Modeling Double Charge Exchange processes occurring in
Heavy lon Reactions

Jessica llaria Belloné-2, Maria Colonn&*, Danilo Gambacurtd andHorst Lenské
(NUMEN collaboration)

tUniversita degli studi di Catania, Dipartimento di FisicAgtronomia “E. Majorana”, via Santa Sofia
64, 95123 Catania CT, Italy.

2Laboratori Nazionali del Sud, INFN, 1-95123 Catania, Italy

SInstitut fir Theoretische Physik, Justus-Liebig-Univ&itsGiessen, D-35392 Giessen, Germany.

Abstract. Heavy ion induced double charge exchange reactions atedraa
an incoherent sequence of two reactions driven by the egehah charged
mesons (double single charge exchange, DSCE). The prosedsscribed
within a fully quantum mechanical distorted wave 2-stepothie(2nd order
DWBA). The DSCE reaction amplitudes are shown to be separiabd su-
perpositions of distortion factors, accounting for ifiead final state ion-ion
elastic interactions, and nuclear matrix elements (NMEgplicit expressions
of projectile and target NMEs are derived within the QRPAotlye Reduc-
tion schemes for the DSCE transition form factors are deedrianalizing their
momentum structure within the closure approximation. Faramalogies be-
tween the NMEs involved in DSCE reactions and in double betzags are
also pointed out. Results, obtained within this theorétiGcamework, are il-
lustrated for the reactioffCa (€0, ®Ne)*°Ar at 15.3 AMeV and compared to
the data measured at INFN-LNS by the NUMEN Collaborationrthrermore,
preliminary results for reactions involving heavier sys$e such ag®Se {20,
18Ne)'®Ge, are shown.

1 Introduction

Nuclear charge exchange transitions are processes atrdadtby the change of the nu-
clear charge by one or more units, while keeping the mass augtnstant. These tran-
sitions can be spontaneous or external-field-induced psese The former include weak
decays 8, B8 decays), while the latter comprise reactions induced byntingdear strong
interaction (charge-exchange reactions). The study ofeauncharge-changing transitions
allows to gain information useful for fierent fields of physics, from astrophysics to nu-
clear and particle physics. Nowadays, double charge-exeh¢@DCE) nuclear reactions, i.e.
a(N,2)+A(N,Z) - b(N+2,Z¥2)+B(N+2, Z+ 2) transitions, are attracting increasing inter-
est. Indeed, such reactions are used to probe spin andrisospponents of NN interaction
potential and to study exotic nuclear systems, such as trereutron system through the
double charge-exchange reactitte GHe, ae)4n [1]. In particular, the recent development
of high resolution experiments led to a renewed intereseswk ion induced DCE reactions
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(HIDCE), because this kind of reactions couldier the possibility to explore new collective
modes of nuclear matter (e.g. DIAS and the not yet observeti®® and to provide data-
driven information on @38 decay nuclear matrix elements. Concerning the latter {dpé&
NUMEN collaboration (LNS, Catania) studies HIDCE reacfavith the aim of constraining
the nuclear matrix elements (NMESs) involved in38 decay from measurements of HIDCE
cross sections [2]. The latter is a theorized weak decayackerized by the emission of two
charged leptons with no neutrino emissig¥{N, Z) — A(N = 2,Z ¥ 2) + 2¢e*; it is worth
noting that this decay is not allowed within the Standard Blad particle physics, because
it would imply total lepton number violatioAL = 2). Moreover, 038 decay would hap-
pen only if neutrinos have non-zero mass and are Majorariilear meaning that they are
their own anti-particle. The observation ofdB decay would allow to shed light on physics
beyond the Standard Model and also on the origin of mattérmatter asymmetry in the
Universe. An accurate estimate ofgB NMEs is of fundamental importance to get a reli-
able prediction of the decay half-life. Hitherto, the numes attempts made for evaluating
these NMEs, using several theoretical approaches, atuslgwvels of sophistication, led to
results still showing significant discrepancies [3]. Irsthéspect, HIDCE reactions turn out
to be an interesting tool to infer data-driven informationdmuble-beta decay NMEs. A first
step towards the feasibility of this kind of studies is reggmreted by the existence of a linear
correlation between the NMEs of DGT-DCE reactions angsdecay, proved by dierent
nuclear structure models [4, 5].

