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Abstract. The search for neutrino-less double beta decay has attracted much
interest in the last years due to the extraordinary consequences that could de-
rive from its observation. In the view to provide experimental information on
the nuclear matrix elements involved in the expression of neutrino-less double
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beta decay half-life, the NUMEN project is measuring cross-sections of dou-
ble charge exchange and other quasi-elastic nuclear reactions using the MAG-
NEX magnetic spectrometer. In particular, the newly proposed multichannel
approach, applied both to the experimental and theoretical analysis, will be dis-
cussed.

1 Introduction and motivation

Neutrino-less double-beta decay (0v3p) is considered the experimentum crucis to reveal the
Majorana nature of neutrinos and the lepton-number violation, being a link between the cur-
rent and next-generation physics beyond the standard model [1]. The role of nuclear matrix
elements (NMEs) in Qv research is crucial to design the next-generation experiments and
to access the neutrino effective mass, if the process will be actually observed [2]. Due to
that, the present spread in the results of about a factor of three for the NMEs calculated
among different nuclear structure theories need to be overcome [3]. In order to constraint the
NME:s values, experiments adopting a broad variety of nuclear probes have been performed
in the past decades [2]. Although interesting, all these measurements revealed to be still not
conclusive for the OvgB-decay NMEs.

Heavy-ion Double Charge Exchange (HI-DCE) studies have been recently proposed to
stimulate the same g.s. to g.s. transition occurring in the OvfBB-decay and to access the
nuclear response to the second order isospin operator, in analogy to the OvgS-decay second
order weak process. This analogy is the leitmotiv of the NUMEN (Nuclear Matrix Elements
for neutrino-less double-beta decay) and NURE projects [4—8]. Promising results regarding
the possibility to extract the DCE NME from the experimental cross-section measurements
have been achieved in the last few years [9]. DCE reactions are characterized by the transfer
of two units of charge, leaving the mass number unchanged, and can proceed by a sequential
nucleon-transfer mechanism or by exchange of two isovector mesons, in an uncorrelated or
correlated way. Despite OvBB decays and HI-DCE are mediated by different interactions,
they share a number of similarities. The key aspect is that initial and final nuclear states
are the same and the transition operators are made by a short-range isospin, spin-isospin and
rank-two tensor components with a relevant available momentum (100 MeV/c or so). In
addition, NUMEN aims at the exploration of all the relevant reaction channels populated in
the the projectile/target interaction, including the elastic and inelastic scattering, one and two
nucleon transfer, and single charge exchange (SCE) reactions.

The NUMEN project aims to study the (‘30,'®Ne) DCE reaction as a probe for the §*8*
transitions and the (*?Ne,?°0) and the ('>C,'”Be) DCE reactions for the 578~ one, to explore
the DCE mechanisms in both directions for all the 0v38 candidates [7, 9]. Since NMEs are
time invariant quantities, they are common to a DCE and to its inverse, so that the con-
textual measurements of both directions in the DCE are a useful way to test the capability
to properly extract the NME from the measured DCE cross-section. NUMEN is conceived
in a long-range time perspective, in the view of a comprehensive study of many candidate
systems for Ovf5 decay. Moreover, the project has promoted a renewal of the INFN-LNS re-
search infrastructure and a specific R&D activity on detectors, materials and instrumentation
[4]. The NUMEN experimental campaign, conducted so far at INFN-LNS using the K800
Superconducting Cyclotron and the MAGNEX large acceptance magnetic spectrometer [10],
have brought to first results giving encouraging indication on the capability of the proposed
technique to access relevant quantitative information.
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2 The DCE reaction mechanism and the multichannel approach

