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The NUMEN project

F. Cappuzzelloetal., EPJA 54, 72(2018)
F. Cappuzzello et al., Prog. Part. Nucl. Phys. 128, 103999 (2023)

(NUclear Matrix Elements for Neutrinoless double beta decay)

Cross section measurements of heavy-ion induced
Double Charge Exchange (DCE) reactions
180 - 18Ne “Na - ?°Ne 12¢ » 12pe @15 to 60 AMeV

Extraction from measured cross-sections of “data-driven”
information on NME for all the systems candidate for Ov3p

* 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

Phase 1 Phase 2 Phase 3. NOW Phase 4

Feasibility study Study of a few cases + Shutdown & Systematic study of all
development of theory + R&D Upgrade of LNS the targets
activity facilities
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The MAGNEX magnetic spectrometer

MAGNEX spectrometer Performances
Optical characteristics Current values » Energy AE/E ~ 1/1000
Maximum magnetic rigidity (Tm) 1.8 « Angle AB ~ 0.2°
Solid angle (msr) 50 « Mass Am/m ~ 1/300
Momentum acceptance “14%, +10% » From H to Zn ions detected
Momentum dispersion (cm/%) 3.68 F. Cappuzzello et al., Eur. Phys. J. A (2016) 52: 167

M. Cavallaro et al., NIM B 463 (2020) 334
G. Souliotisetal., NIMA 1031, 166588 (2021)

Major upgrades

New focal plane detector (gas tracker and

PIDwall) Pitornaci’s talk about the gas tracker!
New gamma detector array (G-NUMEN)

New exit beam lines and beam dump (for 0°
measurements)

Higher magnetic rigidity (up to 2.2 Tm)
Radiation tolerant targets

F. Cappuzzello et al., Int. Jour. Mod. Phys. A36,2130018 (2021)
C. Agodi et al., Universe 7, 72 (2021)
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The Particle IDentification wall

Determine the atomic number (Z) of the reaction ejectiles and provide, in connection with the gas tracker,
the isotopic species (A) and its atomic charge state (q)

Requirements for new PID system

. Radiation Hardness of the order of 10! ions/(cm?2/yr)
. Particle identification capability for identification of Z= 10 and A= 20

. Time resolution better than 2-3 ns
. Double-hit event probability below 3% in the whole FPD
. Woking in low pressure (tens mbar) gas environment
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The Particle IDentification wall

Determine the atomic number (Z) of the reaction ejectiles and provide, in connection with the gas tracker,
the isotopic species (A) and its atomic charge state (q)

Requirements for new PID system

. Radiation Hardness of the order of 10! ions/(cm?2/yr)
. Particle identification capability for identification of Z= 10 and A= 20

. Time resolution better than 2-3 ns
. Double-hit event probability below 3% in the whole FPD
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PID wall
720 SiC-Csl telescopes arranged in 36 towers
20 Telescopes/tower
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The Particle IDentification wall

Determine the atomic number (Z) of the reaction ejectiles and provide, in connection with the gas tracker,
the isotopic species (A) and its atomic charge state (q)

Requirements for new PID system

. Radiation Hardness of the order of 10! ions/(cm?2/yr)
. Particle identification capability for identification of Z= 10 and A= 20

. Time resolution better than 2-3 ns
. Double-hit event probability below 3% in the whole FPD
. Woking in low pressure (tens mbar) gas environment

PID wall
720 SiC-Csl telescopes arranged in 36 towers
20 Telescopes/tower

First prototipal performances
v Radiation hardness 10'3 ions/cm? for SiC
v Radiation hardness larger than 7.5 x 10" ions/cm? for
Csl
v OZ/Z=1/24 and AA/A=1/47
v" Time resolution hundreds of ps for SiC
v Double hit less than 2.5 % with the chosen granularity

Altana, Carmen, et al." Sensors 23.14 (2023): 6522.
F. Cappuzzello et al., Int. Jour. Mod. Phys. A36, 2130018 (2021)
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The PIDwall telescope

SiC
Aolden brass grid

white

«— reflector

< Csl(TI)
N « Photodiode

E stage Csl (Tl)

Thickness 5 mm
Area1.5x1.5cm?

