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The NUMEN project

Where?

To extract “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

Why?

Catania, LNS-INFN
• K800 Superconducting Cyclotron
• MAGNEX magnetic spectrometer
• Experience in nuclear reactions

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

𝟏𝟏
𝑻𝑻𝟏𝟏/𝟐𝟐
𝟎𝟎𝝂𝝂 (𝟎𝟎+ → 𝟎𝟎+) = 𝑮𝑮𝟎𝟎𝝂𝝂 𝑴𝑴𝟎𝟎𝝂𝝂𝝂𝝂𝝂𝝂 𝟐𝟐 𝒎𝒎𝝂𝝂

𝒎𝒎𝒆𝒆

𝟐𝟐 Nuclear Double Charge Exchange reactions (DCE) to 
stimulate in the laboratory the same nuclear

transition (g.s. to g.s.) occurring in 0νββ
F. Cappuzzello et al., EPJ A (2018) 54:72

Neutrinoless double beta decay**

**E. Majorana, Il Nuovo Cimento 14 (1937) 171 
W. H. Furry, Phys. Rev. 56 (1939) 1184
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The Theory of Heavy-Ion Double-Charge Exchange

• One-step DCE – Majorana like reaction mechanism
(MDCE): relying on short range NN correlations, leading
to the correlated exchange of two charged mesons
between projectile and target

H. Lenske et al. Progr. Part. and Nucl. Physics 109 (2019) 103716
H. Lenske, CERN Proceedings 2019-001 (2019)
E. Santopinto et al., PRC 98, 061601 (2018)

• Two-step DCE - Double single charge exchange (DSCE): 
two consecutive single charge exchange processes

J.I. Bellone et al., PLB 807 (2020) 135528
H. Lenske el al. Universe 7 (2020) 98

• Multi-step nucleon transfer and SCE (transfer defined by 
mean-field dynamics, its contribution can be tuned by 
kinematics conditions)

J. A. Lay et al. JoP: Conf. Series 1056 (2018) 012029
J. L. Ferreira et al., PRC 105 (2022) 014630

DCE cross section is a combination of three different reaction mechanisms

76Se 77Se 78Se

75As 76As 77As

74Ge 75Ge 76Ge

(20
N

e,
18

O
)

(22
N

e,
20

O
)

(20Ne,22Ne)

(20Ne,21Ne)

(20
N

e,
19

F)

(21
F,

20
O

)

(21Ne,22Ne)

(20F,21F) (19F,20F)

(18O,19O)(19O,20O)

(18O,20O)

(19
F,

18
O

)

(20
F,

19
O

)
(21

N
e,

20
F)

(22
N

e,
21

F)

SCE

DCE

p

p-p

n

n-n

F. Cappuzzello et al., Progr. Part. and Nucl. Physics (submitted)



A. Spatafora - 13th International Spring Seminar on Nuclear Physics – Sant’Angelo d’Ischia, 17th May 2022

The Experiments

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

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

Transitions of interest for 0νββ: Limited number
of targets in phase 2, systematic exploration of all
the targets in phase 4

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

116Cd - 116Sn 76Ge – 76Se 130Te – 130Xe 48Ca - 48Ti
D. Carbone et al., PRC 102, 044606 (2020) 
S. Calabrese et al., NIMA 980, 164500 (2020)
D. Carbone et al., Universe 07, 58 (2021)
S. Burrello et al. PRC 105, 024616 (2022)
J. Ferreira et al., PRC 105, 014630 (2022)

A. Spatafora et al., PRC 100, 034620 (2019)
L. La Fauci et al., PRC 104, 054610 (2021)
I. Ciraldo et al., PRC 105 (2022) 044607

M. Cavallaro et al., Res.Phys. 13,102191 (2019)
V. Soukeras et al., Res. Phys. 28, 104691 (2021)
D. Carbone et al., Universe 07, 58 (2021) 

A. Sgouros et al., PRC 104 (2021) 034617

Limitations of the past HI-DCE 
experiments are overcome!

The pilot experiment
40Ca (18O, 18Ne) 40Ar @ 275 MeV

Experimental feasibility
M. Cavallaro et al., Front. Astron. Space Sci. 8 (2021)
S. Calabrese et al., Phys. Rev. C 104, 064609 (2021)
J.L. Ferreira et al., Phys. Rev. C 103 (2021) 054604
DCE NME extracted for 40Ca in 
F. Cappuzzello et al. EPJ J A (2015) 51:145 
Further theoretical developement in 
J. Bellone et al., PLB 807 (2020) 135528

18O + 12C @ 15/22 AMeV
Theoretical test-bench

Multi-channel approach applied both
to the experiment and theory

I. Ciraldo talk

J. L. Ferreira talk

J. L. Ferreira talk
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The 18O + 12C network of 
nuclear reactions @275 MeV
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The 18O + 12C network of nuclear reactions @275 MeV

Nuclear collision Reaction channels Many purposes Main purpose

18O + 12C @ 275.3 MeV

El. & Inel. scattering
12C(18O, 18O)12C

Initial State Interaction

All the reaction channels in a 
full-comprehensive and 

coherent approach.