HIDCE nuclear reactions can be fed by two reaction mechanism

e a sequence of (correlated or uncorrelated) exchange ofjetianesons (direct or hard
processes);

¢ sequential multi-nucleon transfers feeding DCE (meawt-fielsoft processes)[6, 7].

The present work focuses on the former reaction mechanisnchvis the one allowing
to describe HIDCE reactions by means of the same spin-isasgisition operator involved
in double beta decays, thus allowing to recover analogitgdsn these processes.

Direct HIDCE reactions can be described as a sequence ofiaortelated SCE reac-
tions (each one induced by charged-meson exchange), i.a.tvag-step process (Double
Single Charge Exchange, DSCE). Correlations between theSBE reactions can also be
accounted for, thus leading to the description of &eative-one-step process (Majorana-
like reaction mechanism, MDCE) [8]. In these proceedingsfecus on the DSCE reaction
mechanism. In [9], it is proved that DSCE ang32 NMEs show similar structures, even
if the former is characterized by a considerable more coxmleltipole and spin structure.
Moreover, noting that both DSCE reactions ang®decay involve the same nuclear states
in the (df-shell) intermediate channel, a possible connection c#st also between these
processes.

A further step toward the extraction of data-driven infotima on double beta decay
NMEs, is given by the possibility to factorize the HIDCE csagection [9], allowing to dis-
entangle the information concerning projectile and tangedear structure from reaction dy-
namics. However, the formalism outlined in [9, 10] does nmowjile a connection among the
DSCE cross section and projectile and target DSCE NMEsyatga Hence, an extension
of the formalism is necessary in order to disentangle ptibgeand target nuclear structure
information. The formalism allowing to reach this goal isalissed below.

2 The s-channel formalism

The heavy ion DSCE cross section is treated within seconerddVBA. This theoretical
framework allows to express the DSCE transition matrix e@et{TME) as the convolution



of two SCE TMEs, and the Green functioB,, accounting for the (free) propagation of
the nuclear system generated by the first SCE reaction, eadgirshown in [9] (t-channel
representation). A proper rotation in angular momentunces@dlows to decouple projectile
and target angular momenta involved in the two-step trammsiis-channel representation)
[10].

After performing this unitary transformation and by prdgereating the nuclear states
populating the intermediate channel within the closureraximation, the DSCE TME can
be written as

Tlkonks) = Y, Y (D5 [ &ay [ e [FE@FS@,
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whereNys(n) is the DSCE distortion facto¥/st(q) is the Fourier transform of the NN inter-
action terms and thEgi(Y)(q) terms represent the Fourier transform of projectile (locase
apices) and target (upper case apices) one-body trandeiosities, embedding information
on the reduced matrix element of the SCE transition opegatdraccounting for first €1)
and second €2) SCE transition. The propagator is not shown in (1), begéugduces to a
constant term, owing to the closure approximation. Eg. ibyws projectile and target tran-
sition densities still entangled. Hence, in order to selpfyraccess these transition densities,
i.e. the DSCE NMEs of the two interacting nuclei, further apgmations are necessary. For
this purpose, after a simple change of integration vargafgle- q; + g, and¢ = g1 — q2), the
following two approximations are used:

e averagep approximation
~ 2n)3 in-
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where the above simple expression of target 2-body transitensity (2BTD) is obtained
averaging the product of the Fourier transforms of first amcbed step SCE one-body
transition densities (OBTDs) over the half~shell linear momentum transférthe same
expression is found for projectile 2BTDJ is a normalization factor with the dimesions of
a volume in momentum space, that allows to recover the daderension of the 2BTDs.

e collinear approximation
~ n BC) (A T\ Vi BC) M\ (cA) N
R = LRSI QF R, = LS QR Q) 3)

where only the contribution frog = 0, is considered for each of the two SCE OBTDs, i.e.
equal momenta transfers are assumed in the two SCE readtlerss f.y is a dimension-
less normalization factor used to scale results t@tee) value of the angular distribution
obtained in t-channel.

