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Study of single-nucleon transfer reactions in the '*0+*Ti
collision at 275 MeV
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Abstract. The study of single-nucleon transfer reactions for the '80+*Ti
system was pursued at the energy of 275 MeV as part of a more system-
atic study which is undertaken within the NUMEN and NURE experimental
campaigns. The aim is to measure the complete set of available reaction net-
work which are characterized by the same initial and final-state wavefunctions
as the more suppressed double charge exchange reactions. Understanding the
degree of competition between successive nucleon transfer and double charge
exchange reactions is crucial for the description of the meson-exchange mech-
anism. In this respect, angular distribution measurements for one- and two-
nucleon transfer reactions for the '30+*3Ti system were carried out at the MAG-
NEX facility of INFN-LNS in Catania. An overview of the data analysis for the
BTi(180,"F)*Sc and “*Ti('30," 0)*Ti reactions will be presented.
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1 Introduction

The interest of the Physics community in the neutrinoless double beta (0v5f3) decay is kept
vivid through the years. An observation of such a rare decay would confirm the hypothesis
of Majorana that neutrinos are their own anti-particles and would allow us to determine the
absolute mass scale of the neutrino, providing the decay rate and the nuclear matrix elements
(NMEs). However, the NME:s for this process are a piece of the puzzle, since their calculation
relies on different nuclear structure models and is susceptible to large uncertainties. For this
purpose, high quality experimental data are necessary to provide the appropriate constraints
on the theoretical models.

The NUMEN (NUclear Matrix Elements for Neutrinoless double beta decay) project [1]
consists of a seminal experimental campaign undertaken at INFN-LNS which proposes a new
experimental approach to obtain data-driven information on the NMEs of the Ovg3 decay.
That is to use double charge exchange (DCE) reactions induced by heavy ions for a variety
of 0vBB decay candidate targets. In this context, the *Ti nucleus is of great interest since it
is the daughter nucleus of “Ca in the 38 decay process [2]. The choice of DCE reactions as
probes for studying the OvS8 decay stems from the fact that, despite some differences, the two
processes probe the same initial and final-state nuclear wavefunctions [1, 3]. Furthermore,
it was recently shown that the NMEs of these two processes can be directly linked, under
specific conditions [3, 4].

In general, the DCE mechanism consists of three possible reaction modes: The direct
meson-exchange DCE reaction [5-7], the double single charge exchange reaction (DSCE)
[8] and the multi-nucleon transfer reactions [9-15]. All these reaction pathways may in
principle populate the same final states, but only the first is directly connected to the 0v38
decay. However, since all three reaction modes are experimentally indistinguishable, it is
very important to quantify possible contributions from DSCE and/or multi-nucleon transfer
to the measured DCE cross-sections [15], which may be the key for accessing the information
of the NMEs of the Ovf3g decay [3, 7].

Taking into consideration all the above, in the present work which is part of the NURE
project [16], the '80+*Ti collision was studied by measuring in the same experiment the
complete set of the available reaction channels that may contribute to the **Ti—*Ca transi-
tion. The present contribution provides an overview of the analyses of the Ti('80,""F)*'Sc
one-proton and “*Ti('80,"70)*Ti one-neutron transfer reactions [17, 18]. The analyses of
other reaction channels are ongoing [19, 20].

2 Experimental details

The experiment was performed at the MAGNEX facility [21, 22] of INFN-LNS in Catania.
The 803" ion beam was delivered by the K800 Superconducting Cyclotron at the energy
of 275 MeV with an intensity of few enA and impinged on a TiO, target evaporated on a
thin 2’ Al foil. In this respect, supplementary measurements with a self-supporting >’ Al target
and a WO; target with an aluminium backing were carried out, under the same experimental
conditions, for estimating the background contributions originating from the reaction of the
1308+ beam with the aluminum backing and the oxygen component of the compound target.

The various reaction ejectiles were momentum analyzed by the MAGNEX large accep-
tance magnetic spectrometer [21, 22]. MAGNEX is a high-performance optical spectrometer
comprised of a large aperture quadrupole lens followed by a dipole bending magnet, capable
of detecting from very light [23] up to heavy ions [24] preserving a high energy, mass and
angular resolution. The optical axis of the spectrometer was set at §,,,= 9° with respect to
the beam axis, while its angular acceptance was delimited by four slits located ~250 mm
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downstream of the target position. Thus, the explored angular range included angles between
3¢ and 15 in the laboratory reference frame.