The hard task to extract the NMEs from the DCE cross-section measurements could be ac-
complished provided that the complete description of the DCE reaction mechanism is com-
pletely under control [9]. The description of the complete nuclear reaction mechanism of
DCE needs a formulation based on quantum-mechanical microscopic reaction theory which
accounts for the possible competition of different processes feeding the DCE channel. The
three main reaction mechanisms competing in the full DCE process are: the Majorana-DCE
(MDCE), the double-Single Charge-Exchange (DSCE) and the multi-nucleon transfer-DCE
(TDCE). The TDCE mechanism can be described within distorted wave Born approximation
(DWBA) or coupled channels methods. However, the practical implementation of a suffi-
ciently complete calculation has not been possible until very recent times [11], due to the
fact that at least fourth order nucleon transfer schemes are required. For DSCE, the the-
oretical framework formerly introduced for SCE by Lenske et al. [12], has been recently
extended to second order [13, 14]. In this process, the successive exchange of two uncorre-
lated charged mesons is taken into account. This formalism reveals a remarkable similarity of
DSCE with 2v38 decay, although a much richer multipole spectrum is accessed in HI-DCE.
A completely new reaction mechanism, named Majorana mechanism (MDCE), has been re-
cently introduced in Refs. [9, 15]. The MDCE mechanism relies on neutral mesons induced
nucleon-nucleon short range correlations. The included correlations bring to a single step
reaction mechanism and suggest an intriguing connection of this formalism with 0v3g.

As a typical feature of direct reactions, DCE cross sections critically depend on the ion-
ion initial and final state interaction and represent a minor component of the outgoing flux
in heavy-ion collisions [16]. In addition, the coupling between a specific reaction channel
and the elastic channel and other direct processes makes it necessary to study all of them in
a comprehensive approach. From the experimental side, all the different reaction cross sec-
tions should be measured under the same laboratory conditions. From the theory side, a high
consistency is required in order to simultaneously describe the different degrees of freedom,
selectively activated by the various direct reactions, in the same microscopic approach. A
clear advantage of the multichannel approach is the possibility to use a broad and correlated
ensemble of experimental data in the analyses, thus reducing the need of free parameters in
the adopted theoretical models. On the other hand, such a requirement demands for sophis-
ticated data analyses, where different reaction channels are studied in the same context. The
actual implementation of such a multichannel approach has been rarely used in the analyses
of data, mainly due to the complexity of the problem from both the experimental and the
theoretical side. For such reasons the NUMEN project proposed, and is actually adopting, a
multichannel approach, in which a wide network of reaction channels is under study. The net-
work includes the elastic and inelastic scattering [17-20], the one- and two-nucleon transfer
[21-27], the SCE [28-30] and DCE [10, 31] reaction channels.

In the next section, the method is applied to the study of the %0 + '2C system at 275 MeV
incident energy. Although they are not §3-decay candidates, the choice of such projectile and
target was driven by the available accurate information on the involved low-lying nuclear
states in this mass region from experimental results and large scale shell-model calculations,
making this system an ideal benchmark for the proposed multichannel constrained technique.
The newly proposed multichannel technique is supposed to be applied to the study of the
BB-decay candidates. The extraction of new experimental data and the theoretical analysis
relating to them are ongoing for the networks of nuclear reactions involving the 7°Ge « 7°Se
BB-decay partners. In particular, preliminary results will be discussed in the last section in the
case of the elastic and inelastic scattering, the SCE and the DCE nuclear reaction channels.
New preliminary SCE spectra will be presented for the first time.
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3 The ®0 + '2C test-benchmark nuclear reaction

The study of the 80 + '2C system at 275 MeV incident energy was chosen as an ideal bench-
mark to test the possibility to separate, using the multichannel technique, the nuclear reaction
from the nuclear structure features of the nuclei involved in the reaction. The experiment
was performed at INFN-LNS [32] where the 80O beam was accelerated up to 275 MeV by
the K800 Superconducting Cyclotron. The 60 + 3 ug/cm? and the 200 + 10 pg/cm? thick
MLC self-supporting targets were located in the object point of the MAGNEX magnetic spec-
trometer [33]. A Faraday cup and an electron suppressor were used to stop the beam and
collect the charge with a collection accuracy better than 10% in all the experimental runs.
The MAGNEX optical axis was oriented, compared to the beam direction, at ,,, = 7.5°, 8°
and 13.5°. The magnetic fields of the dipole and quadrupole magnets were set in order to
transport the '8F%*, PF%+, 1708+ and 08 ions corresponding to the ejectiles of the nuclear
reactions of interest in the region of momenta covered by the MAGNEX focal plane detector
(FPD) [34]. The study of the elastic and inelastic scattering was performed in a different
magnetic set since the magnetic rigidity of the 803" is too different with respect to the ones
of the other ions to be detected in the same magnetic set. The data reduction strategy in-
cludes the position calibration of the FPD, identification of the ejectiles and reconstruction
of the momentum vector at the target by inversion of the transport equations following the
guidelines presented in previous publications [35, 36].

