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NUMEN
NUclear Matrix Elements for Neutrinoless double beta decay

Physics case: use of nuclear reactions to extract information of the 

Nuclear Matrix Elements entering in the expression relating the 0νββ decay half life 
to the neutrino absolute mass scale
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NUMEN proposed within the INFN «What Next» initiative in 2014

Pilot experiment (DOCET) performed at INFN-Laboratori Nazionali del Sud 

in 2012 to test the feasibility

NURE project was approved for funding by ERC-Starting Grant in 2016
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Experiments
with the MAGNEX 

spectrometer

Upgrade of the LNS 
accelerator and beam lines

Nuclear reaction theory

R&D on new technologies
• Detectors
• Reaction target
• Mechanics

NUMEN is a challenging program
NU M EN

LNS, Genova, 
Germany, Spain, Israel

INFN-Torino and Politecnico
Romania, Mexico



• Large acceptance magnetic spectrometry

• The MAGNEX spectrometer at INFN-LNS

• The physics case

• The NUMEN program
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Outlook



Magnetic spectrometry
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Main Concepts

The study of the motion of charged particles through a magnetic 
field is a well established technique to explore the microscopic 
structure of the matter.

Average motion and the concept of beam

Analogy between beam and light ray

Optics of charged particle beams and aberrations



Magnetic spectrometry: 
Using static magnetic fields to learn about 

microscopic world

If B is known, a measurement of  corresponds to a measurement of p/q

If also q is known (by supplementary detectors) one gets information about p
(momentum spectrometry)

If also the velocity of the particle is known, one directly accesses its mass
(mass spectrometry) 

BvqF




If                         and           is uniform  Bv


 B


Lorentz force

q

p
B 

Macroscopic 
world

Microscopic 
world



2v
mqvBF 

curvature radius



Some historical background

2002 - JOHN B. FENN and KOICHI TANAKA

for their development of soft desorption ionisation methods for
mass spectrometric analyses of biological macromolecules

1903 - Marie Skłodowska Curie and Pierre Curie

for their joint researches on the radiation phenomena

1922 - Francis William Aston

for his discovery, by means of his mass 
spectrograph, of isotopes

At least 6 Nobel prizes in physics and chemistry have been awarded to now for 
studies connected to magnetic spectrometry

1989 - Wolfgang Paul
for the development of 
the ion trap technique

1906 - Joseph John Thomson
investigations on the conduction 

of electricity by gases



Magnetic spectrometry and 
nuclear reactions

Nuclear reactions produce fragments (charged particles) and radiation (-rays)

Fragments carry the elementary information of the structure of colliding nuclei and of 
the reaction mechanism

Nuclear physics has taken profit by the use of magnets to select and detect the charged 
particles emitted in a nuclear reaction

direct reaction 



what, at what angle and at what energy?

Magnetic spectrometers can provide extremely clean information about fragments thanks 
to their properties:

Selectivity:

• Typically 10911 nuclei/sec (beam intensity) colliding against 101618 nuclei/cm2 (target thickness) 

• Studying a particular reaction is how to look for a needle in a haystack

• Effective suppression of unwanted background

• Possibility to measure at very forward angles (zero-degree) where clearest spectroscopic information

Resolution:

• Both in mass and momentum

(measuring positions instead of energies)

Looking for fragments

q

p
B 



Some analogy

Prism Magnetic dipole

light ray Ion beam

Deflection depending
on the frequency

Deflection depending on p/q 
(magnetic rigidity)

Dispersive elements

Transform frequency or 
p/q intervals in positions

used as analizers

low
frequency

high 
frequency

low p/q

high 
p/q



Convergent and 
divergent lens

Magnetic
quadrupole

light rays

focus

focus

focus

horizontal

Ion beam

Ion beam

vertical

Focusing elements

used to concentrate intensity

Some analogy

light rays

Object point

Object point



lens

prism

source

Light spectrometer

Magnetic spectrometer
dipole

quadrupole

source

focus depends on frequency

focus depends on p/q



Advantages of conventional magnetic 
spectrometry

Good selection of reaction products 

Possibility to measure near 0°

High momentum and mass resolution

Magnetic spectrometers quickly became essential tools in nuclear physics laboratories. 
Different layouts have been established, depending on the optimization of

one of these functions.