Having crossed the spectrometer, the ions were detected by the MAGNEX Focal Plane
Detector (FPD) [25], located ~200 cm downstream at the exit of the dipole bending magnet.
The FPD comprises a gas detector followed by a wall of 60 silicon detectors to measure the
ion residual energy (E,.). The use of this gas detector is twofold. It serves as a propor-
tional drift chamber for measuring the energy loss of the ions in the gas (AE), but also as a
position-sensitive detector for measuring the horizontal and vertical positions and angles of
the ion tracks. In this way, the reconstruction of the ejectile paths inside the spectrometer
may be performed. Furthermore, by using the information provided by the FPD, the particle
identification (PID) was performed following the prescription reported in Ref. [26]. As a
first step, using the well-known AE — E technique the different ions were discriminated based
on their atomic number. Subsequently, the different isotopes of the same ion family were
identified adopting a technique which is based on the correlation between kinetic energy and
the measured horizontal position of the ions at the focal plane. Examples of PID spectra for
single-proton and single-neutron transfer reactions are reported in Refs. [17, 19].
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Figure 1. Experimental data for the (left) one-proton and (right) one-neutron transfer reactions at 275
MeV. In panels (a) and (b) the decomposition of the excitation energy spectra for the one-proton and
one-neutron transfer reactions, respectively, is shown. Panels (c) and (d) illustrate the energy distri-
butions for the one-proton and one-neutron transfer reaction, respectively. In the latter, the legend
indicates the regions of interest for which angular distribution data were determined. Figures are taken
from Refs. [17, 18].
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3 Data reduction and results

After the PID was completed, a software trajectory reconstruction was applied to the data
in order to obtain the momentum vector of the ions at the target position [27]. In this pro-
cedure, having determined the phase space parameters (horizontal and vertical positions and
angles) at the focal plane of the spectrometer, the equation of motion for each of the identi-
fied particles was solved up to the 10" order using the COSY INFINITY code [28], the ion
path through the spectrometer was reconstructed and subsequently, the scattering parameters
of the ion at the target position were determined (e.g. kinetic energy, scattering angle). The
excitation-energy spectrum was determined as E,= Qy - O, where Qy is the ground state (g.s.)
to g.s. O-value and Q is the reaction Q-value calculated adopting the missing-mass method
[21] assuming two-body kinematics. The obtained excitation energy spectra are shown in the
panels (a) and (b) of Fig. 1 for the ®¥Ti('*0,'"?F)*’Sc and the ¥*Ti('*0,'70)*Ti reactions,
respectively. As it was already mentioned, a titanium oxide target with an aluminum backing
was used. Therefore, the measured spectrum was contaminated with events coming from the
interaction of the beam with the different target materials. However, having performed sup-
plementary measurements using a self-supporting aluminum target and an oxygen one, it was
possible to subtract the background yields and obtain the energy spectrum for the reactions
of interest. The background subtraction procedure for the single-proton and single-neutron
transfer reactions is visualized in Fig. 1 (a) and (b), respectively. After subtracting the back-
ground yields, by taking into account the integrated beam charge during the acquisition time,
the scattering centers of the titanium target, the solid angle and the efficiency of the spec-
trometer, absolute energy-differential cross-sections for both reactions were deduced and are
presented in the panels (c) and (d) of Fig. 1.

