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Abstract: The search for neutrinoless double-beta (0v[33) decay is currently a key topic in physics, due
to its possible wide implications for nuclear physics, particle physics, and cosmology. The NUMEN
project aims to provide experimental information on the nuclear matrix elements (NMEs) that are
involved in the expression of 0v33 decay half-life by measuring the cross section of nuclear double-
charge exchange (DCE) reactions. NUMEN has already demonstrated the feasibility of measuring
these tiny cross sections for some nuclei of interest for the 0v 3 using the superconducting cyclotron
(CS) and the MAGNEX spectrometer at the Laboratori Nazionali del Sud (LNS.) Catania, Italy.
However, since the DCE cross sections are very small and need to be measured with high sensitivity,
the systematic exploration of all nuclei of interest requires major upgrade of the facility. R&D for
technological tools has been completed. The realization of new radiation-tolerant detectors capable
of sustaining high rates while preserving the requested resolution and sensitivity is underway, as
well as the upgrade of the CS to deliver beams of higher intensity. Strategies to carry out DCE cross-
section measurements with high-intensity beams were developed in order to achieve the challenging
sensitivity requested to provide experimental constraints to 0v33 NMEs.

Keywords: neutrinoless double beta decay; nuclear double-charge exchange reactions; supercon-
ducting cyclotron; magnetic spectrometer; high-intensity beams

1. Introduction

The strong interest in the double-beta decay processes began in 1939, when Wendell
Furry [1], starting from the work of Maria Goeppert-Mayer [2], applied the neutrino model
previously proposed by Ettore Majorana [3], in which there is no distinction between
particle and antiparticle and which proposes a new hypothetical decay, now known as
neutrinoless double-beta (0v33) decay.

The 0vp3 decay is a hypothetic class of nuclear processes where a parent nucleus
is transformed into an isobar daughter differing by two-unit charges and two electrons
(or positrons) are emitted. Although still not observed, these phenomena are nowadays
being strongly investigated since, if discovered in the experiments, they would allow one
to directly determine the Majorana nature of the neutrino and to confirm that the total
lepton number is not always conserved in nature [3]. Moreover, the neutrino effective mass
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would be extracted from decay rate measurements, with foreseen sensitivity to normal or
inverted hierarchy scenarios in the neutrino mass distribution. Presently, this physics case
is leading the research “beyond the standard model” and could open new perspectives
toward a grand unified theory of fundamental interactions and contribute to explaining
the matter-antimatter asymmetry observed in the universe.

The search for OvBp decay is a worldwide race. Many projects are competing
in the challenge to detect such a hypothetical decay: the CUORE/CUPID project [4]
and LEGEND/GERDA [5] at the INFN-LNGS, in Italy; EXO/nEXO [6] at WIPP, in the
USA; KamLAND-Zen [7] and CANDLES at Kamioka, Japan [8]; the SNO at Sudbury, in
Canada [9]; AMoRe in Korea [10]; SuperNEMO at the LSM, in France [11], etc.

The 0v{3p half-life critically depends on the nuclear matrix element (NME) that con-
trols the decay, Mgy g g [12-14]. Since the decay involves nuclei, its determination necessar-
ily implies structural issues in the nuclei embedded in the NMEs. A deeper knowledge
of the NMEs is therefore crucial to infer the neutrino mass from experimental measure-
ments (or constraints) of the 0vp33 decay rate and to develop the design strategies of
future experiments.

Significant differences are found in NME calculations obtained with different nuclear
structure models [13,15-17]. This fact makes the determination of NMEs based on different
calculation schemes controversial, given also the lack of experimental constraints.

In this context, the NUMEN project [18-21] aims to obtain quantitative information
on the NMEs of 0v33 decay by measuring heavy ion-DCE reaction cross sections. The
measurements of the DCE cross sections are performed using the K800 Superconducting
Cyclotron to accelerate beams and the MAGNEX large acceptance magnetic spectrometer
to detect the ejectiles, at the INFN-LNS laboratory in Catania, Italy [22]. The characteristic
feature of these reactions is the transfer of two charge units that leaves the mass number
unchanged. They can proceed both by a sequential nucleon-transfer mechanism and by the
exchange of two isovector mesons, in an uncorrelated or correlated way [23,24]. Although
the DCE and 0v{33 decay processes are mediated by different interactions, there are several
important similarities [25], as follows:

—  Parent/daughter states of the 0vp3[3 decay are the same as those of the target/residual
nuclei in the DCE.