Examples of magnetic spectrometers

High resolution Δp/p=1/10000, Δp/p=1/38000

Low acceptance <10 msr

Light ions (p, d, 3He)



Necessity to go towards large 
acceptance
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• To detect rare processes (products of reactions
induced by radioactive ion beams or characterized
by low cross-sections)

• Large momentum phase space in a unique setting



Examples of large acceptance
magnetic spectrometers

Large acceptance 50 msr

Heavier ions
Resolution??
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Large acceptance and aberrations



Small acceptance High resolution

Large acceptance                      aberrations

pointlike
source

pointlike
image

pointlike
source

broad
image

The large acceptance problem



The large acceptance problem

Aberrations

.....)()()()(
,

 
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kjijk
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jiji
ixixTixRfx

Xi = (xi, θi,yi,φi,li, δi)

fi XX:


F

F transport matrix
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x, , y,  horizontal and vertical

coordinates and angles at the

impact point of the ion trajectory

with a plane normal to the central

trajectory,

l trajectory length

 = (p – p0)/p0, is the fractional

momentum, where p0 is the

reference momentum and p is the

actual one.

Xf = (xf, θf,yf,φf,lf, δf)

The motion of a charged particle beam, under the action of 
magnetic fields, can be described as the dynamical 
evolution of the representative hyper-volume

Taylor expansion



The large acceptance problem

.....)()()()(
,

 
kj

kjijk

j

jiji
ixixTixRfx

First order matrix elements: 𝑎 𝑏 =
𝜕𝑎𝑓

𝜕𝑏𝑖

Aberrations



Natural recipes for large acceptance: 
Human versus fly eyes

Large acceptance optical devices:

Many small lenses in the fly versus a unique large one for man. 

Strong aberrations for us.

Aberrations greatly compensated by brain reconstruction of the image

Reconstruction based on neural networks and a long learning step

What about a “clever” spectrometer?



Clever Spectrometers

Spectrometer reconstructing a net image by an optically aberrated one

Tracking instead of 
focusing
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The MAGNEX spectrometer



Catania

INFN 

Laboratori Nazionali del Sud 27



The LNS laboratory in Catania
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90 cm 

286 cm

Since 1994

• 176 Tons

• Max magnetic field: 4.8 T

• Accelerating ion beams from proton to Uranium at energy up to 80 MeV/A

• Superconducting magnets with Niobium-Titanium coils in liquid Helium at 4.2 K

Superconducting cyclotron K800



MAGNEX: a large acceptance QD spectrometer

Scattering 

Chamber

Quadrupole Dipole

Focal Plane 

Detector

 The Quadrupole: vertically focusing
(Aperture radius 20 cm, effective length 58 cm. Maximum field strength 5 T/m)

 The Dipole: momentum dispersion (and horizontal focus) 
(Mean bend angle 55°, radius 1.60 m. Maximum field ~ 1.15 T)

 The surface coils, located between the dipole pole faces and the inner high vacuum chamber,
giving tunable quadrupolar and sextupolar corrections

30
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Optical characteristics Measured values

Angular acceptance (Solid angle) 50 msr

Angular range –20° - +85°

Momentum (energy) acceptance -14%, +10% (-28%,+20%)

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 

We have measured in 

a wide mass range

(from protons to

medium-mass nuclei)

MAGNEX characteristics

F. Cappuzzello et al., Eur. Phys. Journ. A (2016) 52:167 



The large acceptance problem

Software ray-reconstruction
(to know the aberrations)

Large acceptance

Careful hardware design
(to minimize the aberrations)

Aberrations

.....)()()()(
,

 
kj

kjijk

j

jiji
ixixTixRfx

fi XX:


F F transport matrix
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Up to 10° order



Hardware minimisation of

aberrations
• Rotation of the focal plane detector of 59

33

• Shift of the focal plane detector



Hardware minimisation of

aberrations
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• Introduction of surface coils in the dipole pole tips

• Shaping of dipole entrance and exit

boundaries (8th order polynomial)



Hardware minimisation of

aberrations
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The large acceptance problem

Software ray-reconstruction
(to know the aberrations)

Large acceptance

Careful hardware design
(to minimize the aberrations)

Aberrations

.....)()()()(
,

 
kj

kjijk

j

jiji
ixixTixRfx

fi XX:


F F transport matrix
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Up to 10° order



Software ray-reconstruction

if XX


 :1F

ALGEBRIC  RAY-

RECONSTRUCTION

 Solution of the equation of motion for each 

detected particle

 Inversion of the transport matrix

 Application to the final measured parameters

fi XX


:F

Inversion of the transport matrix
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1) Detailed knowledge 

of the geometry and 

magnetic field



1) Detailed knowledge of the magnetic field

1500

2000

1
5
0
0

2 0 00

Measurement of the field (3D map)