Within both approximations, the remaining integral ogein eq. (1), allows to get the
following quite simple expression of the DSCE NN interantpmtential

Vesr ) = (2n)° f oPr Vs, ()Vs,r (r)e"” @

In this way, both collinear and averageapproximations lead to the following single-step
like expression of the DSCE TME,

T(eke) = [ oA ONVELE (N, ) ©)



wherex = 1 for averagep approximation anck = 2 for collinear approximation. For a TME
expression like that of eq. (5) it is possible to get a fastxtiexpression for small momentum
transfer values [11], leading in turn to the following faited DSCE cross section expression

do ~ ka ~ ka ~

g =1<1 08T P PO (S PVEET (Ko Pl (a) (6)
where the distortion cdicient riz(kos) is defined by the relatioNys(n) = d(n —
Kag) Nap(Kap). EQ. (6) is a crucial step toward inferring data-driverommhation on DCE
NMEs.

3 Results

To assess the quality of the approximations discussed itiose2, s-channel results are
compared to calculations obtained within the t-channeleggntation (i.e. results obtained
within the formalism described in [9]). Here, the results foe test reactiori°Cal®0,
18Ne,s)*Ar,s are illustrated (fig. 1), together with preliminary resufts the reaction
6sef®0, 18Ne,s) °Geys (figs. 2 and 3), studied within the NUMEN collaboration.

Initial and final state interactions are properly accoufitetly means of Sdo Paulo optical
potentials [12] with parameters suitably tuned throughdtamdard analysis of elastic and
inelastic channel experimental angular distributions 1.

Fig. 1 illustrates that, for the test systéfACa+180, the averagg-approximation allows
to reproduce both the order of magnitude and tifigatition pattern at small scattering angles
of t-channel calculations, while the collinear approximaigives a better description of the
t-channel difraction pattern,without, however, reproducing the t-cte&mrder of magnitude
(feon < 1in the legends).
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Figure 1. Comparison between t-channel (light green line) and s+ublataverager and collinear
approximations) DWBA DSCE angular distributions for thaston4°Ca(0, 8Ne,s)*°Ar s at 15.3
AMeV. NUMEN data are also shown [2].

Fig.1 also shows the experimental angular distributiorasneed by the NUMEN collab-
oration [2]: for this test DCE reaction, (t-channel) DSCHcatations allow to recover the



order of magnitude and the trend of the data. Of course, teeraakliable comparison with
DCE data, it is necessary to coherently sum the contribdtimm all the possible reaction
mechanisms, i.e., the DSCE mechanism described here, tteBBaction mechanism and
the multi-nucleon transfer feeding DCE, even if the latseexpected to be negligible for the
nuclear systems studied [6, 7].
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Figure 2. "5Se two body radial transition densities as a function of step linear momentum transfer
g, for different intervals ofl,. Upper panel shows averagesalculations, while lower panel illustrates
results within the collinear approximation. These 2BTDsaraluated integrating up & = 50 MeV.

Similarly, for "®Sef80, ®Ne,s) "°Ge,s DSCE angular distributions, the collinear approxi-
mation result needs a huge scaling to reach the first maxinftine &-channel angular distri-
bution, while the average-approximation allows to reproduce t-channel order of miagia,
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Figure 3. Comparison among t-channel (light green line) and s-cHafaveragee approximation)
DWBA DSCE angular distributions for the reactifise®0, 1®Ne,s)"°Ges at 15.3 AMeV.

trend and diraction pattern at small scattering angleé(6°), with the caveat of not includ-
ing transitions of too high multipolarity in the intermetiachannel (see fig. 3).

