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Abstract. Heavy-ion one-nucleon transfer reactions are promising tools to investigate single-
particle configurations in nuclear states, with and without the excitation of the core degrees
of freedom. An accurate determination of the spectroscopic amplitudes of these configurations
is essential for the study of other direct reactions as well as beta-decays. In this context, the
763¢(*#0,'70)""Se one-neutron transfer reaction gives a quantitative access to the relevant single
particle orbitals and core polarization transitions built on “°Se. This is particularly relevant,
since it provides data-driven information to constrain nuclear structure models for the “6Se
nucleus.

The excitation energy spectrum and the differential cross section angular distributions of this
nucleon transfer reaction was measured at 275 MeV incident energy for the first time using the
MAGNEX large acceptance magnetic spectrometer. The data are compared with calculations
based on distorted wave Born approximation and coupled channel Born approximation adopting
spectroscopic amplitudes for the projectile and target overlaps derived by large-scale shell model
calculations and interacting boson-fermion model.

These reactions are studied in the frame of the NUMEN project. The NUMEN (NUclear Matrix
Elements for Neutrinoless double beta decay) project was conceived at the Istituto Nazionale di
Fisica Nucleare-Laboratori Nazionali del Sud (INFN-LNS) in Catania, Italy, aiming at accessing
information about the nuclear matrix elements (NME) of neutrinoless double beta decay (0v303)
through the study of the heavy-ion induced double charge exchange (DCE) reactions on various
0vBf decay candidate targets. Among these, the "5Se nucleus is under investigation since it is
the daughter nucleus of "®Ge in the OvSf decay process.

1. Introduction

The study of the one-neutron transfer reaction in *0 4 7Se collision at 275 MeV is part
of the NUMEN (NUclear Matrix Elements for Neutrinoless double beta decay) project |1} 2]
at Laboratori Nazionali del Sud of Istituto Nazionale di Fisica Nucleare in Catania (INFN-
LNS). NUMEN proposes an innovative experimental way for accessing information about nuclear
matrix elements entering in the expression of neutrinoless double beta decay (0v3/3) rate from the
double charge exchange reaction cross sections. These are nuclear processes presenting relevant
analogies with OvfS decay [3-5], in which two neutrons decay in two protons emitting two
electrons and no neutrinos. This process, if observed, will prove that neutrino and antineutrino
are the same particle, as Majorana asserted [6].

Studying

The ©Ge is one of the isotopes candidate for OvBS decay, having %Se as daughter
nucleus. Since the nuclear matrix elements corresponding to the "6Se—"6Ge and "®Ge—76Se
for transitions connecting the ground states are the same, studying these nuclear transitions is
relevant for NUMEN purposes. The most interesting channel is DCE, however, all the other
nuclear processes (elastic and inelastic scattering, single charge exchange, one- and two-nucleon
transfer) are important sources of information, essential to build a constrained analysis of the
nuclear states of interest for DCE and Ov33. The study of these reactions all together is made
in a multi-channel approach to provide a good description of the complete network of nuclear
reaction data both from the reaction and the structure calculation sides and in a full consistent
way [7].

Recently, different nuclear structure and the reaction mechanisms have been successfully
investigated thanks to heavy-ion transfer reactions [8-14]. A systematic study on heavy-ion-
induced one- and two-neutron transfer reactions on different target nuclei was pursued at INFN-
LNS by the (180, 170) and (80, '°0) reactions at incident energies ranging from 84 to 275
MeV [8-12,/15H18]. MAGNEX large acceptance magnetic spectrometer [19-21] was used to
detect the ejectiles.

Studying multi-nucleon transfer reaction channels is relevant for two reasons. Firstly, multi-
nucleon transfer reactions are concurrent to double charge exchange ones. However, their
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contribution to DCE cross section has been recently proved to be negligible for specific systems
[22]. Secondly, nucleon transfer reactions are essential tools to investigate specific features of
the nuclear structure.