Interpolation of the field 
A.Lazzaro et al., NIMA 570 (2007) 192

A.Lazzaro et al., NIMA 585 (2008) 136

A.Lazzaro et al., NIMA 591 (2008) 394

A.Lazzaro et al., NIMA 602 (2009) 494 38

Measurements at Danfysik
240000 points
2 months (night and day)

Regular function up to 10° order



Software ray-reconstruction

if XX


 :1F

ALGEBRIC  RAY-

RECONSTRUCTION

 Solution of the equation of motion for each 

detected particle

 Inversion of the transport matrix

 Application to the final measured parameters

fi XX


:F

Inversion of the transport matrix

2) High resolution 

measurement at the focal 

plane (highly performing 

detectors)
39

1) Detailed knowledge 

of the geometry and 

magnetic field
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2) MAGNEX Focal Plane Detector

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

Hybrid detector:
Gas section: proportional wires and drift chambers

+
Stopping wall of silicon detectors



Multi-Wire Proportional Chamber -MWPC

Properties: 
• Flexible geometry and large area (~m2)
• Cheap
• Many well developed position encoding methods
• Works in magnetic field
• Electron avalanche multiplication (Gain) ≈ 104-105 

• Position resolution  down to 100 μm for 1 mm wire spacing (limited in size)
• Rate capability ≈ 104 Hz/mm2

Cathode

Anode

Wire-based detector
2) MAGNEX Focal Plane Detector

ion

e-

avalanche

http://en.wikipedia.org/wiki/File:MWPC_electric_field.svg
http://en.wikipedia.org/wiki/File:MWPC_electric_field.svg


2) MAGNEX Focal Plane Detector
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Ion

trajectory

Silicon detectors

Cathode 

(-950V)

Frisch grid

(0V)

Induction pads

DC wires (750V)

φfoc

-

+

Section view

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

D.Carbone et al.  EPJ A 48: 60 (2012) 42z

y
x

Large volume: 1360mm X 200mm X 96mm

Wall of 60 stopping 7 X 5 cm2 Silicon detectors 
Covered area 100 X 20 cm2

Thickness 500 – 1000 μm



Silicon detectors

cathode

Frisch 

Grid

Induction Pads
Proportional 

Wires

Frisch grid 

(0 V)

DC4DC3DC1 DC2

PC

Induction 

Pads

Proportional 

Wires (750 V)

GASSIPLEX

-

+

- Drift
electrons

PAD

z

y
x



60 Silicon Detectors
→    Eres

5 Proportional Wires
→    ΔE

4 Induction Strip  
→ X1,X2,X3,X4

→    Xfoc,θfoc

4 Drift Chamber (DC)
→ Y1,Y2,Y3,Y4

→   Yfoc,φfoc

Ion
identification

Ray-
reconstruction
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Ion

trajectory

Silicondetectors

Cathode 

(-950V)

Frisch

grid (0V)

Induction pads

DC wires (750V)

φfoc

-

+

Silicon

detectors

Ion trajectory

DC2

DC3
DC4

PC

Entrance window

θfoc

Top view

DC1

Section view



𝐵𝜌 =
𝑝

𝑞
𝑋𝑓𝑜𝑐

2 ∝
𝑚

𝑞2
𝐸𝑟𝑒𝑠𝑖𝑑

F. Cappuzzello et al., NIMA 621 (2010) 419

Z identification A identification

Particle Identification

Mass resolution Δm/m   1/160 
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For O at 300 MeV
104 Hz/mm2

MAGNEX FPD characteristics



Software ray-reconstruction

if XX


 :1F

ALGEBRIC  RAY-

RECONSTRUCTION

 Solution of the equation of motion for each 

detected particle

 Inversion of the transport matrix

 Application to the final measured parameters

fi XX


:F

Inversion of the transport matrix

3)   Algorithm to 

transport and 

invert 

1) Detailed knowledge 

of the geometry and 

magnetic field
2) High resolution 

measurement at the focal 

plane (highly performing 

detectors)



Geometrical
Parameters at

the FPD

Physical
Parameters at 

the target

F. Cappuzzello, et al., NIM A 638, (2011) 74 

fi XXF


:

ALGEBRIC  
RAY-RECONSTRUCTION

(Differential Algebras) 
COSY-INFINITY

Solution of the equation of 
motion for each detected 

particle

3) Algorithm to transport and invert



3) Algorithm to transport and invert

Examples of parameters at the focal plane

Black: measured parameters
Red: Simulated parameters



3th order 10th order

Xf [m]