—  Short-range Fermi, Gamow-Teller, and rank-2 tensor components are present in both
transition operators, with relative weight depending on incident energy in the DCE.
Performing the DCE experiments at different bombarding energies is essential to
gaining sensitivity on the individual contribution of each component.

— A large linear momentum (~100 MeV/c) is available in the virtual intermediate
channel of both processes. This is a distinctive similarity since other processes, such
as single-f3 decay, 2v[33 decay, and light-ion-induced single-charge exchange (SCE),
cannot probe this feature. An interesting development is the recently proposed p-
capture experiment at Research Center of Nuclear Physics(RCNP), Osaka Japan [26].

—  The two processes are non-local and are characterized by two vertices localized in a
pair of valence nucleons.

—  Both processes take place in the same nuclear medium. In-medium effects are expected
to be present in both cases, so DCE data could give a valuable constraint on the
theoretical determination of quenching phenomena in 0vf33 decay.

—  Off-shell propagation through virtual intermediate channels is present in both cases.

An important issue of the DCE, not present in 0v[33 decay, is the contribution coming
from multi-nucleon transfer reactions, representing a competitive route with respect to
direct exchange and leading to the same final states. The effects of multi-nucleon transfer
start from the 4th order in the nucleon—-nucleon potential since two protons (neutrons)
should be stripped from the projectile and two neutrons (protons) picked up from the
target. In ref. [21], it is shown that, under the experimental conditions expected for the
campaign at the INFN-LNS, the contribution of multi-nucleon transfer is negligible (less
than 1%). Similar results are being found in the preliminary analysis of the other pilot
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cases. Consequently, the leading DCE reaction mechanism is connected to nucleon—-nucleon
isovector interaction, which acts between two neutrons in the projectile and two protons in
the target for the (1%0,'®Ne) and between two protons in the projectiles and two neutrons
in the target for the (**Ne,2’0) reaction. A useful way to describe the DCE process is by
means of the exchange of two charged 7 or p mesons between the involved nucleons. An
interesting question is whether the two mesons are exchanged independently of each other,
in analogy to 2v[3f3 decays, or in a correlated way, as in 0vf33 decays. This question is very
relevant for the connection of DCE reactions to 0v[3(3 decays. This aspect is also important
from the point of view of nuclear reaction theory, since it could indicate a new way to
access nucleon—nucleon short-range correlations [23].

Aiming for a systematic study of all the candidate isotopes for 0v{33 decay, NUMEN is
conceived in a long-range time perspective. The main experimental tools for this project are
the K800 Superconducting Cyclotron and the MAGNEX magnetic spectrometer at the INFN-
LNS laboratory in Catania, Italy. In the pilot phase, NUMEN demonstrated the capability
of measuring small cross sections in a high background of other reaction channels, with
the current experimental setup and in synergy with the ERC NURE project [27]. However,
a systematic search on all 0v3{3 candidate isotopes, with high-precision measurements, is
required to achieve the ambitious goal of constraining the NMEs. The small values of DCE
cross sections, the resolution, and the sensitivity requirements demand beam intensities
much higher than those deliverable with the present facility.

The NUMEN Holy Grail is to study if the DCE cross section, and consequently the
DCE NME, is connected to 0v[3(3 NMEs as a smooth function of incident beam energy and
target mass. This goal requires the development of the reaction and nuclear structure theory
and a systematic set of data. The other NUMEN goals are to provide a new generation
of DCE reaction cross-section data to constrain the 0v 3 NME theoretical calculations,
which is achievable in the short term with a reduced dataset, and to provide relative NME
information on the different candidate isotopes for 0v[33 decay. The ratio of the DCE cross
section can be regarded as a model independent way to compare the sensitivity of 0v[33
decay experiments using different isotopes.

To achieve these goals, the project promotes a specific R&D activity with the upgrade
of the whole INFN-LNS research infrastructure. In this context, the three-year upgrade
project POTLNS (PIR01_00005) for the production of high-intensity beams has been selected
in a national competitive program (PON-MIUR) and has already started the activities.