1n-transfer
12C(18O, 17O)13C Single particle properties involved in the pn ed np

sequential charge exchange1p-transfer
12C(18O, 19F)11B

2n-transfer
12C(18O, 16O)14C Pairing correlations

single charge exchange
12C(18O, 18F)12B

Nuclear responce to isospin operators involved in 
direct charge exchange

Why study 12C?
• Known nuclear structure
• Low level density
• Deeply studied nuclear systems

It is the best candidate to test:
• Nuclear reaction models
• Nuclear structure models
• Coherent approach

One-step direct vs two-step sequential
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12C(18O,18O)12C – Elastic and inelastic scattering
Coupling scheme

𝐌𝐌 𝑬𝑬𝑬𝑬 from 
experimental data

Optical potential SPP (NV = 1.0 - NW = 0.78/0.6)
Chamon, L. C. et al. Phys. Rev. C66, 014610.

Coulomb 
coupling 𝑉𝑉𝐶𝐶 𝑟𝑟, 𝑘𝑘 = 𝑀𝑀 𝐸𝐸𝐸𝐸 𝑒𝑒2 4𝜋𝜋

(2𝑘𝑘+1)
𝑟𝑟−𝑘𝑘−1

Nuclear coupling 𝑉𝑉𝑁𝑁 r,𝑘𝑘 = −
𝛿𝛿𝑘𝑘
4𝜋𝜋

𝑑𝑑𝑑𝑑(𝑟𝑟)
𝑑𝑑𝑑𝑑

Initial State Interaction

2+ and 3- states of both
projectile and target are 
relevant F. Iachello talk

𝒟𝒟3h symmetry in 12C

Elab = 275 MeV
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12C(18O,18O)12C – Elastic and inelastic scattering
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𝐌𝐌 𝑬𝑬𝑬𝑬 from 
experimental data

Sao Paolo Optical 
Potential

Elab = 275 MeV
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Tilley, D., Weller, H., Cheves, C. & Chasteler, R. Energy levels of light
nuclei A = 18–19. Nuclear Physics A 595, 1–170.

12C(18O,17O)13C – One-neutron addition

.

Large-scale shell-model (psd-mod)
Spectroscopic amplitudes

N. Shimizu et al., Comp. Phys. comm. 244, 372 (2019).

Final State Interaction: 
couplings are needed

• ISI from elastic and inelastic scattering data
• FSI using SPP and shell-model M(Ek)
• DWBA/CCBA/CRC reaction calculations
• Shell-model spectroscopic amplitudes

Elab = 275 MeV
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12C(18O,17O)13C – One-neutron addition

.

Key information one-nucleon transfer data
• Good description of the data 
• DWBA-CCBA/CRC equivalence: dominance of the 

single particle configurations
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Tilley, D., Weller, H., Cheves, C. & Chasteler, R. Energy levels of light
nuclei A = 18–19. Nuclear Physics A 595, 1–170.

12C(18O,16O)14C – Two-neutron addition

.

Several angular distributions to 
analyse using the tested ISI and 
SAs

Elab = 275 MeV

GPV Previously observed at 84 MeV incident energy
F. Cappuzzello et al., Nat. Commun. 6, 6743 (2015)
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Tilley, D., Weller, H., Cheves, C. & Chasteler, R. Energy levels of light
nuclei A = 18–19. Nuclear Physics A 595, 1–170.

12C(18O,19F)11B – One-proton removal

Large-scale shell-model (psd-mod)
Spectroscopic amplitudes

N. Shimizu et al., Comp. Phys. comm. 244, 372 (2019).

Final State Interaction: 
couplings are needed

• ISI from elastic and inelastic scattering data
• FSI using SPP and shell-model M(Ek)
• DWBA/CCBA/CRC reaction calculations
• Shell-model spectroscopic amplitudes

Elab = 275 MeV
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R. Energy levels of light
nuclei A = 18–19. Nuclear Physics A 595, 1–170.

