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Abstract. The study of the neutrinoless double beta decay (0vf3f) by heavy-ion
double charge exchange (HI-DCE) representsacrucial step toward understanding
the fundamental properties of neutrinos and the possible violation of lepton
number conservation. Among the candidate isotopes for this rare process, °Ge
plays a central role in current and next-generation experimental searches. In this
work, I investigated the nuclear structure aspects relevant to the Ovfdecay of
7°Ge through the analysis of the *’Ne+7°Ge reaction at E_ =275MeV. The reaction
dynamics were modeled using the coupled-channels code FRESCO using the
Distorted Wave Born Approximation (DWBA), which allows for a detailed
description of inelastic excitations and single-nucleon transfer processes thatare
sensitive to nuclear transition densities. Complementary large-scale shell-model
calculations were carried out with KSHELL to obtain spectroscopic amplitudes
and nuclear matrix elements for the relevant states. The theoretical results
were directly compared with experimental differential cross sections from the
NUMEN Collaboration, showing good overall agreement in both magnitude and
shape. This comparison validates the reliability of the adopted reaction and
structure models and provides important constraints on the nuclear structure
components that dominate the OvSf nuclear matrix elements.

Keywords: neutrinoless double beta decay (Ovff), Majorana neutrinos, rare
decay, nuclear matrix elements, heavy-ion reactions

Introduction

The search for neutrinoless double beta decay (OvBf3) represents one of the most significant
challenges in modern nuclear and particle physics, as its observation would provide unambiguous
evidence of lepton number violation and confirm the Majorana nature of neutrinos. Beyond its
fundamental implications for particle physics and cosmology, the OvBBdecay is a sensitive probe of the
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absolute neutrino mass scale. Several experimental collaborations, such as GERDA [1] and LEGEND [2],
have focused on candidate nuclei including 76Ge, owing to its favorable nuclear properties and well-
established experimental techniques.

The interpretation of experimental limits or potential future observations relies critically on the
theoretical evaluation of the nuclear matrix elements (NME), which connect the measurable decay
half-life to the effective neutrino mass. However, the NME cannot be directly measured, and current
theoretical predictions differ significantly depending on the adopted nuclear structure model. These
discrepancies highlight the necessity of constraining nuclear structure inputs through experimental
observables related to the same transition operators involved in the Ov(33decay.

In this context, heavy-ion double charge exchange (HI-DCE) reactions have been proposed as an
alternative tool to access nuclear transitions analogous to those driving the Ov33decay. Such reactions
involve similar initial and final states, and share the same spin-isospin operators, providing a possible
experimental constraint on the nuclear matrix elements. However, the extraction of meaningful NME-
related information from HI-DCE data requires a precise understanding of competing mechanisms, in
particular multi-step one-nucleon and two-nucleon transfer processes that may populate the same mass
partitions through sequential paths.

A systematic study of heavy-ion-induced one- and two-nucleon transfer reactions using 12C, 180,
and 20Ne beams on different target nuclei is being carried out within the NUMEN collaboration project
at the INFN-Laboratori Nazionali del Sud (LNS). The NUMEN program aims to investigate double charge
exchange and related reaction mechanisms at energies around 15-25 MeV per nucleon, employing the
MAGNEX large-acceptance spectrometer for the detection of reaction products with high resolution
and efficiency. These measurements provide crucial benchmarks for theoretical models describing the
dynamics of nucleon transfer and charge-exchange processes relevant to the Ovf33decay.

Within this framework, the 2°Ne+7°Ge system offers an ideal testing ground, as it connects the 76Ge
and 76Se nuclei involved in the OvBf decay through single and multinucleon exchange processes. The
study of one-proton stripping and one-neutron pickup reactions at E, , =275MeV allows us to test the
predictive power of both the nuclear structure and the reaction models. In this work, the reaction
dynamics are analyzed using the coupled-channels code FRESCO [3], which accounts for inelastic
excitations and transfer couplings. Spectroscopic amplitudes and nuclear matrix elements were obtained
from large-scale shell-model calculations performed with KSHELL [4], ensuring a consistent microscopic
description of the nuclear states involved.