θ
f
[r

ad
]

Xf [m]

θ
f
[r

ad
]
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3) Algorithm to transport and invert

Effect of high order aberrations



Geometrical
Parameters at

the FPD

Physical
Parameters at 

the target

F. Cappuzzello, et al., NIM A 638, (2011) 74 

if XXF


 :1

ALGEBRIC  
RAY-RECONSTRUCTION

(Differential Algebras) 
COSY-INFINITY

Solution of the equation of 
motion for each detected 

particle

3) Algorithm to transport and invert
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3) Algorithm to transport and invert

3rd order1st order

9th order5th order
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
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High order aberrations!
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labbeam
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ejectilebeam
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beam
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27Al(16O,16O)27Al at 100 MeV

13< lab< 20

M. Cavallaro et al., NIMA  648 (2011)  46-51

F. Cappuzzello et al., NIMA 638 (2011) 74-82

θ
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c
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d
)

F-1

3) Algorithm to transport and invert



Typical energy spectra

Sn

S2n 

12C(18O,16O)14C 13C(18O,16O)15C

9° < θlab < 10°
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Xfoc (m)

θ
fo

c
(r

ad
)

3-peaks α-source 241Am + 239Pu + 244Cm

E (MeV)

c
o
u
n
ts
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labbeam
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27Al(16O,16O)27Al at 100 MeV
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3) Algorithm to transport and invert



Typical angular distribution
18O + 12Cg.s.(0

+) →18O +14Cg.s.(0
+) L = 0
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For O at 300 MeV
104 Hz/mm2

MAGNEX FPD characteristics
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Advantages of magnetic spectrometry

Good selection of reaction products 

Possibility to measure near 0°

High momentum and mass resolution

q

p
B 

Macroscopic 
world

Microscopic 
world



MAGNEX: a large acceptance QD spectrometer

Scattering 

Chamber

Quadrupole Dipole

Focal Plane 

Detector

 The Quadrupole: vertically focusing
(Aperture radius 20 cm, effective length 58 cm. Maximum field strength 5 T/m)

 The Dipole: momentum dispersion (and horizontal focus) 
(Mean bend angle 55°, radius 1.60 m. Maximum field ~ 1.15 T)

 The surface coils, located between the dipole pole faces and the inner high vacuum chamber,
giving tunable quadrupolar and sextupolar corrections
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The large acceptance problem

Software ray-reconstruction
(to know the aberrations)

Large acceptance

Careful hardware design
(to minimize the aberrations)

Aberrations

.....)()()()(
,

 
kj

kjijk

j

jiji
ixixTixRfx

fi XX:


F F transport matrix
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Up to 10° order



Geometrical
Parameters at

the FPD

Physical
Parameters at 

the target

F. Cappuzzello, et al., NIM A 638, (2011) 74 

fi XXF


:

ALGEBRIC  
RAY-RECONSTRUCTION

(Differential Algebras) 
COSY-INFINITY

Solution of the equation of 
motion for each detected 

particle

3) Algorithm to transport and invert



Geometrical
Parameters at

the FPD

Physical
Parameters at 

the target

F. Cappuzzello, et al., NIM A 638, (2011) 74 

if XXF


 :1

ALGEBRIC  
RAY-RECONSTRUCTION

(Differential Algebras) 
COSY-INFINITY

Solution of the equation of 
motion for each detected 

particle

3) Algorithm to transport and invert
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Typical energy spectra

Sn

S2n 

12C(18O,16O)14C 13C(18O,16O)15C

9° < θlab < 10°



68

labbeam

residual

ejectilebeam

residual

beam
beam

residual

ejectile
KE

M

MM

M

M
E

M

M
KQE cos2)1()1(* 

27Al(16O,16O)27Al at 100 MeV

13< lab< 20

M. Cavallaro et al., NIMA  648 (2011)  46-51

F. Cappuzzello et al., NIMA 638 (2011) 74-82

θ
fo

c
(r

a
d
)

F-1
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Typical angular distribution
18O + 12Cg.s.(0

+) →18O +14Cg.s.(0
+) L = 0
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Nuclear Reactions for Neutrinoless
Double Beta Decay



0νββ decay

 Process mediated by the weak interaction
 Occurring in even-even nuclei where the single -decay is energetically forbidden

