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___________________________________________________________________________ 

Abstract A global study of the 18O+48Ti collision at 275 MeV was carried out within the NUMEN 

and NURE experimental campaigns by measuring the complete net of nuclear reactions which may be 

involved in the 48Ti→48Ca double charge exchange transition. The relevant experiment was visualized at 

the INFN-LNS in Catania, where angular distribution measurements for a plethora of reaction channels 

were performed by means of the MAGNEX large acceptance magnetic spectrometer. The present work 

provides an overview of the analyses of the elastic scattering and one-neutron transfer reaction channels. 

Keywords Nuclear Reactions, Heavy Ions, Elastic Scattering, Transfer Reactions, 

Magnetic Spectrometer 

___________________________________________________________________________ 

INTRODUCTION 

Over the past few years, studies for the neutrinoless double beta (0νββ) decay have come to the fore 

since to date it is considered the best probe of the neutrino nature [1–4]. Numerous large-scale 

experiments (e.g. [5-7]) participate in a worldwide marathon in prospect of observing such exotic yet 

elusive process using different nuclei candidates for ββ decay. Such a massive movement is completely 

justified considering that 0νββ decay is the portal towards the equivalence of neutrino and antineutrino 

and the neutrino absolute mass scale, provided the experimental half-lifes and the nuclear matrix 

elements (NMEs) [8,9]. However, our knowledge on the NMEs relies on nuclear structure calculations 

for determining the nuclear many-body wavefunctions and to date, the values of NMEs are susceptible 
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to large uncertainties leading to vague conclusions on the neutrinos absolute mass scale. On this ground, 

high quality experimental data to provide the appropriate constraints on the nuclear structure models 

are highly desirable.  

The NUMEN (NUclear Matrix Elements for Neutrinoless double β decay) project [10] consists of 

a pioneer experimental campaign carried out at Istituto Nazionale di Fisica Nucleare – Laboratori 

Nazionali del Sud (INFN-LNS) which proposes a new approach on accessing data-driven information 

on the NMEs of the 0νββ decay. That is to use double charge exchange (DCE) reactions induced by 

heavy ions for various 0νββ decay candidate targets. In this context, the 48Ti nucleus is of great interest 

since it is the daughter nucleus of 48Ca in the ββ decay process [11]. The basic point for choosing DCE 

reactions as probes for studying the 0νββ decay stems from the fact that, despite some differences, the 

two processes probe the same initial and final-state nuclear wavefunctions [3,10]. Additionally, it has 

been demonstrated that the NMEs of DCE reactions and those of 0νββ decay can be directly linked, 

under specific conditions [3,12]. However, in order to obtain meaningful information on the NMEs of 

the DCE reactions, a detailed description of the complete DCE mechanism is essential. 

The DCE mechanism consists of three possible reaction modes: The direct meson-exchange DCE 

reaction [13,14], two consecutive single charge exchange reactions (DSCE) [15] and the multi-nucleon 

transfer reactions [16–22]. All these reaction pathways may in principle populate the same final states, 

but only the first is directly connected to the 0νββ decay. Therefore, it is very important to quantify 

possible contributions from DSCE and/or multi-nucleon transfer reactions to the measured DCE cross-

sections [23], which may be the key for accessing the information on the NMEs of the 0νββ decay [3,4].  

Considering all the above, in the present work which is part of the NURE (NUclear REactions for 

neutrinoless double β decay) project [24], the 18O+48Ti collision was studied at the energy of 275 MeV 

by measuring in the same experiment elastic and inelastic scattering together with the complete set of 

the available reaction channels that may contribute to the 48Ti→48Ca transition. The present contribution 

summarizes the main findings from the analyses of the elastic scattering and 48Ti(18O,17O)49Ti one-

neutron transfer reaction [25,26]. The analyses of other reaction channels are ongoing [27]. 

EXPERIMENTAL DETAILS 

The experiment was carried out at the MAGNEX facility [28] of INFN-LNS in Catania. For the 

needs of the present study, a 18O8+ ion beam was accelerated at the energy of 275 MeV by the K800 

Superconducting Cyclotron and after passing through some series of optical elements it was transported 

into the scattering chamber and impinged on a TiO2 target with a thin 27Al backing. Auxiliary 

measurements using a 27Al target and a WO3 one with an aluminum backing were also repeated for 

subtracting the underlying background in the spectra obtained with the TiO2+
27Al target. 

The different reaction products were momentum analyzed by the MAGNEX large acceptance 

magnetic spectrometer [28]. MAGNEX is a high-performance optical spectrometer composed of a 

large-aperture quadrupole lens followed by a dipole bending magnet, facilitating the detection of 

charged particles in a wide range of momentum and angles. In the present setup, the optical axis of the 

spectrometer was set at θopt= 9o with respect to the beam axis, thus covering an angular range between 

3o and 15o in the laboratory reference frame. For the study of the elastic scattering, two additional 

angular settings were used allowing angular distribution measurements between 3o and 27o in the 

laboratory reference frame. 