The elastic and inelastic scattering, one-proton stripping, one-neutron pick-up and SCE
nuclear reaction excitation energy spectra were previously published in Refs. [37-39]. An
example from Ref. [39] is shown in Fig. 1. The excitation energy E, was calculated as
the difference Oy — Q where the Qy is the ground-to-ground state Q-value and Q is the Q-
value obtained by the missing-mass technique based on relativistic kinematic transformations.
The energy resolution (= 0.6 MeV) is slightly dependent on the reaction channel due to the
different energy straggling produced by the ejectile/target interaction. The achieved energy
resolution was enough to single out transitions to isolated or grouped states of the residual
nuclei. Absolute cross-section angular distributions were extracted for the several structures
clearly visible in the spectra. Theoretical analysis for the elastic and inelastic scattering, one-
proton stripping, one-neutron pick-up are published in Ref. [39] while the complete analysis
of the SCE reaction channel mechanism will be published in forthcoming publications.

4 Study of the "®Ge 0v55-decay candidate

The new multichannel experimental and theoretical approach was applied to a wide network
of nuclear reactions involving the "°Ge and "°Se 38 decay partners. Two experiments were
dedicated to this scope and many nuclear reaction channels were studied, including the 7°Ge
« 76Se transition populated in both directions through the ('*0,'®Ne) and the (*°Ne,?°0)
DCE reactions.

The 80 + 7Se and the *°Ne + 7®Ge collisions at 15.3 AMeV incident energy were
performed at the LNS-INFN using the '80%* and the ’Ne!%* beams accelerated by the K800
Superconducting Cyclotron. The beam ions impinged on the °Se and 7°Ge targets evaporated
on ™'C backing layers and located in the object point of the MAGNEX magnetic spectrometer
[33, 36, 40, 41], inside its scattering chamber. The ejectiles were momentum analysed in
different runs in which the optical axis of MAGNEX was oriented, compared to the beam
direction, at several 6,,, angles. During the "°Se('80,'*Ne)"*Ge and the 7°Ge(*’Ne,*°0)"Se
DCE reaction cross-section measurements, the MAGNEX spectrometer was placed at 6,,, =
+3° and -3°, respectively, including zero degree in the full acceptance mode (=~ 50 msr), and
the total covered angular range was 0° < 6y, < 9°. In these configurations, the beam enters
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Figure 1. Excitation energy spectra for the net of nuclear reactions involved in the multichannel study of
the SCE reactions coming from the 80 + !2C collision at 275 MeV incident energy. (a) '>C('*0,'80)'>C
elastic and inelastic scattering energy spectrum at 5° < 6, < 6°. Lines, obtained from best-fit proce-
dure, identify peaks corresponding to the superposition of the projectile and target states, as labeled in
the legend. (b) '>C('80,!70)'3C one-neutron stripping energy spectrum at 3.8° < 6;,, < 3.9°. Lines,
obtained from best-fit procedure, identify peaks corresponding to the superposition of the projectile and
target states, as labeled in the legend. (c) '>?C(**0,'°F)!'B one-proton pick-up energy spectrum at 4.4°
< O < 4.6°. The hatched areas indicate the regions of interest for the study of the angular distributions
as labeled in the legend. (d) '>C('*0,'8F)!?Be SCE energy spectrum at 8° < 6;,, < 10°. Figure from
Ref. [39].

in the spectrometer acceptance and the magnetic fields guide it to a place in the focal plane
region away from the detectors [42]. A Faraday cup of 0.8 cm entrance diameter and 3 cm
depth, mounted 15 cm downstream of the target, was used to stop the beam and collect the
charge during the non-zero degree measurements. An electron suppressor polarized at -200
V and a low noise charge integrator allowed to keep the charge collection accuracy better
than 10% in all the experimental runs.