Investigation of rare processes is the challenge of neutrinoless double-beta decay
and of the NUMEN project. Low-background and high-sensitivity detectors are required
to search for such rare signals and to give fundamental information to solve the puzzle
concerning the neutrino nature.

In the following, the NUMEN tools and strategies will be described, with a focus on
the superconducting cyclotron (CS) facility upgrade, in the framework of the POTLNS
project, and on the future experiments with high-intensity beams.

2. NUMEN Methods and Tools
2.1. NUMEN Experimental Methods

The NUMEN idea is to use heavy-ion double-charge exchange (DCE) reactions to
simulate the nuclear transition, ground state to ground state, occurring in 0v33 decay. As
already mentioned, the two processes, DCE and 0vf33, present many similarities in spite of
being mediated by different interactions.

Two main classes of experiments at different energies are foreseen within NUMEN that
are meant to probe two isospin directions: lowering T—7— and rising t+1+. These isospin
directions are characteristic of 3 —f— and +3+ decays, respectively. The measurements
of both p—f3— and +f+ reactions provide a useful test of the procedure to extract NMEs
from the measured DCE cross section because NMEs are invariant quantities and so are
common to DCE and to its inverse.
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In particular, an 1808+ beam is used to investigate the p+@+ direction in the target and
to measure the (1¥0,'®Ne) DCE transitions, together with other reaction channels involving
the same beam and target. In the same way, a 2’Ne!’* beam is used to explore the —f3—
direction via the (**Ne,2°0) reaction. For each system, target-projectile, the measurements
of the DCE reaction, the single-charge exchange reaction, 2p- and 1p-transfer, 2n- and
In-transfer, and elastic and inelastic scattering are foreseen.

The exploration of these two classes of experiments has already been performed on a
few selected isotopes in the last few years [28,29]. The target isotopes, with the technical
characteristics for target production, were chosen from among those of interest to the
neutrino community with the technologies currently available. The choice of target isotopes
is due to a compromise between the interest of the 0v[33 scientific community in specific
isotopes and the related technical issues. Specifically, the possibility to separate ground
state (g.s.)-to-g.s. transition in the DCE-measured energy spectra and the availability of a
thin, uniform target of isotopically enriched material were considered. In particular, the
116Gy 76Ge 40Ca, and *8Ti targets were studied with 1808+ beams and the 110Cd, 13Te, and
76Ge targets with 22Ne!?* beams. For each configuration, measurements were carried out
using a DCE reaction, an SCE reaction, 2p-transfer, 1p-transfer, 2n-transfer, In-transfer, and
elastic and inelastic scattering.

The analysis of elastic and inelastic scattering data turned out to be a powerful tool
to explore the initial- and final-state interactions in heavy-ion nuclear reactions at high
transferred momenta, as has been shown in 7°Ge-"6Se [30-32] and in other systems [33].
In the '°Cd(**Ne,?*Ne)!'*Cd two-neutron pickup and ''°Cd(*’Ne,'¥0)!'8Sn two-proton
stripping reactions at 306 MeV incident energy, selected transitions to low-lying 0+ and
2+ states of the residual nuclei were analyzed. The role of the couplings with inelastic
transitions has been determined [34].

Furthermore, crucial experimental issues need to be addressed in order to measure
heavy-ion-induced DCE reactions in both classes of experiments. The main technological
challenges are the discrimination among the transitions to individual states and the explo-
ration of a wide momentum transfer range. It is, therefore, necessary to detect heavy ions
with good isotope separation and energetic resolution in a wide angular range, including
zero degree. Furthermore, measuring the rather small DCE cross sections (down to a few
nb) requires considerable rejection efficiency against background events, that is, a remark-
ably high experimental sensitivity. Background events may be generated by competing
reaction processes that, due to the small DCE cross sections, are much more probable to
occur. For this reason, a prerequisite for the experiment is high-resolution particle identifi-
cation. A quantitative method was developed to estimate the particle identification ability
and background contamination, which limit the overall sensitivity to the energy spec-
tra [35]. Such analysis was applied for the first time to the 1'Cd(*’Ne,?°0)!165n reaction at
15 AMeV to deduce the absolute cross-section sensitivity of the MAGNEX spectrometer.
Other data analyses of the reactions mentioned above are underway.