𝑍
𝐴𝑋𝑁 → 𝑍+2

𝐴𝑌𝑁−2 + 2𝑒− + 2  𝜈

Open problem in modern physics:

Neutrino absolute mass scale 

Neutrino nature 

0νββ is considered the 
most promising approach

Beyond standard model



Experiment Isotope Lab Status

GERDA 76Ge LNGS [Italy] Operational

CUORE 130Te LNGS [Italy] Construction

Majorana 76Ge SURF [USA] Construction

KamLAND-Zen 136Xe Kamioka [Japan] Operational

EXO/nEXO 136Xe WIPP [USA] Operational

SNO+ 130Te Sudbury [Canada] Construction

SuperNEMO 82Se (or others) LSM [France] R&D

CANDLES 48Ca Kamioka [Japan] R&D

COBRA 116Cd LNGS [Italy] R&D

Lucifer 82Se LNGS [Italy] R&D

DCBA many [Japan] R&D

AMoRe 100Mo [Korea] R&D

MOON 100Mo [Japan] R&D

Search for 0 decay. 
A worldwide race

List not complete…
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Nuclear Matrix Element (NME)

Nuclear physics plays a key role!

0νββ decay half-life contains the average
neutrino massPhase space factor

Transition probability of 
a nuclear process

Nuclear Matrix Elements



Calculations (still sizeable uncertainties): 
QRPA, Large scale shell model, IBM, EDF …

E. Caurier, et al., PRL 100 (2008) 052503
N. L. Vaquero, et al., PRL 111 (2013) 142501
J. Barea, PRC 87 (2013) 014315 
T. R. Rodriguez, PLB 719 (2013) 174 
F.Simkovic, PRC 77 (2008) 045503.
…

Nuclear Matrix Elements
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78Se

74Ge

76As

77Se

75As 77As

75Ge

The idea

Nuclear reactions
Double Charge Exchange reactions (DCE) 
to stimulate in the laboratory the same
nuclear transition occurring in 0νββ

Is there an experimental way to access the NME?

N

Z

The ERC project NURE:
76Se

76Ge



Similarities
• Same initial and final states: Parent/daughter states of the 0 decay are the same as those of the

target/residual nuclei in the DCE

• Similar operator: Short-range Fermi, Gamow-Teller and rank-2 tensor components are present in both the

transition operators, with tunable weight in DCE

• Large linear momentum (~100 MeV/c) available in the virtual intermediate channel

• Non-local processes: characterized by two vertices localized in a pair of valence nucleons

• Same nuclear medium: Constraint on the theoretical determination of quenching phenomena on 0

• Off-shell propagation through virtual intermediate channels

0νββ vs HI-DCE

Differences
• DCE mediated by strong interaction, 0νββ by weak interaction

• DCE includes sequential transfer mechanism



The project

NURE plans to measure the absolute cross section of HI-DCE reactions on 
nuclei candidates for 0νββ and to extract «data-driven» NME

The extraction of nuclear structure information from 
measured cross sections is not trivial but feasible

(result of decades of nuclear physics)
e.g. for single charge-exchange: NME extracted within

2-5% accuracy by proportionality relation

𝑑𝜎

𝑑Ω
𝑞, 𝜔 = 𝑓(𝑁𝑀𝐸)

details of the 
reaction

the measured quantity
is the cross section

𝑑𝜎

𝑑Ω
𝑞, 𝜔 =  𝜎 𝐸𝑝 , 𝐴 𝐹 𝑞, 𝜔 𝑁𝑀𝐸(𝛼)

𝐸𝑝 incident energy

q momentum transfer
ω excitation energy



• Two (or more) incident energies
to study the reaction mechanism

• Two directions: 
ββ+ via (18O,18Ne) and ββ- via (20Ne,20O)

• Only two transitions of interest for 0νββ: 
76Ge↔76Se and 116Cd↔116Sn

• Complete net of reactions which can contribute
to the DCE cross-section: 
1p-, 2p-, 1n-, 2n-transfer, single cex, DCE 

76Se 78Se

76Ge
74Ge

76As

77Se

75As 77As

75Ge

N

Z

(
1

8O
, 2

0N
e
)

116Sn 118Sn

116Cd
114Cd

116In

117Sn

115In 117In

115Cd

N

Z

(
1

8O
, 2

0N
e
)

The project

GERDA, MAJORANA, COBRA 



The context

Other researches 
to extract information on NME 
from experimental data and/or 

constrain the theory

Single charge-exchange reactions 

induced by light ions (3He,t), (d,2He), …

Interesting for β-decay and 2νββ!