In this context, the "6Se(*®0,170)7"Se reaction, presented for the first time in Ref. [23],
tests the sensitivity of the one-nucleon transfer experimental cross section to different nuclear
structure models. In addition, in order to constrain nuclear structure models for "Se data-
driven information are provided. In fact, relevant single particle orbitals and core polarization
configurations built on “6Se are quantitatively accessible by a complete theoretical study of this
reaction.

2. Experiment and data reduction
The experiment was carried out at INFN-LNS in Catania. The Superconducting Cyclotron
provided a 80%F beam with 275 MeV incident energy. Then, it was sent to the MAGNEX
scattering chamber where it impinged the "Se target. This was produced by the INFN-LNS
chemical laboratory and consists in a thin film of "®Se evaporated on a natural carbon backing.
The beam was stopped by a copper Faraday cup, that measured the integrated electric charge.
The MAGNEX magnetic spectrometer [19] was used to analyze the reaction ejectiles and residual
nuclei. The optical axis was centered at 8°, allowing to cover the range of scattering angles
3° < O14p < 14° thanks to the MAGNEX large angular acceptance. The focal plane detector [24]
measured the vertical and horizontal positions and incident angles. The detected particle were
identified and their trajectories reconstructed through specific techniques [25-32]. The excitation
energy E, and the Q-value were extracted by missing mass calculations based on momentum
conservation and relativistic energy laws: E, = Qg - Q (where Qg is the ground-to-ground state
reaction Q-value).
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Taking into account the overall MAGNEX efficiency [31], the technique described in Ref. [30]
was used to extract the absolute cross sections. Fig. [I|shows the energy differential cross section
spectrum for one-neutron stripping reaction. The error bars included in the spectrum indicate
the statistical uncertainty, whereas, the one (~10%) originated from the target thickness and
the Faraday cup charge collection measurement is not indicated. The energy resolution is
(FWHM) ~310 keV and the angular resolution is 60,45 (FWHM) ~0.5°. Due to the high level
density of the residual nucleus, single transitions were not resolved. Therefore, three regions of
interest (ROI) are defined to extract the angular distributions corresponding to the superposition
of different transitions: -0.5 < E, < 0.4 MeV, 0.4 < E, < 0.9 MeV and 0.9 < E, < 1.6 MeV.
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The experimental angular distributions, displayed in Fig. [2] are characterized by a sudden
decrease for angles larger than 6., ~ 9°, corresponding to the grazing angle. The statistical
error as well as the uncertainties coming from the solid angle and the efficiency correction are
included in the error bars.

3. Theoretical analysis

The spectroscopic amplitudes for the projectile and target overlaps were calculated using to
different nuclear structure models: Large Scale Shell-model (SM) and Interacting Boson model
(IBM). Actually, the transfer matrix element and correspondingly the magnitude of the transfer
cross section is determined essentially by the overlap of single-particle wave functions - obtained
from a (self-consistent) mean-field calculation - with the initial and final nuclear states leading
to the transfer form factors. For the reaction modeling Distorted Wave Born Approximation
(DWBA) and Coupled Channel Born Approximation (CCBA) approaches are adopted.

3.1. Shell model calculations

The KSHELL [33] code was used to derive the spectroscopic amplitudes for both projectiles
and target within the shell model framework. The Zuker-Buck-McGrory (ZBM) effective
interaction [34], already successfully used in many previous studies [8-11,|13}/18], was adopted
for the projectile overlaps. The '2C is considered as a closed inert core and Op; /25 0d5 /2, and
1sy/3 as valence orbits for both protons and neutrons. The psdmod [35] interaction, where the
0d3/ orbit is also accounted for, was recently adopted in Refs. [12,17,36] and allow to get good
results also in this case.