The NUMEN future phase will consist of a series of experimental campaigns using
180 and 2’Ne beams of high intensities (some ppA) and integrated charge of hundreds of
mC up to C, for experiments in which coincidence measurements are required, spanning
all the variety of 0Ovp33 decay candidate isotopes of interest, like 48Ca, 70Ge, 76Se, 82Se, 07y,
10000, 10604, 110pq, 116Cq, 1105y 124G, 128Te 130T 136Xe 130xe 148N4, 150N, 1545m,
160Gd, and 198Pt.

2.2. NUMEN Experimental Tools

The main experimental tools for this project are the K800 Superconducting Cyclotron
and the MAGNEX (Figure 1) spectrometer at the INFN-LNS laboratory in Catania, Italy.

The K800 Superconducting Cyclotron (CS) is a compact three-sector accelerator ca-
pable of delivering ion beams from protons to uranium at energies up to 80 AMeV [36].
The pole has a 90-cm radius, and the internal magnetic field can reach a value of 4.8 T.
To achieve such intense magnetic fields, the superconducting cyclotron is equipped with
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two pairs of superconductive Nb-Ti coils (& and 3) immersed in a liquid helium bath at a
working temperature of 4.2 K.

Figure 1. Pictures of MAGNEX (left) and of the superconducting cyclotron (CS, right) at the Laboratori Nazionali del Sud.

The 25 years of CS activity show the extremely good versatility and reliability of this
accelerator. A broad range of beams could be produced by the K800 CS, allowing hundreds
of experiments to be carried out in different fields of scientific and technological research.

MAGNEX [22] is a large acceptance magnetic spectrometer made of a quadrupole
with large-aperture vertically focusing and dipole horizontally bending magnets. MAG-
NEX allows one to identify heavy ions with a good resolution with mass (AA/A~1/160),
angle (A8~0.2°), and energy (AE/E~1/1000), within a large, solid angle ((2~50 msr) and
momentum range (—14% < Ap/p < +10%). High-resolution measurements for quasi-elastic
processes, characterized by differential cross sections as low as tens of nb/sr, have already
been performed by this setup. Significant scientific results have been achieved with MAG-
NEX in a wide range of masses of the colliding systems and incident energies [37-50],
demonstrating the capabilities of this apparatus. The new challenging experimental cam-
paigns with high-intensity beams, foreseen in the NUMEN project, led to intense R&D
activity on the detection apparatus, leading to the upgrade of the CS and of the research
infrastructures at the LNS, funded by the POTLNS project.

2.3. The NUMEN Upgrade

Tiny cross sections and large backgrounds require high-intensity beams and a detec-
tion apparatus with high sensitivity. Given these targets, NUMEN supported the POTLNS
project, the goal of which is to upgrade the INFN-LNS research infrastructure in order to
increase the beam intensity by about 2 orders of magnitude, with respect to the current
maximum value, of ion beams with mass numbers less than 40 and energies between
15 and 70 AMeV. The POTLNS project, already started, aims to strengthen those research
infrastructures that were identified as a priority in Europe.

The CS currently operates with beam intensities up to a maximum of 10'! pps, corre-
sponding to a maximum beam power of the order of 100 W. The intensity necessary for the
experiments proposed by NUMEN, and within a reasonable beam time, is about 100 times
greater than the current values: thus, intensities of about 103 pps for a maximum power of
10 kW are needed. Consequently, numerous components of the particle accelerator and of
the experimental setups must be upgraded in view of the high-intensity operations.

The NUMEN R&D activity has led to technological developments in various fields.
For example, the search for new radiation-hard detectors led to the development of silicon
carbide (SiC) detectors in the SiCILIA project [51]. The major upgrade of MAGNEX is
related to a new focal plane detector (capable of working at rates from a few kHz to
several MHz), made of a new gas tracker based on multiple-thick GEM technology, a
new SiC-Csl telescope wall for particle identification, and a new array of scintillators,
called G-NUMEN [52], for y-ray measurement in coincidence with MAGNEX. In addition,
new electronics, based on the CAEN VX2740 digitizer, and radiation-tolerant isotopically
enriched thick targets, with substrates of highly oriented pyrolytic graphite (HOPG), are
foreseen [53-56]. A general description of the NUMEN new experimental apparatus, under
construction, can be found in [57].
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2.4. The NUMEN Particle Accelerator: The LNS Superconducting Cyclotron Upgrade