12C(18O,19F)11B – One-proton removal

Key information one-nucleon transfer data
• Good description of the data for most transitions
• Mixing of single particle and core polarization

configurations
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Quality factor

𝑄𝑄𝑄𝑄 =
1

1 + 𝑙𝑙𝑙𝑙 𝑡𝑡𝑡𝑡𝑡𝑡𝑡(𝜃𝜃)
𝑒𝑒𝑒𝑒𝑒𝑒(𝜃𝜃)

Not crucial to include CRC 
effects

Choice of the reaction calculation model: quality factor

Total average
DWBA 0.63
CCBA 0.72
CRC 0.71
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Tilley, D., Weller, H., Cheves, C. & Chasteler, R. Energy levels of light
nuclei A = 18–19. Nuclear Physics A 595, 1–170.

12C(18O,18F)12B – Single charge exchange

[1] S. Nakayama et al. Phys. Rev. C 46, 1667

S(
n)

 =
 3

.3
70

 M
eV

GDR+SDR+IVGQR [1]

SDR[1]

1

2
3

4 5

We can perform a 
complete study of the 
reaction mechanism

ΔJπ = 1+ transition: 
isolated!

Elab = 275 MeV
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12C(18O,18F)12B – Single charge exchange

QRPA form factors
H. Lenske et al. PPNP 109 (2019) 103716

shell-model form factors
A. Etchegoyen et al. Nuclear Physics A397 (1983) 343 364

How to take into account 
the  CC effects? CCEP!

M. Cavallaro et al. Front. Astron. Space Sci. 8, 61 (2021)

CCBA in progressLarge-scale shell-model (psd-mod interaction) 
Spectroscopic amplitudes

N. Shimizu,T. Mizusaki, T.Utsuno et al.,Comp.Phys.comm. 244, 372 (2019)

Two-step SCE results from the coherent
sum of pn and np transfer components.

Large Model-space and complex coupling-
scheme!

TWO-STEP SEQUENTIAL TRANSFER SCE ONE-STEP DIRECT SCE
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12C(18O,18F)12B – Single charge exchange
125 overlaps
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12C(18O,18F)12B – Single charge exchange
𝑑𝑑𝜎𝜎𝑐𝑐𝑐𝑐𝑐. 𝑠𝑠𝑠𝑠𝑠𝑠

𝑑𝑑Ω
=
𝑑𝑑𝜎𝜎𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
𝑑𝑑Ω

+
𝑑𝑑𝜎𝜎𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

𝑑𝑑Ω
+ 2 cos 𝜉𝜉

𝑑𝑑𝜎𝜎𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
𝑑𝑑Ω

𝑑𝑑𝜎𝜎𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
𝑑𝑑Ω

[1] S. Nakayama et al. Phys. Rev. C 46, 1667
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Hypothesis: constructive
interference (ξ = 0)
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12C(18O,18F)12B – Single charge exchange
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• SA and OBTD from the same nuclear
structure model

• Same s. p. wave functions to construct
the transfer and sce form factors

• Coherent reaction calculation
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Conclusions: The 18O + 12C network of 
nuclear reactions @275 MeV

Experimental results:
• Large set of experimental data: 5(+) reaction channels, tens of angular

distributions
• Good quality: energy and angular resolution
Theoretical results:
• Study of the Initial State Interaction
• Single particle properties of the involved nuclei
• Test of reaction and structure models: good agreement!

Perspectives:
• Form factors and spectroscopic amplitudes: same structure model!
• Study sequential vs direct in single charge eschange reaction mechanism
• Apply the same mehod to all the other NUMEN cases
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Thank you for your attention! 
alessandro.spatafora@lns.infn.it
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Data reduction: Particle identification

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

M. Cavallaro et al., NIM B 463 (2020) 334–338

Z identification 𝑚𝑚
𝑞𝑞

identification

Oxygens
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Data reduction: Particle identification

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

M. Cavallaro et al., NIM B 463 (2020) 334–338

Z identification 𝑚𝑚
𝑞𝑞

identification

Fluorines
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Data reduction: Particle identification

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

M. Cavallaro et al., NIM B 463 (2020) 334–338

Z identification 𝑚𝑚
𝑞𝑞

identification

Neons
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The MAGNEX magnetic spectrometer

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 3.68 cm/%

Maximum magnetic rigidity 1.8 T m

F. Cappuzzello et al., EPJ A (2016) 52:167
M. Cavallaro et al., NIM B 463 (2020) 334

Measured resolution:
Energy ∆E/E ∼ 1/1000
Angle  ∆θ ∼ 0.3°
Mass ∆m/m  ∼ 1/300 

• We have measured in a wide mass range (from 
protons to medium-mass nuclei)

• Measurement at zero-degrees
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Data reduction: Trajectory Reconstruction

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

1 Geometrical parameters at the Focal 

Plane Detector

2 Trajectories reconstruction

3 Physical parameters at the target
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