The comparison between theoretical predictions and experimental differential cross sections
provides a stringent test of the adopted models and interactions. The results of this analysis represent a
key step toward improving the reliability of nuclear structure and reaction frameworks used to interpret
heavy-ion double charge exchange data and, ultimately, to constrain the nuclear matrix elements that
govern the neutrinoless double beta decay (0vf3[3).

This paper is organized as follows. Section II describes the experimental setup and the MAGNEX
large-acceptance spectrometer. Section III presents the methodology of the conducted study, while
Section IV shows the results of the elastic channel, the inelastic excitations channel of projectile and
target nuclei, the one-proton stripping and one-neutron pickup channels. Finally, Section V summarizes
the main conclusions and perspectives of this work.
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Experimental setup: MAGNEX spectrometer

The MAGNEX large-acceptance magnetic spectrometer, developed and operated at the INFN-
Laboratori Nazionali del Sud (LNS) in Catania (Italy), is a key instrument for the study of nuclear reactions
involving heavy ions at intermediate energies. The device is characterized by a solid-angle acceptance
of about 50 msr and a momentum acceptance of approximately -14.3% to +10.3%. Its optical system
consists of a large-aperture quadrupole and dipole magnet configuration, coupled to a high-resolution
focal plane detector (FPD) that enables the identification and tracking of the emitted ions.

A central feature of MAGNEX is its ability to perform precise ray reconstruction of particle trajectories.
The reconstruction technique is based on high-order differential algebraic methods implemented
through the COSY INFINITY code, allowing for the correction of higher-order aberrations up to the
10th order. This enables an accurate determination of the momentum vector and scattering angles of
detected ions, achieving a momentum resolution of about 1/1800 and an angular resolution of ~0.2°.
Furthermore, the spectrometer provides a mass resolution of approximately 1/160, obtained through
the simultaneous measurement of energy, momentum, and charge of the ejectiles.

The optical characteristics and large acceptance of MAGNEX make it a powerful and versatile tool for
nuclear reaction studies, including single- and multi-nucleon transfer, inelastic excitation, and double
charge exchange processes. Its high precision in angle and momentum reconstruction also allows the
extraction of absolute cross sections with an accuracy of a few percent, demonstrating its suitability for
detailed investigations of reaction mechanisms and nuclear structure observables. Further information
could be available in [5].

In the present experiment, a 20Ne beam with an energy of 306 MeV was produced by the super-
conducting cyclotron at INFN-LNS and directed onto a carbon target enriched with 76Ge. The 19F (one-
proton stripping) and 21Ne (one-neutron pickup) ejectiles were momentum analyzed by the MAGNEX
large acceptance magnetic spectrometer.

Methodology

The theoretical interpretation of the angular distributions for the 20Ne+76Ge reaction in the different
channels was carried out using the FRESCO code.

The optical model (OM) potential was determined through a parameter search performed with the
integrated SFRESCO code, using the experimental angular distribution data provided by the NUMEN
collaboration as a reference. The inelastic differential cross section was calculated within the DWBA
framework, assuming a pure rotational model to describe the excitation levels. To evaluate the
spectroscopic amplitudes required for the channel involving one-nucleon transfer, the KSHELL code was
employed in combination with the FRESCO reaction code to calculate the angular distribution of the
cross section.

Results

In the following section, the results of the theoretical angular distribution of the cross section are
presented for the different reaction channels.

¢ Elastic channel

The elastic channel can be described using a complex optical potential:
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UOPT(r) = V(T') + lW(T) (1)

V(1) is the real part of the potential, and W(r) is the imaginary part of the potential, described the

non-elastic contributions and results as an absorptive effect for the elastic cross section, reducing

the flux in the elastic channel. The real part V(r) of the OP is a central Woods-Saxon function in

which the radius R, the strength V; and the diffuseness are evaluated due to an SFRESCO code.
In the present work, the following parameters are adopted:

Table 1. Parameters of the Optical Potential
Vo(MeV) r(fim) a(fm) W y(Mev) ri(fm) a;(fm)

20.257 1.506 0.652 28.627 1.214 0.650

The results of the optical model (OM) calculations performed with this type of potential,

together with the experimental data presented in the 0 /0gyry representation, are shown in
Figure 1.
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Figure 1. Angular distribution of the elastic differential cross section in terms
of ratio with the Rutherford cross section. Blue dots are experimental data