The experimental campaigns of NUMEN will mainly require beams of carbon, oxygen,
and neon with intensities up to 10'® pps. The energies required are in the 15-70 AMeV
range and the beam power in the 1-10 kW range. The ongoing upgrade of the INFN-LNS
facilities in the framework of the POTLNS project also includes new MAGNEX power
supplies in order to increase the maximum magnetic rigidity acceptance from 1.8 Tm to
2.2 Tm. In fact, the best compromise to overcome the current limit of 1.8 Tm is to maintain
the present configuration of the dipole magnet and to increase the current by enhancing
the dipole power supplies and, consequently, the water-cooling system.

A new beam extraction method based on a stripping foil will be used to address the
requirement to enhance the maximum CS accelerator beam power current. The usage of
the present electrostatic extraction method is not feasible due to its low efficiency.

Furthermore, due to the small transverse dimensions of the existing extraction channel
and the lack of thermal shields to dissipate the power of the beam from the halos of the
beam itself, the CS will be upgraded with a new extraction channel specifically designed
for stripping extraction [58-61]. To allow for stripping extraction, ions are accelerated with
a charge state q = (Z—2) + (Z—5) and then get fully stripped by crossing a stripper foil.
The use of a stripper foil, placed in a proper position near the maximum radius, allows the
beam trajectories to escape from the region of the cyclotron pole. All the ions of interest,
with mass < 40 a.m.u. and energy > 15 AMeV, are fully stripped with efficiency higher
than 99% [62]. Beam power losses inside the cyclotron are designed to be below 100-200 W,
which is a reasonable value as far as activation is concerned.

Beam dynamics is crucial for extraction by stripping because the axial and radial
envelopes have to be kept as small as possible along the entire extraction path, from the
stripper to the exit of the cyclotron, although the trajectories cross the hill boundaries at
different angles for each trajectory. The number of correction elements to be used along
the new extraction channel has to be minimized, and the extraction channel design has
to be done carefully. A detailed beam dynamics study [59-61] demonstrated that, with
the proper design of the stripper foil system [63], it is possible to make the trajectories of
the beams cross at the same exit point. Moreover, since extraction by stripping is a multi-
turn extraction, it is mandatory to consider in the simulations the value of energy spread
after the crossing of the stripping foil in order to evaluate correctly the radial beam size.
According to [64], and as confirmed by our dedicated simulations, the energy spread at the
exit point of the accelerator is expected to be below +0.3% [65] for all ions and energies. A
new exit beam transport line has been designed to match the new extraction channel to the
existing transport line at the magnet EXDPO1. This line is designed to compensate for the
chromaticity of the extraction path so as to produce an achromatic beam waist.

The new beam transport line of the LNS is shown in Figure 2. In particular, the beam
is handled by the fragment ion separator (FRAISE) line [66] before reaching the MAGNEX
room. FRAISE is designed for the production and separation of radioactive ion beams.
The beam strikes the production target, where about 10-15% of the power is dissipated,
while most of the beam is stopped in the vacuum chamber of the dipole FSDP01. The
FRAISE room allows working with primary beam power up to 3 kW, when the beam has
to be stopped there. For this reason, the FRAISE room is the appropriate place where to
tailor the beam characteristics to match the requirements of the NUMEN experiments. The
NUMEN experiments require a beam spot on the target with a horizontal size of 1 mm,
horizontal divergence of 8 mrad, and energy spread of 0.1% (all these values are FWHM).
These characteristics are still quite far from being met by the beam extracted from the
cyclotron. For these reasons, the beam structure must be reshaped in terms of dimensions
and divergences by cutting the beam halo in horizontal and vertical planes and, then, by
reducing the beam emittance.
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OISO,

Figure 2. New layout of the LNS. From the CS the beams reach the MAGNEX area through the
fragment ion separator (FRAISE) line. The experimental MAGNEX area has to be modified to host a
large beam dump.