The reaction ejectiles were detected by the MAGNEX Focal Plane Detector (FPD) [29], located 

∼200 cm downstream the exit of the dipole bending magnet. The FPD is composed of two parts namely, 

a gas detector and a wall of 60 silicon detectors located ~15 mm downstream the gas sector. The use of 

the gas detector is twofold. It serves as a proportional counter providing the energy loss signal (∆Etot) 

of the ions inside the gas, and also as a mean to map the track of the ions inside the gas. The gas detector 
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is divided in six sections each one having at the top a proportional wire (DC) in which the ∆E signal is 

measured. Above the DC wires, a set of 6 segmented anode strips is located allowing the measurement 

of the horizontal position (Xfoc) and thus, the determination of the horizontal angle (θfoc) at the focal 

plane. Moreover, the electron drift time measurements inside the gas allow the determination of the 

vertical position (Yfoc) and angle (φfoc). In this way, the reconstruction of the ions trajectories inside the 

spectrometer can be performed. After crossing the gas sector, the path of the ions is intercepted by the 

wall of silicon detectors which are used for measuring the residual energy of the ions (Eresid.). By using 

the information provided by the silicon detectors in conjunction with the one provided by the gas 

tracker, the particle identification (PID) is performed following the prescription reported in Ref. [30]. 

In more details, the different ion species are discriminated among themselves by means of the ΔE-E 

technique, whereas the different isotopes of the same ion family are separated adopting a technique 

which is based on the correlation between the kinetic energy of the ions and the measured position along 

the dispersive direction (Xfoc). An example of PID spectra is shown in Fig. 1. 

 

Figure 1. a) Typical ∆Etot versus residual energy (Eresid.) correlation plot for a single silicon detector of the FPD. 

A graphical selection on the oxygen ions is illustrated with the solid black line. b) Horizontal position (Xfoc) versus 

Eresid. correlation plot after applying the graphical selection on oxygen ions which is depicted in the left panel. 

The different loci correspond to ions with different ratio m/q2. The 18O8+ and 17O8+ ions are indicated by the solid 

black and dashed green contours, respectively. 

DATA REDUCTION AND RESULTS 

Having identified the reaction channel of interest, a software trajectory reconstruction was applied 

to each data set to obtain the initial scattering parameters (θi, φi, yi, δ) at the target position from those 

measured at the reference frame of the FPD (Xfoc, θfoc, Yfoc, φfoc) [31]. A comprehensive description of 

the trajectory reconstruction for the data set of the one-neutron transfer reaction is given in Ref. [27]. 

The excitation energy (Ex) of the reactions under study was determined as: 

𝐸𝑥 =  𝑄0 − 𝑄, (1) 

where Q0 is the ground state (g.s.) to g.s. Q-value calculated from the mass imbalance at the entrance 

and exit channels and Q is the reaction Q-value calculated adopting the missing mass method [28]. The 

obtained excitation energy spectra are shown in the panels (a) and (b) of Fig. 2 for the 48Ti(18O,18O)48Ti 

and the 48Ti(18O,17O)49Ti reactions, respectively. Considering the achieved energy resolution which was 

about ∼500 keV FWHM, from an inspection in Fig. 2a it is seen that the elastic scattering peak is well-

separated from other inelastic transitions, while for the case of the one-neutron transfer reaction the g.s. 

to g.s. transition (labelled as ROI 1) is well-resolved from the rest of the observed structures. In the 
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latter case, beyond the excitation energy of 1 MeV the level density of 49Ti is appreciably high and 

therefore, the rest of the observed structures in the spectrum correspond to transitions to various 

unresolved excited states of 17O and 49Ti nuclei. Having in our possession the energy profile for each 

reaction, the experimental yields were integrated at each angular range and by taking into account the 

integrated beam charge during the measurement, the scattering centers of the titanium target, the solid 

angle and the efficiency of the spectrometer, absolute angle-differential cross-sections were deduced. 

As representative cases, the angular distribution data corresponding to the elastic scattering and the ROI 

3 of the 48Ti(18O,17O)49Ti one-neutron transfer reaction are presented in the panels (a) and (b) of Fig. 3, 

respectively. 

The elastic scattering data were analysed within the Optical Model (OM) and Coupled Channels 

(CC) frameworks using the FRESCO code [32]. The real and imaginary parts of the optical potential 

were calculated in a double-folding approach adopting the São Paulo potential (SPP) [33]. In the OM  

 

 

Figure 2. Reconstructed excitation energy spectrum for the (a) elastic scattering and (b) one-neutron transfer 

reaction measured at the energy of 275 MeV. In the latter, the spectrum is the one obtained after the background 

subtraction procedure. Figures are taken from Refs. [25,26]. 