For the target overlaps, the effective Hamiltonian was derived in the framework of many-
body perturbation theory from the CD-Bonn nucleon-nucleon potential [37]. This last was
renormalized using the Viow_x approach [38] with the addition of the Coulomb potential for
protons. In particular, the Q-box folded-diagram approach [39], including in the perturbative
expansion of the Q-box one and two-body diagrams up to the third order in the interaction,
allowed to calculate the two-body matrix elements. This effective Hamiltonian was already
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adopted in some recent studies [40,41]. Moreover, 56Ni is considered as closed inert core and the
model space for protons and neutrons is made up of four orbitals: 0f5/2, 1p3/2, 1p1/2 and Ogg a.
The single-neutron and single-proton energies were taken from the experimental energy spectra
of ®'Ni [42] and "Cu [42]. Since the energy of the proton for the Ogq /2 orbital is not available,
the neutron energy is adopted as well. The theoretical excitation energies of 170, 0, Se and
"Se states are reported in Ref. [23].

3.2. Interacting boson-fermion model
The interacting boson model (IBM-2) and neutron-proton interacting boson-fermion model
(IBFM-2) were adopted to derive the spectroscopic amplitudes for target overlaps between "®Se
and ""Se nuclei, respectively. These models were previously used in similar calculations [17,[18].
Even-even nuclei can be treated by IBM-2 replacing valence nucleon pairs with bosons having
angular momentum 0 or 2 [43]. In particular, the "Se nucleus was studied in Ref. [4,44], where
the model parameters are fitted to reproduce its energy levels [44], as reported in Ref. |23].
The IBM-2 formalism has been extended as IBFM-2 to study odd-A nuclei by coupling an
extra fermion to the boson system [45]. ""Se is built by coupling one neutron to the core "®Se.
The odd-fermion Hamiltonian [45,46], the quasi-particle energy and the occupation probabilities
of the odd particle are calculated in the Bardeen-Cooper-Schrieffer (BCS) approximation [47-51].
The required unperturbed neutron single-particle energies of the 77 Se isotope were estimated by
diagonalization of a Wood Saxon Potential. The same model space (0f5/2, 1p3/2, 1pi/2 and
0gg/2) of the shell-model calculations was adopted. More details can be found in Ref. [23].

3.3. Reaction calculations

Cross section calculations were performed using the FRESCO code [52,53| considering Distorted
Wave Born Approximation (DWBA) and Coupled Channel Born approximation (CCBA)
approaches.

The optical potentials for both the entrance and exit partitions were chosen according to the
elastic and inelastic scattering analysis of the O + 70Se collision at the same experimental
conditions [54]. To describe the real and imaginary parts of the optical potential, the double-
folding Sao Paulo potential was used. The same geometry and a different scaling factor are
adopted. For DWBA calculations the scaling factor is 0.78 for both initial and final partition.
For CCBA calculations, 0.6 is chosen as normalization coefficient to take into account all the
channels not explicitly included in the system of coupled equations. The assumed scaling factors
have been successfully used in the analyses of several scattering, charge exchange and transfer
experimental data [8-104|10-141|17-19,122}36,/54-62].

For both the initial and final partitions couplings between the states are considered. As
described in Ref. [54], the Coulomb and nuclear deformations for 80 and "®Se are obtained
from experimental data [63], but they are compatible with those obtained from shell-model
calculations. The signs of the reduced matrix elements M(E2), defined in Refs. [14}54,55], are
taken from shell-model calculations, according to the phase convention of the wave functions used
to determine the spectroscopic amplitudes. Regarding the final partition, experimental data are
often not available or not accurate. Therefore, the M(E2) and the corresponding deformation
lengths, for the transitions characterized by the largest cross section, were calculated by shell
model [23] to account for the couplings to inelastic states. Nevertheless, the effect on the
calculated cross sections of the final partition couplings is found to be much smaller than the
initial one.

The comparison between the theoretical and experimental angular distributions for the three
ROIs of Fig. is shown in Fig. The DWBA and CCBA calculations obtained using
shell-model spectroscopic amplitudes are plotted. The DWBA calculations obtained using
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spectroscopic amplitudes from the interacting boson-fermion model for the target and shell-
model for the projectile are also displayed. No arbitrary scaling factor is used in the calculations.