Hamamatsu Photodiode S3590-0887

Area~1x1cm?
Bias -70V
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AE stage SiC

Epitaxial layer 100 pm

* Deadlayeronthe back 10 pm
 Area1.54x1.54 cm?

* Edge structure 400 um

* Full Depletion Voltage -300/-1000 V




The PIDwall readout and bias electronics

CAEN VX2745

Notin scale B
CAEN A1429
Signal out + Photodiodes bias \ 4
Preamplifier | 4
o ‘ Digitizer
HV bias for SiC Bias Supply for Photodiodes
HV distribution HV supply for SiCs

CAEN Sy1527

25/02/25 C.Lombardo - DeSyT 2025 8



First result with 2 PID towers



The Sic deteCtOrs Carbone, D., etal., NIM A 1069 (2024): 169960.

2 different SiC wafers with different doping concentrations have
AE Stage SIC been produced/studied:
Epitaxial layer 100 pm  RA0089-27:<N>= 3.4 10"3 atoms/cm?® > <FDV> =270V
 Dead layer onthe back 10 um e TTO012-11:<N>=8.8 10" atoms/cm?3 > <FDV> =780V

 Area1.54 x1.54 cm?
* Edge structure 400 pm
 Full Depletlon Voltage 300/ 1000 V

| | |
3 6 7

= 4000
U

3500 TT0012-11 A4l

2 Front irradiation
3000

2500

2000

1500

Total Sum ROl Sum ROI# Counts Cursor Region
773456594 #5 #HEE 0 0 0127 12%

1000

* Proton microbeam for 3D characterization of the
Charge Collection Efficiency

5 6 7 8 9 * Edge structure studies
E, (MeV)

500

0

Energy resolution 0.5%
a-source irradiation (?28Th)
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Tower assembly

0 9, e
GHD GND  Numen_PIDWALL.1S
-

crijniin) &'

@ rzvine
='”!" wETRY
ce gl

L rEnee

ol v @

Main PCB for the
readout of the

detectors SiC glued onto a golden brass grid
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Commissioning of the PID prototype @ INFN-LNL

6 BTU 80 beam @ 15 AMeV by Tandem+ALPI facility (NUMEN beam)
M B e i B Y '

e _ | Goals
A\ : | 2w ST | Q Zidentification capabilities
[ Validation of the readout + DAQ
d Cross section sensitivity estimation

TT Telescope ID
8 7
10 9
12 11
14 13

maoavy

RA Telescope ID

Beam - ] ; , 10 9

: . s Lo B ] 12 11

* PISOLO chamber equipped with Au and C targets = ] = 13
« PID prototype (2 towers) placed at forward angles | § 1

* Readout:
* 64 channels Preamplifiers (CAEN A1429) +
* 64 channels Digitizers (CAEN VX2745) +
* DAQ program developed for NUMEN
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The readout electronics@LNL

PCB Flange

SiC 1-30 (ch 0-31
Samtec cable N ! ( )

12 SiCsignals 5 >
40 CSl signals 64 ch
A SIC 31-60 ch 31-64
' B 2 Samtec connectors I
. B [
: ROU!‘eS for . 64 signals/each I
2 towers | C 0 Csy I Csl 1-30 (ch 0-31)
20 telescopes/each 8hals I
40 signals/each I Samtec cable
| 3 Samtec connectors n l 51 ch
| 40 signals/each | ¢ N
| I Csl 31-60(ch 33-64)
[ |
|

Air side Vacuum side
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Time selection

Tower TT@9° (similar results for tower RA@10°)