The trend and diiraction pattern of s-channel calculations can be undeddtmaking at
the contributions of each total angular momentiinio the 2BTDs of projectile and target
nuclei, within the two approximations discussed above.. Rigllustrates 2BTDs for the
target nucleud®Se (°Se,s —"°Ge,s two-step transition); upper panel refers to average-
calculations and lower panel to the collinear approxinratidach of the two panels in fig. 2
contains three plots, illustrating the 2BTDs for the thresgible combinations of two-step
orbital angular momentum transfdr;,, SCE and two-step spin transfes;, S, and S,
respectively, contributing to the"G- 0* DCE transition studied.

Fig. 2 illustrates that the collinear approximation strigrgyppresses contributions from
multipolarities higher thad, = 1, atq = 0, andJ, = 3 for larger values of the two-step linear
momentum transfeq. Instead, within the averageapproximation high multipolarities are
less suppressed already for small linear momentum trawafees (significant contributions
come from high multipolarities, such ds = 4,5 already at| = 0). Similar results are ob-
tained for projectile 2BTDs and for the ligther target nuslig°Ca. In [9] it is proved that
t-channel results accounts for makecontributions than the collinear approximation. Hence,
on the one side, the strong suppression of high multipglariermediate channel transitions,
together with the small values d§,;, makes the collinear approximation less reliable than
averagep. On the other side, the full separation of projectile andaadegrees of freedom,
through the whole two-step process, leads to a smoothereasgpn of high multipolarity
contributions within the averageapproximation than within the t-channel representation.
Thus, the average-approximation can be considered more reliable if calcotetiare ex-
tended at most up to the sanig value leading to convergent results within the t-channel
representation.

Accounting for high multipolarity transitions within thetermediate reaction channel
has a big impact on the averagddSCE angular distribution: fig. 3 clearly illustrates that
considering multipolarities up td, = 4, the averagg-approximation nicely reproduces the
t-channel angular distribution, while adding higher mpdtarities, e.g. up td, = 9, leads



to results that do not recover the correct order of magniardethat, in the regiod > 6°,
present a bump and a shift of the minima towards highelues with respect to the t-channel
angular distribution.

To summarize, the averageapproximation leads to a reliable factorized expression of
the DSCE angular distribution, with the caveat of excludipgrious contributions from high
multipolarity nuclear states populated in the intermesiéitannel.

4 Outlooks and Conclusions

HIDCE reactions are described as two-step processes vgiiciond order DWBA. A proper
extension of the s-channel formalism illustrated in [10flopting the averagp-or the
collinear approximation, allows to get quite simple express of projectile and target 2BTDs
and two-step NN interaction potential. Both approximasiatiow to get an expression of
DSCE TME (and thus of DSCE cross section), where projectit target NMEs appear
separately. This interesting result represents a firsttst@prds the extraction of informa-
tion on double beta decay-like NMEs, once the contributivom all the possible reaction
mechanisms are coherently accounted for. In particularaterages approximation, within
the s-channel representation of the DSCE reaction, leadditile results, showing small
discrepancies, which are under control, with respect toptloe calculations, i.e. the ones
obtained within the t-channel representation.

However, further improvements of the present formalismimprogress. Moreover, it is
necessary to improve the nuclear structure inputs usedKdfauclear deformationfiects,
use of nuclear structure inputs better reproducing thdablai experimental nuclear energy
spectra, for instance). Furthermore, the use €fedént nuclear structure models (QRPA,
Shell Model, IBM, etc.) is envisaged and the coherent sumldha reaction mechanisms
feeding DCE (once available) should be performed. The sitarof the DSCE calculations
to 0t — J* DCE reactions, witll™ # 0%, is also a task in progress.
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