The beam current was optimized at each optical angle configuration in order to reach
event rates tolerable by the focal plane detector (FPD) [34]. The magnetic fields of the dipole
and quadrupole magnets were set in order to transport the ions of interest in the region of
momenta covered by the FPD. The data reduction strategy includes the position calibration
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Table 1. Main parameters characterizing the experimental set-up of each explored reaction channel:
target, and carbon backing thicknesses, covered scattering angles [67%; ¢74*], MAGNEX central angle

6,1, magnetic rigidity Bp, quadrupole field BQ and MAGNEX solid angle acceptance are given.

target Cbacking  [g]in; grmax Oopr Bp BQ Q
(ug/em?)  (ug/em?) (deg) (deg) (Tm) (T (msr)
76Qa(18() 18())76 28 %g%
Se(0,80)"6Se 280+ 15  80+4  [3.0;18.5] i 1.1968  -0.6638 23%

6Se(180,18F)"5 As 280 + 15 80 +4 [3.0;14.0] 8.0 1.1495 -0.6220 13.6
58e(180,'8Ne)®Ge 280 + 15 80 +4 [0.0;9.0] 3.0 1.0086 -0.5482 104

8.0 49.2
6Ge(®Ne/Ne)SGe  390+20  56+3  [3.0;200] 5y 11397 -06805 359
160 492
190 4922

5Ge(*Ne,F)"®As 390 + 20 56 +3 [3.0;14.0] 8.0 1.2270  -0.6286 1.6
5Ge(*Ne,2°0)"%Se 390 + 20 56+3 [0.0;9.0] -3.0 13761 -0.8175 49.2

of the FPD, identification of the ejectiles and reconstruction of the momentum vector at the
target by inversion of the transport equations following the guidelines presented in previous
publications [35]. Target thicknesses, covered scattering angles, spectrometer optical angles
and explored solid angles are listed in Table 1 for each of the presented reaction channels.

The accurate set-up and the advanced data reduction have allowed to produce high reso-
lution energy spectra and angular distributions for all the analysed channels. The excitation
energy Ex was calculated as the difference Qg - Q where the Qg is the ground to ground state
Q-value and Q is the Q-value obtained by the missing mass technique based on relativistic
kinematic transformations. Ex measured spectra are shown in Figs. 1 of Refs. [18] and [20]
for the 80 + 76Se and 2°Ne + "5Ge elastic and inelastic scattering at 15.3 AMeV, respectively.
In these cases, the achieved energy resolution is about 0.5 MeV. Slightly better values are ob-
tained for the other reaction channels, depending on the different energy straggling produced
by the ejectile/target interaction.

The results of the study on the 768e(180, 180)7Se and 7°Ge(**Ne, 2°Ne)’°Ge elastic and
inelastic scattering were published in Refs. [18] and [20] and discussed during the confer-
ence. Preliminary results on the zero-degree 7°Se('80,'¥Ne)’*Ge and the *Ge(*’Ne,?°0)"°Se
DCE cross-sections measurements were also presented, although further theoretical investi-
gations are needed in order to master the difficult matter of extracting a nuclear matrix ele-
ment.

The preliminary 7°As spectra populated in the new (*0,'®F) and (*’Ne,?°F) heavy-ion
SCE reactions’ measurements are shown in Figure 2. The former is more structured than the
latter, due to a possible concentration of the SCE transition strength in a smaller number of
states. A similar comparison was carried out in the past using the (d,>He) and (*He,t) from
Refs. [43] and [44] spectra. In these cases, the authors concluded that while from the 7°Se
— 76 As side the GT strength is almost concentrated in few states, from the °Ge — 7°As one
the GT strength is much more fragmented. Our work is extending this result up to larger
transferred momenta, only accessible via heavy-ion induced SCE reactions. Absolute cross-
section angular distributions were extracted for the several structures clearly visible in the
spectra and, as previously mentioned, the theoretical analysis of these important results is
still ongoing and their publication process is in progress.
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Figure 2. Superposition of the 7®As excitation energy spectra obtained from the "°Se('#0, '8F)7°As
(black hatched) and "°Ge(**Ne, 2°F)"%As (red filled) single charge-exchange nuclear reactions at 15.3
AMeYV incident energy and 4° < 6,,, < 11.5°.
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