6000 — \ ' \ T \ — 18000 1 [ T T T — T T T — T T T T T T T — T
- —— Telescope 7 Ctarget - 16000 AU target .
5000 — — - - -
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m Tower TT@9° (similar results for tower RA@10°) 80 beam @ 15 AMeV, C target

dE [ADC ch]

50000

40000 -

30000/

20000 {3
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1000:\ T T ‘ T T T T ‘ T T T T ‘ T T T T ‘ T T T T ‘ T T T T ‘ T T T T ‘ T T T T T \:
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e o -
4
- 200
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| 100 l
= AZ 1
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: : ' m 50
.. B - 1
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| | | | | ‘ | | | | | | ‘ | | | 0 1
5000 10000 15000 20000 25000 30000 —_
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Background and DCE Cross-Section

The procedure:
1. Evaluation of spurious events in '®Ne identification

2. Estimation of spurious cross-section on g.s. to g.s. transition in
DCE channel

25/02/25 C.Lombardo - DeSyT 2025
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Background and DCE Cross-Section

1. Evaluation of background events

* SIiC-Csl coincidence spectrum (blue) -> spurious coincidence flat spectrum underneath the coincidence
peak

* We usedthe chosen gate 300 ns centered at 2.23 us (Efficiency 88%)

* Coincidence spectrum with a time window shifted of 3 ms after the SiC event (red spectrum)
v The red spectrum reproduce well the spurious component of the blue one.

- I | ! ) ¥ ] ) ' ! | ! ' _
Plots are for all the ion Al ) ﬂ ]
species! = Neonregion: | (= .
p ) E ° 1 632 J'L' »»»»»»»»»»» Delta_T_evt T8 Flags OK R34 3ms Delayed E
o=, 7 B
- Jl TT tower ]
TE ;:;H 300 ns E
102 = =
:F o Y_v,—“'”‘—--:A,W AR -
B EL—”L A .
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, =
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Overall charge changing cross-section

I i N Tel b] TT o] ATA
 Cross-section normalization factor elescope  o[nb] TT _ o[nb]

extracted from the O+Au Rutheford ! A1 e
cross-section 8 5.4 Not present
9 3.4 2.4
* Spurious events for the Neon region 10 otcomeoed 2.1
11 <0.9 0.6
12 2.3 1.6
13 <0.8 0.3
14 1.6 Not present

For all the Neon ions!!!
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Background and Cross-Section for DCE

We are interested in cross-section sensitivity on g.s. to g.s.
transition in DCE channel ("®Ne ions) we can introduce «MAGNEX-
like» selection conditions.

= 18000 T -
S - - b - 30
£ 16000 | F oS
” - 10 oal —130
14000 — . i :
- - - Total reduction factor for
L | 0.15— —25 .
1200 1 - typical MAGNEX plot =
— | 1 02 0.1 -
10000 - 20 0.01152
0.05
8000 - 15
01—
6000 10 - 10
-0.05—
4000 -
-0.1F >
20000 b -
| ' [ | [ | 1 ]t l [l | L1 | [ ‘ L 11 ‘ L 11 ‘ L 11 1 L1l ‘ | | | | ‘ L1l ‘ L1l ‘ L1l ‘ L1l 0
400 600 800 1000 1200 1400 1600 1800 2000 1200 1300 1400 1500 1600 1700 1800
Eresid (Ch) Eresid (Ch)
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Background and DCE Cross-Section

Gate [ns] o[nb]TT o [nb] RA

300 0.031+0.002 0.016 = 0.0017 |

To be compared with the old deduced
background cross section background for
g.s. tog.s. region 0.30 £ 0.03 nb
(Calabrese et al., NIMA 980 (2020) 164500)

Other sources of background are
expected from partial charge collection at
the borders. Geant4 simulations are
ongoing
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Conclusions and Outlooks