¢ Inelastic channel
The angular distribution of the transition from the ground state of the target (0)to the
excited 27 state at 0.563 MeV was evaluated within the DWBA approximation. Assuming a pure
rotational model, the transition to the 27 state was treated as a quadrupole excitation.
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Using the KSHELL code, the reduced transition probability of 76Ge was calculated in
order to describe the Coulomb deformation of the nucleus, yielding the value B(E2; 0" - 2+)
=0.37 e*b%

The nuclear coupling potentials V5 (7)were treated in the first-order approximation,
following the formulation of G. Satchler [6], given by:

8p dU
Vio(r) =250 2)
where the deformation lengths &;, = B, R;are computed from the deformation parameters

p i»and the nuclear radii R; of each nucleus i. The results are shown in Figure 2.
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Figure 2. Angular distribution of the inelastic differential cross section in terms
of the ratio with the Rutherford cross section. Blue dots are experimental data

e Neutron pick-up

Particular attention was devoted to nucleon-transfer processes. In particular, the neutron
pick-up mechanism in the reaction "Ge(**Ne, ?'Ne)”Ge*was investigated. The theoretical
angular distribution of the cross section (shown in Fig. 3) was evaluated by assuming the
2Nenucleus in the state with angular momentum 5/2%at an excitation energy of 0.351 MeV.
For the residual nucleus 7°Ge, the first five excited states were considered.

The spectroscopic amplitudes required as input for the FRESCO code were calculated
using KSHELL, employing the w interaction for the projectile nucleus and jun45 for the target
nucleus. Moreover, in order to reduce the number of degrees of freedom and limit computational
effort, a particle—hole truncation was introduced, which significantly decreased the overall time
consumption of the simulation.
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Figure 3. Angular distribution of the 1N-Pick up differential cross section in terms
of ratio with the Rutherford cross section. Blue dots are experimental data

e Proton stripping

As a final analysis, the theoretical angular distribution of the cross section associated with
the proton stripping process in the reaction "Ge(**Ne, ""F)”’As was evaluated, and the
corresponding prediction is presented in Figure 4. As in the previous cases, the calculation was
performed within the DWBA framework, which provides the most suitable theoretical
description for single—nucleon transfer mechanisms at intermediate energies.

For the emitted nucleus 19F, the state with spin and parity 5/ 2% at an excitation energy of
0.197 MeV was considered, consistent with the nuclear configurations expected for a stripping
process. Regarding the residual nucleus "’As, the nuclear structure input was constructed by
including the first five excited states of the target *Ge, in order to obtain a more comprehensive
description of the accessible population channels in the reaction.

KSHELL spectroscopic amplitudes, required to characterize the structural contribution of
the various transfer channels and to provide input for the FRESCO code, were computed using
KSHELL, employing the appropriate interaction models for the nuclei involved.
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Figure 4. Angular distribution of the 1P-Stripping differential cross section in terms of
ratio with the Rutherford cross section. Blue dots are experimental data
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Discussion

In this work, I put under investigation the system **Ne+"°Ge at a beam energy of E;,;, =
306MeV for different reaction mechanisms. This reaction system is of particular interest within
the framework of the NUMEN project, which aims to constrain the nuclear matrix elements

relevant to neutrino-less double beta decay (OvS[) through the study of the corresponding
heavy-ion—induced double charge exchange reaction. Achieving this objective requires a
thorough understanding and accurate quantification of all multistep transfer processes connecting
the same initial and final mass partitions. The results reported here contribute to this broader
effort by providing essential experimental benchmarks and theoretical insights needed to improve
the reaction modelling and, ultimately, the reliability of the extracted nuclear matrix elements.

In the elastic channel, good agreement with experimental data is observed for small angles,
while at larger angles an oscillation of the theoretical angular distribution of the cross section
emerges. This behavior could be attributed to convergence problems in the FRESCO code,
probably related to the shape of the potential used. A possible solution could consist of a more
accurate fit of the experimental data.

In the inelastic channel, the angular distribution of the cross section correctly reproduces
the experimental data, but a more realistic description could be obtained by adopting a model-
independent approach for excitation, as an alternative to the pure rotor model.

Finally, for the one-nucleon transfer channels, an increase in the degrees of freedom in the
interaction model would allow more accurate spectroscopic amplitude values, thus improving the
overall agreement with the experimental data.