The energy resolution in similar measurements is ~500 keV FWHM [17]. In Refs.
[17, 18] a relevant discussion on the statistical and systematic uncertainties is given. This,
in conjunction with the high density of states of #’Sc nucleus in the ®*Ti('*0,"F)*’Sc re-
action, gives rise to an almost continuous energy distribution, while a sharp increase in the
magnitude of cross-section at E,~ 1.5 MeV is ascribed to the excitation of 19F to the (§+)1
state at 0.197 MeV, with *’Sc populating the (%+)1 and (%Jr)] states at 0.767 MeV and 1.391
MeV, respectively. To this extent, the experimental yields over a wide excitation energy
region, namely 0 < E, < 3.5 MeV, were integrated in steps of A6, = 0.5° to extract angle-
differential cross-sections which are shown in Fig. 2 (a). As regards the “®*Ti('80,'70)*Ti
reaction, its energy distribution manifests some pronounced structures corresponding to vari-
ous states of the ejectile and the recoil nuclei. Also, due to a slightly better energy resolution
for this reaction channel (~400 keV FWHM), the region of interest (ROI) 1 in Fig. 1 (d)
which corresponds to the g.s. to g.s. transition is well-separated from the rest of the observed
structures. On the same footing as before, the experimental yields for each ROI were inte-
grated over each angular slice to obtain angle-differential cross-sections. As a representative
case, the angular distribution data corresponding to ROI 3 are presented in Fig. 2 (b).

The measured cross-sections were analyzed within the distorted-waves and coupled-
channels Born approximation (DWBA and CCBA) frameworks using the FRESCO code
[29]. In both calculations, the optical potentials in the entrance and exit channels were de-
scribed in a double-folding approach adopting the Sao Paulo potential [30]. The validity of
the entrance channel potential was checked against elastic scattering data [20] which where
measured in the same experiment as the present single-nucleon transfer reactions. The spec-
troscopic amplitudes for the projectile and target overlaps were calculated with large-scale
shell-model calculations using the KSHELL code [31]. In more details, the calculation of
the spectroscopic amplitudes for the projectile overlaps, namely the (!°F | '80) and (70 |
130) ones, were performed adopting the p-sd-mod [32] interaction. Instead, for the target
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overlaps, namely the (*’Sc | **Ti) and (**Ti | *Ti) ones, the spectroscopic amplitudes were
derived using the SDPF-MU interaction [33]. In this context, theoretical calculations were
performed for the single-nucleon transfer reactions and are compared to the data in Fig. 2.
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Figure 2. Angular distribution data for the (a) one-proton and (b) one-neutron reactions at 275 MeV.
The experimental data, indicated by the black points, are compared to the results of DWBA and CCBA
calculations which are depicted with the colored curves. Figures are taken from Refs. [17, 18].

For the ¥Ti('80,"°F)*’Sc reaction, the experimental data are described adequately-well
by the theoretical calculations. The result of the CCBA calculation is similar to that obtained
with the DWBA approach suggesting that the involved states are characterized by a substan-
tial single-particle strength. Furthermore, the very good agreement between experimental
data and theory supports the validity of the adopted optical potentials for the description of
the elastic scattering in the entrance and exit channels and also confirms the shell-model de-
scription of the involved nuclei. As regards the BTi(180,170)*Ti reaction, it can be seen
that the theoretical prediction overestimates the experimental data by a factor of ~2. This
discrepancy is attributed to a large cross-section predicted for the (%_)3 state of the ¥ Ti nu-
cleus, associated to the larger value of the predicted spectroscopic amplitude compared to
(d,p) experiments [34]. This hypothesis is further corroborated by the results of a tentative
shell-model calculation adopting the KB3 interaction, where a smaller value of the spectro-
scopic 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. This result
points to some deficiency of the SDPF-MU interaction which seems to require a modification
of the single-neutron strength distribution for the (%7)3 state of “’Ti with respect to the KB3
interaction. A detailed description of the data interpretation can be found elsewhere [17, 18].

4 Summary

A multi-channel study of the '80+*Ti collision at 275 MeV was performed as part of the
NUMEN and NURE projects, aiming at measuring the complete set of the available direct
reactions. Angular distribution measurements for the reaction ejectiles were performed at
the MAGNEX facility of INFN-LNS. The present work summarizes the main findings from
the analyses of the one-proton and one-neutron transfer reactions. The experimental differ-
ential cross-sections were found to be in good agreement with the theoretical calculations.
Especially for the case of the **Ti('80,!”0)*Ti one-neutron transfer reaction, an appreciable
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sensitivity of the differential cross-sections on different nuclear structure models was found.
Such a result highlights transfer reactions as the best tool for identifying the most appropriate
nuclear structure model for the description of the many-body nuclear wavefunctions of the
interacting nuclei. Furthermore, 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 58 decay process.
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