The energy beam spread can also be reduced by using the dispersion properties
of the FRAISE beam line. The horizontal size can be strongly reduced at the designed
target position for the production of a radioactive beam of FRAISE. Here, the beam can
be strongly focused and the beam tail exceeding the dimension of 1 mm horizontally
and 1.6 mm vertically can be intercepted by an appropriately cooled collimator/slits.
Additional collimators will be installed just before the quadrupole FSQP03 and FSQP04 to
define the horizontal and vertical divergence, respectively. To mitigate the heating of these
collimators, their thickness is chosen to reduce the energy of the particles crossing through
them to 10-20% only. Indeed, the energy lost through the collimators allows the first
dipole FSDP01 of the FRAISE line to bend these particles on the inner side of its vacuum
chamber, designed to stop beam power up to 4 kW. To reduce the intrinsic energy spread
of the beams extracted by stripping from the expected value of 0.3% FWHM down to 0.1%
FWHM, two options are under investigation. The first option is based on the use of the high
dispersive properties of the FRAISE line at the symmetry plane (25 mm of radial dispersion
for an energy spread of 1%) and selection of the energy spread using collimators/slits.
Another, more elegant, solution is to use a well-shaped wedged degrader that, according
our preliminary simulations, could reduce the energy spread below the target value of
0.1%. This latter option is very appealing, and we are evaluating and simulating the effect
of the increase on the final size of and divergence in the horizontal plane. The final solution
adopted to minimize the beam losses and to meet the limits of beam power loss along
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the different areas of the beam transport line will likely consist in a combination of all
these methods.

Extraction by stripping of beams with power up to 10 kW needs an acceleration
chamber with a larger vertical gap inside the cyclotron in order to minimize the beam
losses and to have better vacuum conductance. In our project, the vertical gap in the pole
region will be increased from the current value of 24 mm to 30 mm. This will be achieved
by replacing the existing liners with new, thinner ones. The results of the beam dynamics
study also show that it is mandatory to have a new extraction channel in the cryostat of
the cyclotron with a different direction and larger clearance both in radial and vertical
directions with respect to the existing extraction channel. Therefore, the present cryostat
has to be replaced with a new one [67].

New technologies will be used to build the new superconducting coils that, using
smaller coils with a higher current density, achieve the same performance. In this way,
the cryostat design is simplified and the consumption of cryogenic liquids such as liquid
helium and liquid nitrogen is reduced. The smaller size of the new coils also allows
increasing the vertical gap in the extraction channel up to 60.5 mm versus the present value
of 30.5 mm. This wider clearance makes the insertion of the magnetic channels easier:
they are additional iron elements, placed outside the pole radius, that change locally the
magnetic field, help radial focusing, and slightly steer the beam when necessary [68-70].

The design of the new penetrations and subsystems was conceived to avoid mechan-
ical interference with the existing ones since the extraction of the other ions of the CS
operating scheme by the deflector will be maintained anyhow.

2.5. The New Beam Lines inside the MAGNEX Hall

The new beam line to transport the beam to the MAGNEX spectrometer has already
been designed, and it is shown in Figure 3. It consists of the existing quadrupole triplet, also
called the TEBE line, and of two new dipoles and three new quadrupoles, to be installed.
The two dipoles, MADP01 and MADP02, are equal and have a bending angle of 47.5°.
The characteristics of the last two quadrupoles were optimized to keep a distance of at
least 700 mm between the end of the last quadrupole and the target, while the quadrupole
between the two dipoles, MADP01 and MADP(2, is an existing one of the LNS.

BDDPO1

BDDP02. _#%¢

€nd of MAGNEX beam line NEW
+ M \I)I’UZV\Q LINE
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Figure 3. Layout of the new MAGNEX experimental area.

The beam envelope along the beam transport line from the FRAISE exit to the NUMEN
target is shown in Figure 4. The new beam line inside the MAGNEX experimental area
is shown in Figure 5. According to the requirements of the experiment, the beam spot on
the target has the following size: x = 1 mm and y = 2.5 mm FWHM. The divergences are
below the values of 8.5 mrad and 15 mrad FWHM in the horizontal and vertical directions,
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respectively. To achieve this goal, the geometrical emittances of the beam have to be
properly shaped along the FRAISE line and the energy spread has to be reduced to the
target value of 0.1% FWHM.
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i
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YBEAM vs. Length

8.5000 17.0000 25.5000
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Figure 4. Beam envelope (mm) as a function of the transport beam line length (m) from the end of the FRAISE line to the
NUMEN target.
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Figure 5. Beam envelope (mm) as a function of the transport beam line length (m) inside the MAGNEX area.