Heavy-ion induced double charge-exchange 

Renewed interest (RIKEN, Osaka) but 
low resolution (∼1.5 MeV)

limited in the past due to low cross-sections

Double charge-exchange 
induced by pions (π±, π∓) 

abandoned in the 80’s due to the 
large differences in the 
momentum transfer and lack of 
direct GT component in the 
operators

Transfer reactions 
for constraining Ψi, Ψf

Weak interaction
probes
β, 2νββ, 
μ-capture, 
ν-nucleus scattering, …



The pilot experiment


18O7+ beam from Cyclotron at 270 MeV (10 pnA, 3300 C in 10 days)


40Ca target 300 μg/cm2

 Ejectiles  detected by the MAGNEX spectrometer 0° < θlab < 10°

corresponding to a momentum transfer ranging from 0.17 fm-1 to 2.2 fm-1

K800 
Superconducting

Cyclotron MAGNEX magnetic spectrometer

40Ca(18O,18Ne)40Ar @ 270 MeV
Catania



Zero-degree measurement

Faraday-cup

TARGET

beam

ΘMAGNEX = +4°
-1° < θlab < +10°

beamejectiles



40Ca 42Ca

40Ar38Ar

40K

41Ca

39K 41K

39Ar

(
1

8O
, 2

0N
e
)

40Ca(18O,18F)38K

40Ca(18O,20Ne)38Ar

40Ca(18O,16O)42Ca

40Ca(18O,18Ne)40Ar

2p-transfer

CEX

2n-transfer

DCE

18O + 40Ca at 270 MeV

• Experimental feasibility: zero-deg, resolution (500 keV), low cross-section (μb/sr)

Limitations of the past HI-DCE experiments are overcome!

• Data analysis feasibility: the analysis of the DCE cross-section has lead to NME 

compatible with the existing calculations F. Cappuzzello, et al., Eur. Phys. J. A (2015) 51:145

The pilot experiment



Preliminary NME extraction

Pauli blocking about 0.14 for F and GT

Just to speculate:
removing Pauli blocking one 
can roughly estimate  

  18.037.0
2

40 CaM

  3.16.2
2

480 CaM 

In the lack of «real» theory… 

Under the hypothesis of validity of the factorization

F. Cappuzzello, et al., Eur. Phys. J. A (2015) 51:145

𝑑𝜎

𝑑Ω𝐷𝐶𝐸
𝑞, 𝜔 =  𝜎𝛼

𝐷𝐶𝐸 𝐸𝑝, 𝐴 𝐹𝛼
𝐷𝐶𝐸 𝑞, 𝜔 𝐵𝑇

𝐷𝐶𝐸 𝛼 𝐵𝑃
𝐷𝐶𝐸 𝛼
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Limitations of NURE:

 Only two systems can be studied in 5 years (due to the low 
cross-sections)

 A more accurate job on the theory is needed

A broader view
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The NUMEN program



The NUMEN project
NUclear Matrix Elements for Neutrinoless double beta decay

A broader view

Operating in a wider
context, in a wider time 
scale (10-15 yr), in close
synergy with NURE

NURE

SiCILIA INFN call

TeBe

CS-upgrade



The NUMEN project
NUclear Matrix Elements for Neutrinoless double beta decay

A broader view

The collaboration
Spokespersons: F. Cappuzzello and C. Agodi

E. Aciksoz, L. Acosta, C. Agodi, X. Aslanouglou, N. Auerbach, 

J. Bellone, R. Bijker, S. Bianco, D. Bonanno, D. Bongiovanni, 

T. Borello, I. Boztosun, V. Branchina, M.P. Bussa, L. Busso, 

S. Calabrese, L. Calabretta, A. Calanna, D. Calvo, 

F. Cappuzzello, D. Carbone, M. Cavallaro, E.R. Chávez Lomelí, 

M. Colonna, G. D’Agostino, N. Deshmuk, P.N. de Faria, C. Ferraresi, 

J.L. Ferreira, P. Finocchiaro, A. Foti, G. Gallo, U. Garcia, 

G. Giraudo, V. Greco, A. Hacisalihoglu, J. Kotila, F. Iazzi, 

R. Introzzi, G. Lanzalone, A. Lavagno, F. La Via, J.A. Lay, 

H. Lenske, R. Linares, G. Litrico, F. Longhitano, D. Lo Presti, 

J. Lubian, N. Medina, D. R. Mendes, A. Muoio, J. R. B. Oliveira, 

A. Pakou, L. Pandola, H. Petrascu, F. Pinna, F. Pirri, S. Reito, 

D. Rifuggiato, M.R.D. Rodrigues, A. Russo, G. Russo, 

G. Santagati, E. Santopinto, O. Sgouros, S.O. Solakcı, 

G. Souliotis, V. Soukeras, S. Tudisco, R.I.M. Vsevolodovna, 

R. Wheadon, V. Zagatto

Italy, Brazil, Greece, México, Germany, Turkey, Israel, Romania, Spain 73 members, 9 countries