Conclusion

v'High-performance particle identification wall for heavy-ion detection

v'New large area SiC detectors characterized with alpha source and proton
microbeam

v'Construction of the first two prototypes of 20 SiC-Csl telescope towers

v In-beam commissioning confirmed the performances in terms of particle
identification and acceptable background noise forthe scope of NUMEN

Outlooks

dContinue the tests in the gas environment
dCoupling with the gas tracker

dimprove the Geant4 simulation
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The particle identification wall

The PID tower

1.5¢cm

1.5 cm

Csl(Tl) || 5mm

o
[
w
Q
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o
]
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WA A 8 8 8 8 R R
N A A S AN AR
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-
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20 elements in each tower NUMEN
35° angle of the towers

35°
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The NUMEN project

The experimental tools for studying Heavy-lon Double Charge-Exchange (HI-DCE)

K800 Superconducting MAGNEX magnetic spectrometer
Cyclotron
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The gas tracker

Measure the three-dimensional track (X, Y, 8, ¢) of the reaction ejectiles reaching the focal plane

Requirements for new gas tracker
»  Ability to cope the rates of particles as high as MHz
»  Low pressure operation
»  High resolution measurement of the track coordinates
* horizontal position X;,.resolution 0.6 mm (FWHM)
* horizontal angle 6, resolution 0.3° (FWHM)
* vertical position Y¢, resolution 0.7 mm (FWHM)
* vertical angle ¢y, resolution 0.7° (FWHM)

Same working principle of the present FPD tracker
Filled with isobutane at low pressure (tens mbar)

Multiple Thick Gas Electron Multiplier (THGEM)
=== Simple and Robust

Assembly of several THGEM elements stacked together

Stripped anode

Multiplication
region

Drift region

Cathode

_____ NUMEN

le_e-\ed particle
EDrift l / -
AV, Large gain at low pressure
AV,
AV,

3-layer THGEM
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The gas tracker

The stripped anode

View from Bottom side (Scale 1:1.11

60 pad in 30 cm (1/4 of the full tracker)
5mmx10 mm pads
6 strips (11 mm height)

Active region= 110 mm

rrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrr

—=— = 500mm

25/02/25
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The gas tracker

The prototype

* Same design of the final tracker, just scaled in size

e 30cm lenght (1/4 of the full tracker lenght)

 |Important test bench for the final detector (performances, mechanica
and electrical choices)

e

Prtotye ready 1
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The gas tracker

The prototype characterizations

c10°E : : : 3’3607 - ‘ e FULL 10 mbar
&1 s FULL, 11 mbar -~ [ e FULL, 20 mbar
. [« FULL, 20 mbar | - E i iz e FULL, 30 mbar
Stnpped 'L ® FULL 30mbar .4 = 50 (} = ROW, 10 mbar
E = ROW, 10 mbar e i A = ROW, 20 mbar
Anode - row zemmar %) af \.  NoMme
- i \

g ,c’/ ,EI '.)
M-THGEM A

g *;’ -]- iy
10p A %,!)

‘I‘|13_1JI : I120I I I11:..0I I I160I I I1..;l3I I I2|JIJI : IQ.‘;!IJI I |2-ﬂi-l3I G- Lol | L lllmi Lo
Vineew (V) 10° 10° 10° 10°
Gain
Cathode High gain at low voltage and pressure lon Back Flow
I. Ciraldo, G.A. Brischetto et al., accepted
. Z
Track reconstruction A

A\ Artificialretina space

q
Artificial retina algoritm

Inspired by INFN RETINA project

A AR cellrepresents a track in the anode

* Weight proportional to the distance beetween . Sij = Xnitk — Xijk
receptor and hit . B AR receptor (Xiji, Zk) X
* Realtrack parameters from weighted sum of nearby o hit (Xnir e Zic)
S .,k
25/02/25 m”~ AR cells C.Lombardo - DeSyT 2025 30



The G-NUMEN array

Measure the low-lying gamma-ray transition in coincidence with the DCE FPD events when the MAGNEX
energy resolution is insufficient to isolate the g.s. to g.s. transition

Requirements for gamma array detector
Energy resolution < 3-25 % (FWHM) depending on the nucleus
Time resolution betterthan 5 ns (FWHM)
Observational limit opcg/Og less than 108
Radiation tolerance 10'° n/cm?