The diameters of the vacuum chamber of the three quadrupoles of the two dipoles of
the new beam line are quite large with respect to the beam envelope across each element. All
quadrupole magnets have a pole diameter of 70 mm, but MAQP01 has a pole diameter of
80 mm. Similarly, the vacuum gap of the two big dipoles is 66 mm. These constraints were
set in order to minimize the risk of beam losses through these elements and consequently
to minimize the background in the MAGNEX focal plane detector.

A key issue for the NUMEN experiments is to transport the beam coming from the
target up to a well-shielded beam dump. Moreover, MAGNEX will be operated in two
different positions, of +3° or —3° vs. the incident beam direction, so to allow for the
detection of the reaction products with magnetic rigidity lower or higher than that of
the incident beam, respectively. This means that two different beam lines are needed
to transport the beam from MAGNEX to the beam dump. To minimize the cost of the
two beam lines, the first half of these two lines was designed to have the same magnetic
elements with the same characteristics. Moreover, in order to leave enough room around
the detector of MAGNEX, we decided to move the first part of the exit line from the
left-side to the right-side exit (+3° or —3°), or vice versa, according to the experimental
configuration. Consequently, it will be necessary to dismount this beam line section, about
3 m long, consisting of two steerer magnets and two big quadrupoles, and to move it from
the left side to the right side of the new MAGNEX exit. All the other devices of the two exit
beam lines do not need to be moved.
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The production of high intensity beams also implies the development of control sys-
tems equipped with intelligent sensors of high sensitivity connected in real time, adequate
to trigger immediate intervention in case of failure of the beam transport systems. There-
fore, smart sensor networks and integration technologies will be developed and tested. To
speed up and optimize the transport of the beams, thus making it safer, new software will
also be continuously developed with the ability to learn and process the signals obtained
from the sensor networks that can then have applications in various other fields, such as
environmental monitoring.

2.6. The New Beam Dump

The new beam dump, to be placed in the MAGNEX experimental hall, has to handle a
power up to 10 kW and must have enough shielding to reduce significantly the background
in the MAGNEX focal plane detector due to the neutron and gamma radiation produced
by the interaction of the beam with the cooled target of the beam dump.

The beam dump is shielded by a concrete box with both lateral sides of 4.5 m and a
height of 4 m. The installation of such a massive beam dump in the MAGNEX experimental
room is not an easy task, and many solutions were investigated before the final choice,
presented in Figure 6. One of the main issues in selecting the position of the beam dump
inside the MAGNEX area is related to the feature of the NUMEN experiment to detect
particles that have magnetic rigidity lower or higher than that of the incident beam.
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Figure 6. The two figures show the different MAGNEX positions, on the left the —3° position and on the right the +3°

position with respect to the new MAGNEX beam line. In the main layout of the new MAGNEX experimental area, the wall

on the left side will be moved by about 4.5 m to allow the installation of the large beam dump. The MAGNEX spectrometer

will be rotated by 70° with respect to its actual 0° position to allow the transport of the beam coming from the spectrometer

to be transported to the beam dump. A new line is necessary to deliver the beam to the MAGNEX at the new position.

To meet this requirement, the incident beam has to leave the MAGNEX spectrometer
through two possible exit ways, one on the left of the focal plane detector (MAGNEX
rotated by +3° with respect to the incident beam) and another on the right (MAGNEX
rotated by —3° with respect to the incident beam); see Figure 6. The left exit or the right
exit is used in the case to detect particles that have magnetic rigidity lower or higher than
that of the incident beam, respectively.

To host this large beam dump, the MAGNEX room has to be enlarged by about 4 m
on the left side and the spectrometer has to be rotated by 70° with respect to its original
position. As a consequence, the installation of a new beam line at the entrance of the
spectrometer is also needed; see Figure 6.