The Goals of the Research Program

Main goal (Holy Graal): 
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
• Model-independent comparative information

on the sensitivity of half-life experiments
• Complete study of the reaction mechanism

Secondary goals:



The NUMEN project
NUclear Matrix Elements for Neutrinoless double beta decay

A broader view

Phase1: The experimental feasibility (completed)

Phase2:  Experimental exploration of few cases (NURE) and work on theory
(running until 2021)

Phase3:  Facility upgrade (Cyclotron, MAGNEX, beam line, …) to work with two
orders of magnitude more intense beam

Phase4: Systematic experimental campaign on all the systems with the 
upgraded facility



• CS accelerator current (from 100 W to 5-10 kW);

• beam transport line 

transmission efficiency to

nearly 100%

91

Upgrade of LNS facilities: 
The CS accelerator

From electrostatic extraction
(low efficiency 50%) to 

extraction by stripping (>99%)

LNS

New 
extraction
channel

Existing
extraction
channel

From D. Rifuggiato



Faraday-cup

TARGET

beam

Beam dump inside the MAGNEX hall

Present MAGNEX hall

NU M EN
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Beam dump inside the MAGNEX hall

Present MAGNEX hall Future MAGNEX hall

MAGNEX

NU M EN

MAGNEX

Beam
dump



From S. Russo (LNS radioprotection service)

85 A beam of 18O on Ag

Silver beam dump 20 kW

Beam dump inside the MAGNEX hallNU M EN
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Upgrade of the MAGNEX Focal Plane Detector

E
n

tr
a

n
c
e
 w

in
d

o
w

Ion

trajectory

Silicon detectors

Cathode 

(-950V)

Frisch grid

(0V)

Induction pads

DC wires (750V)

φfoc

-

+

Section view

z

y
x

Large volume: 1360mm X 200mm X 96mm

Wall of 60 stopping 7 X 5 cm2 Silicon detectors 
Covered area 100 X 20 cm2

Thickness 500 – 1000 μm

Hybrid detector:
Gas section: proportional wires and drift chambers

+
Stopping wall of silicon detectors



Silicon detectors

cathode

Frisch 

Grid

Induction Pads
Proportional

Wires

Frisch grid 

(0 V)

DC4DC3DC1 DC2

PC

Induction 

Pads

Proportional 

Wires (750 V)

GASSIPLEX

-

+

- Drift 
electrons

PAD
Upgrade of the MAGNEX 

FPD: Gas Tracker
Present: 
wire-based gas tracker
Low pressure (10-100 mbar)
Rate limit few KHz

NU M EN



MWPC 1968

G. Charpak
Nobel Prize in 1992

Tens-Hundred Microns

Gaseous detectors: why?
– good stability, robustness and aging 

compared to solid/liquid detectors

– good space and moderate energy 
resolution

– three dimensional readout/flexible 
geometry

– cheap

– still today the only choice whenever large-
area coverage with low material budget is 
required

Gaseous detectors

Multi-Wire Proportional Chamber -MWPC

From M. Cortesi



Wire-Based Detector: 
Secondary effects  Gain limits 
Space charge  Counting-rate limits (104 Hz/mm2)
Aging  Damage after long-term operation

SLOW

Wire spacing  1-2 mm New Idea: 
Move down in size & add cathodes very 
close to anodes to evacuate ions produced 
during the avalanche process

Limits of wire-based detectors



Micro-Pattern Gaseous Detector 

MICRO-PIXEL CHAMBER

Ochi et al. 
NIMA 471 (2001) 264

GAS ELECTRON MULTIPLIER

Sauli
NIMA 386 (1997) 531

…. and many others

From M. Cortesi
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FAST

Rate Capability Limits 
due to space charge 

overcome by increasing 
the amplifying cell 

granularity

Anode spacing  200 μm

A. Oed, NIMA 263 (1988) 351

Micro-strip gas chamber (MSGC)

e-

Ion+

Rate (Hz/mm2)