The slope of the curves is similar to the experimental data trend for DWBA and especially
for the CCBA calculations. We found that CCBA calculations result in a slightly different
diffraction pattern and a larger cross section respect to DWBA ones. In ROI 1 case, both DWBA
and CCBA calculations slightly overestimate the experimental data. The inclusion of inelastic
excitations of projectile and target improves the agreement between theory and experiment,
resulting in a very good accord for ROIs 2 and 3.

In order to probe the cross section sensitivity to different nuclear structure theoretical models
when the reaction mechanism is set, DWBA calculations using spectroscopic amplitudes from
shell model for the projectile and from IBFM for the target were performed. Calculations using
IBFM underestimate the experimental cross section in the ROI 1, whereas, they overestimate
in the ROIs 2 and 3. The results are different from the shell-model ones, reveling that NUMEN
experimental data are sensitive to different nuclear structure models.

Figure 3. (color online) Compar-
- ison between the theoretical and
] experimental cross section for one-
neutron transfer angular distribu-

o tion related to the contribution of
3 the unresolved excited states of the
g third ROI in Fig. The transi-
® L. E tions where the ejectile nucleus is
2 . ?&%Em;ﬁow N ] found in its first excited state and
CCBA - 0.175* MeV (924) N ) y the residual at 0.175 MeV (dashed
-- CCBA-0249* MeV (5/2-) N blue line) and at 0.249 MeV (dotted
\\:'. ] magenta line) are shown together
N with the sum of all the contribut-
e m 5 m ing transitions for CCBA calcula-

Ocm [ deg] tion (continuous red line).

Fig. [3] shows the angular distribution obtained integrating the third ROI of the differential
cross section spectrum (Fig. [l)) compared with CCBA calculations. In this region of the
spectrum, the contribution of various excited states of the residual nucleus is expected. Despite
the good experimental energy resolution, isolating the transitions which contribute more was not
feasible from the experimental data only. On the contrary, thanks to the theoretical calculations
it was possible to disentangle the strongest transitions. The strongest channels are the transitions
where the ejectile nucleus is found in its first excited state (17Ogg70(1/27) ) and the residual
at 0.175 MeV and at 0.249 MeV. Other transitions contribute with orders of magnitude lower
cross sections.

4. Conclusions

In this manuscript, the study of the one-neutron transfer reaction in *O + 7Se collision at
275 MeV is presented. The experiment was carried out at the INFN-LNS laboratory in Catania
in the context of the NUMEN project. Excitation energy spectra and differential cross section
angular distributions were extracted. Due to the high level density for the residual nucleus,
single transitions to 7’Se and 7O were not resolved.

A comparison between experimental cross sections and theoretical calculations based on DWBA
and CCBA approaches is performed. For the nuclear structure part, by shell-model and
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interacting boson-fermion model are used to derive the one-neutron spectroscopic amplitudes
for the projectile and target overlaps. The result is a remarkable agreement between theory and
experiment, without using any arbitrary scaling factor. This proves that the adopted models
for both the nuclear structure and the reaction mechanism account for the relevant processes
occurring in the nuclear reaction studied. In addition, we found that the inclusion of inelastic
excitations of projectile and target guarantees a better agreement. Moreover, thanks to the
theoretical calculations it was possible to estimate the strongest transitions which contribute to
the cross section of each ROI.

Calculations using IBFM underestimate the experimental cross section in the ROI 1, whereas,
they overestimate in the ROIs 2 and 3. This result probes that the experimental data are
sensitive to different nuclear structure models. This sensitivity is relevant for NUMEN purposes,
indeed, it allows to find the more appropriate nuclear structure models to describe the nuclei
involved in the DCE reactions. Therefore, the studies of heavy-ion multi-nucleon transfer
reactions allow to benchmark nuclear structure models adopted to study other processes such
as DCE reactions and even Ovf5 decay.
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