In conclusion, due to the quantum nature of the reaction mechanism, it is not possible to
experimentally isolate the cross sections associated with individual nuclear states. Instead, the
measured observables represent the coherent outcome of all contributing processes. For this
reason, a robust theoretical framework for nucleon-transfer reactions becomes essential, as it
enables the prediction of cross sections for intermediate steps that cannot be accessed
experimentally. Such theoretical guidance is crucial for completing the reaction picture and for
supporting the interpretation of the measured data, ultimately allowing for a more accurate
reconstruction of the reaction dynamics involved in the studied system.

Conclusion

In general, there was good agreement between the theoretical angular distributions of
the cross section in the different reaction channels and the experimental data, except in
the neutron pick-up channel. These results confirm the reliability of the model adopted
and allow indirect access to information on nuclear matrix elements, which cannot be
determined directly. Looking ahead, a significant development of this research could
consist of extending the calculation times and modelling complexity of the simulations
with KSHELL, to employ interactions with a greater number of degrees of freedom and
obtain more accurate and complete spectroscopic amplitudes.
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E_lab = 275MeV sHeprusagarsi 20Ne+76Ge peaknusara MIory

Anpgarna. Aybip uoHAapAblH eki 3apsj aamacysl (HI-DCE) agici apkpLibl 6eliTapan HEUTPUHOCHI3
Koc 6eTa bigbipaybiH (0vBf) 3epTTey HeUTpUHOMAPABIH Heri3ri KacueTTepiH TYCiHyTre »oHe JIENTOH
CaHbIHbIH, CaKTaJy 3aHbIHbIH OY3bL1y MYMKIHJIriH aHbIKTayFa O6aFbITTaJFaH MaHbI3Abl KaJaMm
GoJIbINl TaOBLIAABL. Bys cupek mpolecc yuliH KaHAWAAT U30TONTApAbIH, illiHAe 76Ge Kasipri »koHe
Keseci OyblHJaFbl 3KCIEpPUMEHTTIK i3JjeHicTepfe opTasblK peJs aTKapaZbl. Ocbl KyMbICTa MeEH
76Ge aapocbiHblH, OvBB blAbIpayblHa KATBICTBI SAPOJIBIK KYpbLIbIM acnekTisiepiH E_lab=275 MaB
aHepruscbiHarbl 20Ne+76Ge peaKUUsICbIH Tajjay apKblLibl 3epTTeAiM. Peakuusa auHaMHKachbl
Distorted Wave Born Approximation (DWBA) aaicin konganateid FRESCO kymieTisireH KaHasigap KoJibl
APKbLIbI MOJEJIbJIEH/Ti, 6YJI SAPOJIBIK 6Ty ThIFbI3JbIKTAPbIHA Ce3IMTaJl CEPMIMCI3 KO3/AbIPhLIYIap MeH
6ip HyKJIOH/Z bl TachbIMa/Jay MPOLECTEPIH erKel-TermKenai cunaTTayfa MyMKiHZik 6epefi. KocbiMina
ayKbIMibl KabbIKiia-mozeab ecenteysepi KSHELL 6GafmapJsiamaceiMeH Kyprisijin, Tuicti kydaep
YUIIH CIeKTPOCKONUAJIBIK aMIJINTYAAJap MeH sIpOJIbIK MaTpULa 3JleMeHTTepi a/IbIH/bl. TeOpUSJIbIK
HoTwkesep NUMEN BIHTBIMAaKTaCTBIFBIHBIH 3KCIEPUMEHTTIK JuddepeHIHaNAbIK KUMasTapbiMeH
TiKkeJiell caJIbICTBIPBLIbII, MaH/Ii A€ MillliHi KaFbIHAH /A »KaKCbl COMKeCTiK KepceTTi. By canbicThipy
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KOJIZIAHBLJIFAH peaKI[isd MeH KYpPbUIbIM MOJlebiepiHiH ceHiMainirin pacran, Ov3f sapo/biK MaTpula
3JIeMeHTTepiH 6aCbIM eTeTiH AAPOJIbIK KYPbIIBIM KOMIIOHEHTTEPiHE MaHbI3/bl IIEKTEY/Iep KOSAIbI.