Micrometric structures of electrodes (photolithography
techniques): Pattern of thin anode and cathode strips on 
high-resistivity substrate

Limitations: 
• High E-values at the edge between insulator and strips  discharges
• Charge accumulation at the insulator  gain evolution vs time

R
el

a
ti

ve
 g

a
in
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Gas Electron Multiplier (GEM)

Thin metal-coated polymer (Kapton) foil chemically pierced by a high density of holes  

Sauli, NIMA 386 (1997) 531

Confined avalanche within holes
 Lesser photon-
mediated secondary effects

Properties:
• Large area
• High rate (up to 1 MHz/mm2)
• High Spatial Resolution (≈40 μm)
• High gas gain (~ 103-104 single-stage, 106-107 

multi-stage)
• 15-20% energy resolution (5.9 keV X-rays)
• Flexible detector shape and readout patterns

e-

Cathode

Anode

From M. Cortesi

Multi-stage



Thick-Gas Electron Multiplier (THGEM) 

STANDARD GEM
103 GAIN IN SINGLE GEM

THGEM
105 gain in single-THGEM

1 mm

0.1 mm rim

to prevent

discharges

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

• Effective single-electron detection 
• High gas gain ~105 (>106) @ single (double) THGEM
• Few-ns RMS time resolution
• Sub-mm position resolution
• MHz/mm2 rate capability
• Cryogenic operation: OK
• Gas: molecular and noble gases
• Pressure: 1mbar - few bar

L. Periale et al., NIM A478 (2002) 377
P. Jeanneret,  PhD thesis, Neuchatel U., 2001
P.S. Barbeau et al, IEEE NS50 (2003) 1285
R. Chechik et al., NIMA 535 (2004) 303

From M. Cortesi

 Simple & Robust

THGEM geometry:
-) Thickness = 0.6 mm
-) Hole Ø = 0.5 mm
-) Hole Pitch = 1 mm



Operation of THGEM in low-pressure, 
“pure” Noble Gas 

Large maximum 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
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Cortesi et al., 2015 JINST P09020

From M. Cortesi



From wall of 60 Si pad
detectors (7 cm X 5 cm)

To ?????

A big challenge!

Upgrade of the MAGNEX FPD:
The Particle Identification

A radiation tolerant stopping wall for particle identification

Radiation hardness → expected 1014 ions in ten years activity

(silicon detector dead at 109 implanted ions/cm2 (heavy ions not MIP!!))

What is the right material??

• Radiation hard
• Heavy ions
• Working in gas environment
• Large area
• High energy resolution (1%)
• Timing resolution (few ns)

NU M EN



Silicon Carbide (SiC)

Tetrahedron of Carbon and Silicon atoms with strong bonds in the crystal 
lattice. Very hard and strong material!

105



106From S. Tudisco
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Silicon Carbide technology offers then an ideal response 
to the challenges of NUMEN, 
since it gives the opportunity to couple the excellent 
properties of silicon detectors (resolution, efficiency, 
linearity, compactness) with a much bigger radiation 
hardness (up to five orders of magnitude for heavy ions), 
thermal stability and insensitivity to visible light.

Silicon Carbide (SiC)



Challenges in the growth of bulk SiC: to grow large single crystals in large quantities is a problem

Defects in SiCHowever…

From S. Tudisco



109From S. Tudisco

P.I. S. Tudisco
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Target technology for intense heavy-ion beam (10pμA)

Reaction targets

Politecnico Torino
and INFN-Torino

NU M EN

Typical
present
target 
ladder

Isotopes candidate for 0νββ:
116Sn, 116Cd, 76Ge, 76Se, 130Te, 48Ca, … 
Most of them have low melting temperature
and low thermal conductivity

Idea:
Evaporation on a backing material with good properties
(Graphen, Diamond, Graphite) and cooling



The NUMEN challenges

112

Integration

NU M EN

Targets:
For intense heavy-ion beams



Conclusions and Outlooks

 Many experimental facilities for 0 half-life, but not for the NME

 Pioneering experiments shown that DCE cross sections can be suitably

measured

 First results for the (18O,18Ne) and (20Ne,20O) are encouraging, showing

that quantitative information on 0NME are not precluded

 Experimental campaign on nuclei candidates for 0νββ and work on the

theory in the next 5 years

 The upgrade foreseen for the INFN-LNS cyclotron and the MAGNEX

spectrometer will allow to build a unique facility for a systematic

exploration of all the nuclei candidate for 0νββ


