeV - Simulation

← Compton BG origin1.29 & 1.67 only 1.67 absent

(*) simulation assumes 1 nb for each state

TLF: Doppler correction negligible

2+

1.29 MeV

0+

1.67 MeV
(*Doppler corrected)

0

k = 1

At high beam currents BG is dominated by growth of 
accidental coincidence events from other-than-DCE 
reactions



Upgrade of the LNS facilities: 
The MAGNEX hall

Beam
dump

New entrance
beam line (HI)

Old entrance
beam line (LI)

New exit 
beam line

MAGNEX

Engineering challenges:

• Integrating the new entrance and exit beam
lines to the existing MAGNEX platform

• High radiation environment (7·104 n s-1 cm-2)

• Robotized systems to minimize human 
access

see flash talk 
O. Sgouros

F. Cappuzzello et al., Front. Astr. Space Sc. 8 (2021) 668587



Upgrade of the LNS facilities: the scattering chamber

D. Sartirana et al., Mechanisms and Machine Science 84 (2020) 535



Robotic arm to handle targets

Automatic system to handle the targets and 
manage the target replacement avoiding human 
presence in the experimental hall

Manipulator:

• Pneumatic cylinder for 
translation 

• Pneumatic gripper
• Electro-mechanical wrist

Open storage for new 
(not irradiated) targets

Shielded storage for 
used targets

D. Sartirana et al., Mechanisms and Machine Science 84 (2020) 535

Upgrade of the LNS facilities: the scattering chamber



Conclusions and Outlooks

 Challenging project on DCE is on-going at INFN-LNS

 The upgrade for the INFN-LNS cyclotron and MAGNEX will allow to build a unique facility

for a systematic exploration of all the nuclei candidate for 0νββ

 A big opportunity not only for 0νββ physics applications but also for genuine nuclear

physics (including technology for high radiation environment)

 High-intensity beams facility at INFN-LNS for many users

NU M EN NURE