3. NUMEN Strategy for Experiments with High-Intensity Beams

A careful data taking strategy is mandatory to avoid fast and unsustainable saturation
of the throughput and of the data storage volume. The first experimental configuration of
NUMEN runs will be devoted to the study of the double-charge exchange (DCE) ground-
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state-to-ground-state (g.s.-to-g.s.) transitions in conditions where the ground-state peak
can be well isolated by MAGNEX inclusive measurements. The beam current for this
mode will be the maximum one (~10'% pps). The MAGNEX focal plane detector (FPD)
acceptance will be reduced to 10% by exploring only the ground-state region. No gamma
array detector will be used. The expected data throughput will be about 60 MB/sec,
corresponding to ~5 TB/day. During a NUMEN run, other than DCE g.s. transition,
several other reaction channels (single-charge exchange, multi-nucleon transfer, elastic
and inelastic) are also measured and an extended energy spectrum of the DCE up to large
excitation energy is obtained. However, since all other reactions (other than DCE g.s.) are
characterized by much larger cross sections, it is not necessary to use a full-power beam.
In these studies, the MAGNEX FPD will work in full (100%) momentum acceptance and
coincidence with gamma array is typically not needed. The expected data throughput will
be about 6 MB/sec, corresponding to ~0.5 TB/day.

In many experimental conditions, the DCE g.s.-to-g.s. transition is not well isolated
by using MAGNEX alone and measurements of the y decay of the first excited states with
the G-NUMEN [52] array are needed. In these cases, the beam current should be kept at
~10'2 pps in order to limit the average reactions occurring at the target per beam bunch to
about 1, thus keeping the best observational limit for DCE g.s. The y spectra will be gated
in the energy region of interest. The MAGNEX FPD momentum acceptance will be reduced
to 10%, measured only in the g.s. region. Under these conditions, the data throughput
would be ~60 MB/s, corresponding to ~5 TB/day.

The typical experiment duration will be of the order of 30 days, producing data storage
of 140 TB, which is affordable. About 103 DCE g.s. coincidence events are expected after
proper analysis.

For all the isotope candidates for 0v3 3 decay, like 48Ca, 76Ge, 70Se, 82Ge, %7y, 100V,
106¢g, 110pg 116Cq 110g, 124G, 128 130T, 136X 130X 148N 150N, 1546, 160Gd, and
198pt, for the experiments in which y coincidence measurements are required, NUMEN
experimental campaigns at high beam intensities (some ppA) and integrated charge of
hundreds of mC up to C are foreseen. The experiments will be performed at different
incident energies in order to study the reaction mechanism and, in particular, to explore the
dependence on energy of the different spin-isospin components of the nucleon—nucleon
interaction and identify the Fermi, Gamow-Teller (GT), and tensor components in the
nuclear matrix elements.

4. Discussion

To achieve the ambitious scientific goals of NUMEN, a wide dataset of DCE data is
necessary, with systematic exploration of all the cases of interest for 0v[33 decay, including
data at different bombarding energies and with several isotopic targets. The DCE reaction
process needs to be described in detail to identify the relevant nuclear response from the
measured DCE cross sections, which is by itself an interesting research goal for nuclear
reaction theory. DCE NMEs can be inferred by measured cross sections under controlled
laboratory conditions and can be connected to NMEs relevant for 0v(33 decay [71]. The
analysis of the net of direct quasi-elastic reactions occurring in the projectile-target collision
can provide additional information on the nuclear response of 0v33 decay candidate
nuclei since they probe selected degrees of freedom of the nuclear structure [72,73]. DCE
cross sections can be studied within the same overall reaction coupling scheme. Differ-
ent reaction mechanisms potentially contribute; among these, the Majorana mechanism
is a very promising source of information on the actual nuclear response relevant for
0vp {3 decay [74]. Nuclear structure models combined with reaction theory and confronted
with measured observables will give rise to constrained theories to be adopted for the
determination of 0v(33 decay NMEs.

Given these considerations, it is mandatory to perform DCE experiments with much
higher beam intensities than currently possible, such as those available after the upgrade of
the LNS in the framework of the POTLNS project. Strategies for carrying out new NUMEN
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experiments with high-intensity beams have been developed to obtain the statistics and
the sensitivity necessary to meet the challenge of providing experimental constraints to
0vB 3 NMEs. The experiments will be performed at different incident energies in order to
study the reaction mechanism and, in particular, to explore the dependence on energy of
the different spin-isospin components of the nucleon—nucleon interaction and identify the
Fermi, GT, and tensor components in the nuclear matrix elements.
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