Ty#iH ce3aep: 6eliTapan HEUTPUHO KaTbIcaTbIH Koc 6eTabiAbipay (0v[3[3), MaliopaHa HEUTPUHOIAPHI,
CHUPEK bIJbIpay, AAPOJIbIK MaTpHULiA 3JIEMEHTTEDPI, ayblp HOHABIK peaKLusaap

Jlopenno ®eaepuko lannanapao1*, Cykepac Bacuinc!?

Yuueepcumem Kamarnuu, Hmanaus
2INFN, KOscHble HayuoHaabHble aabopamopuu, Kamanus, Hmanus
(E-mail: lorenzo.pappalardo10@gmail.com, soukeras@!Ins.infn.it)

0630p peakuuu 20Ne+76Ge npu saHepruu E_lab = 275MeV

AHHoTanus. ccienoBaHue 6e3HeUTPUHHOTO IBOMHOrO0 6GeTa-pacnaja (0vf) cnoMonibio JBOHHOTO
obmeHa 3apgaaamu Tsokesblx MoHOB (HI-DCE) mpepcraBiisieT co60il BaXKHbIM IIar K MOHUMaHUIO
byHZjaMeHTa/IbHBIX CBOMCTB HEUTPUHO U BO3MOXKHOT'O HApyLIEHHUs COXpPAaHEHHUs JIENTOHHOTO YMCJIa.
CpeAy U30TONOB, MOAXOAAIIUX JAJil 3TOTO peAKoro mpouecca, 76Ge urpaeT LEeHTPAJbHYK pOJib B
3KCMepUMEHTAJbHBIX MOUCKAX TEKYLEr0 U CAeAyI0llero nokoeHus. B fjanHoil paboTe g uccaegoBal
acIleKThl lepHOH CTPYKTYPhl, UMellle oTHoleHHe K pacnagy (0vBp) 76Ge, nocpecTBOM aHa/IM3a
peaknuu 20Ne+76Ge npu E_lab=275 M»3B. /luHaMHKa peaklUd Oblja CMOJleJIMPOBaHa C MOMOIIbIO
koJia fresco ¢ ucnosibzoBanueM npubsmxkenusa Distorted Wave Born Approximation (DWBA), koTopoe
N03BOJISIET JETaJbHO ONUCAaTh Heynpyrue BO30YKJEeHUs U NpOLlecchl NepeHoca OJJHOTO HYKJIOHa,
YYBCTBUTEJIbHbIE K IIJIOTHOCTSM si/lepHBIX TePeX0/10B. JI0N0JTHUTE/IbHbIE KPYITHOMACIITAOHbIE PACYeThI
1o MoJiesii 060JI04KH ObLIX BblNOJIHEHBI ¢ ToMolbio KSHELL aJs monyyeHUs] CIEKTPOCKOMUYECKUX
AMIUIUTYA U s/lepHbIX MAaTPUYHBIX 3JIEMEHTOB JJIs COOTBETCTBYIOIIUX COCTOSAHUU. TeopeTuyeckue
pe3yabTaThl ObLIM HENOCPEACTBEHHO CONIOCTABJIEHDI C 3KCIIEPUMEHTAIbHBIMU AU depeHIIMalbHBIMU
cevyeHHUsIMH, I0Jy4eHHbIMU B paMKax koJsnabopanuu NUMEN, uTo nmokasaJsio xopoliee o61iee coracue
KaK [0 BeJUYUHe, TaKk U no ¢opMe. ITO CONOCTaBJEHUE TMOATBEPXK/AAET HAJ€XKHOCTb NMPUHATHIX
Mo/iesiel peaKIUH U CTPYKTYPhI U JaeT BaXKHbIe OTPaHUYE€HHS Ha KOMIIOHEHTHI IZIEPHOM CTPYKTYPHI,
KOTOpble JIOMUHUPYIOT B 3/1IeMeHTax siflepHoi MaTpulbl Ovf3p.

Kinio4deBble c10Ba: 6e3HENTPHUHHBIN JBOIHOM 6eTa-pacnazg (0vpB), HeiiTpuHO MaiopaHbl, pejKUit
pacmna/, 3JieMeHThI 1JlepHON MaTpUIlbl, PeaKIIUU TSXKeTbIX MOHOB
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