 

calculation, the normalization factors of the real and imaginary parts of the optical potential were fixed 

to NR= 1.0 and NI = 0.78, respectively. Based on systematic studies, it has been shown that the SPP is 

able to provide a reasonable description of the elastic scattering data for various systems [34-37] in 

absence of strong coupling effects. However, as it can be seen in Fig. 3a, the OM calculation fails to 

reproduce the magnitude of the cross-sections at large scattering angles, signalling that coupling effects 

become important with the increasing angle. To this extent, a CC calculation was also performed taking 

into account couplings between elastic scattering channel and the low-lying states of the projectile and 

target nuclei. To model the inelastic excitations the conventional rotational model was used. Moreover, 

the normalization factor of the imaginary part of the optical potential was reduced to 0.6 to avoid the 

double counting of the inelastic scattering cross-sections which are explicitly considered in the CC 

calculation. As it can be seen, the inclusion of couplings significantly improves the agreement between 

the predicted and the measured cross-sections signalling that the same coupled channels scheme should 

be adopted in the theoretical description of all other measured reaction channels in the 18O+48Ti 

collision. An extensive description of the data interpretation is provided in [25]. 

The 48Ti(18O,17O)49Ti reaction data were analysed using the distorted-waves and coupled-channels 

Born approximation (DWBA and CCBA) models. The adopted optical potential at the entrance channel 
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was the one deduced from the analysis of the elastic scattering data, while the exit channel and core-

core potentials were calculated adopting the SPP with the standard normalization factors. The 

spectroscopic amplitudes for the <17O|18O> and <49Ti|48Ti> overlaps were calculated with large-scale 

shell-model calculations using the KSHELL code [38]. In more details, the calculation of the 

spectroscopic amplitudes for the projectile overlaps was performed adopting the p-sd-mod interaction 

[39], while for the target overlaps adopting the SDPF-MU interaction [40]. The results of the theoretical 

calculations are compared to the experimental data in Fig. 3b. The CCBA calculation yielded almost 

identical results to those obtained with the DWBA one suggesting that the involved states are 

characterized by a substantial single-particle strength. However, both calculations overestimate the 

magnitude of the experimental data by a factor of ∼2. This discrepancy is attributed to a large cross-

section predicted for the (5/2-)3 state of the 49Ti nucleus at 2.261 MeV, associated to the large value of 

the predicted spectroscopic amplitude compared to the experimental values [41]. This hypothesis is 

well borne-out by the results of a preliminary shell-model calculation adopting the KB3 interaction 

[42], where a smaller value of the spectroscopic amplitude for this state is predicted. Using the results 

of this new calculation, it can be seen that the agreement between data and theory is significantly 

improved. An extensive description of the data interpretation is provided in [26]. 

 

Figure 3. (a) Elastic scattering angular distribution data for the 18O+48Ti collision at 275 MeV. The experimental 

data, indicated by the black points, are compared to the results of an optical model (OM) and a coupled channels 

(CC) calculation which is illustrated with the dashed blue and dotted red line, respectively. (b) Angular 

distribution data for the 48Ti(18O,17O)49Ti reaction at 275 MeV. The experimental data, indicated by the black 

points, are compared to the results of DWBA and CCBA calculations which are illustrated with the colored curves. 

Figures are taken from Refs. [25,26]. 

CONCLUSIONS 

A global study of the 18O+48Ti collision at 275 MeV was pursued as part of the NUMEN and 

NURE experimental campaigns aiming at measuring the complete net of the available direct reactions. 

Angular distribution measurements for a plethora of reaction channels were performed by means of the 

MAGNEX large acceptance magnetic spectrometer at INFN-LNS. The present work highlights the 

recent results obtained from the analyses of the elastic scattering and one-neutron transfer reaction. The 

analysis of the elastic scattering data showed that couplings to the low-lying states of the projectile and 

target nuclei have important influence on the predicted elastic scattering cross-sections and therefore, 

should be explicitly taken into account in the theoretical interpretation of other direct reactions in the 
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18O+48Ti collision. On this ground, the same initial state interaction (optical potential+coupling scheme) 

was invoked for the theoretical interpretation of the 48Ti(18O,17O)49Ti one-neutron transfer reaction, 

where a substantial sensitivity of the differential cross-sections on different nuclear structure models 

was inferred. This result provides an important input to the analysis of the DCE reaction, underlining 

that special attention should be given to the choice of the nuclear structure model for an accurate 

description of the wavefunctions of the involved nuclei, with major consequences in the determination 

of the NMEs for the ββ decay process. 
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