YV VY

G-NUMEN
~ 110 LaBr3(Ce) crystal scintillator detectors

Expected performances
v Total photopeak efficiency of % 4% at 1 MeV
v' Energy resolution up to 2% (FWHM)
v' Time resolution better than 1 ns (FWHM)
v' Observational limit 0.3 x 108 Very high rate of signals over which distinguish very few good

v Radiation tolerance better than 10'° n/cm? DCE events in the region of interest
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The G-NUMEN array

J.R.B. Oliveira et al, EPJA 56, 153(2020)
G-NUMEN

~ 110 LaBr3(Ce) crystal scintillator detectors

distributed in 7 rings around the beam axys

24 cm distance from the target

Single crystal size 38 mm diameter and 50 mm length
(compromise of increasing the photopeak efficiency while
keeping the count rate per detector limited, to avoid
excessive pile up)

YV V VYV

New MAGNEX scattering chamber
» Aluminum sphere of ® 500 mm diameter, 6 mm thickness
and 6 apertures
» Aluminum shell, 15 mm thick, surrounding the scattering
chamber that opens up in five pieces
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The G-NUMEN array

G-NUMEN demonstrator

15 LaBr3(Ce) crystal scintillator detectors

Ta Readyto be assembled and tested

2005,

Scattering
chamber
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The PIDwall flange for readout

3 Towers = 60 Telescopes (60 SiC + 60 Csl) are
arranged in 1 Flange -> 12 Flange in total

Air side Vacuum side

PCB flange Signal routing inside the flange!
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Background and Cross-Section

1. Evaluation of background events

Then, we looked at the events in our ROl : they are our background.
1. We usedthe chosen gate 300 ns centered at2.23 us

2. Then, we selected the events in the Neon regions

dE [ADC]

60000

50000

[od: \\,)\‘\\\ \‘\\I

40000

30000

20000 =

10000

5000 10000 15000 20000 25000 30000
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Background and Cross-Section

The procedure:

2. Cross-section calculation (elastic scattering O on Au)

19000 T T T T T T T T ] T T T T T T T T T T T T T T T T —1140

E —(1e). N events
dQ Nbeams Ntarget AQ)

— 120

dE [ADC chs]

18000

17000 8 100

Efficiency and N, .., error (No Faraday cup)

16000

do _ ZZeZ 2 1 15000
dQ ~ \4me,4E sen*(9/,)

11‘ 1 T O T \Jl .J\ L1 .[1 0 N .!1

. 13000
Rutherford cross section

@ \\‘ [T \\1\‘ T \’ T \ {0 [0 ) [ l‘

| 1 ‘ | | | 1 ‘ | 1 1 ! | | 1 1 | [ | | | | ‘ | 1 ‘ 1
5000 10000 15000 20000 25000 30000

E [ADC chs]
from the comparison, we obtain K: KrunTT =1.20

Should be the same! » contains the efficiency and correction for
the integrated charge (No Faraday cup) Krun RA=1.48
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Background and Cross-Section

«MAGNEX-like» cuts:

» With the full FPD, we will use X;,. vs E,.;4 correlation plot to identify '®Ne
among the other Neons after the identification cut in the AE-E plot > 8% of
the total Neons area from old MAGNEX data

* 18Ne occupies a small area on X;,.: E,.4 Plot > 43.2% of the total plot area

* Expected resolution in kinetic energy (MAGNEX) 0.5 MeV @ 15AMeV. Each
telescope sees 1.5 MeV of the energy spectrum at the FPD -> only 1/3 of
spurious count beneath the g.s. DCE peak.

25/02/25 C.Lombardo - DeSyT 2025
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