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Abstract. Two-neutron and two-proton transfer reactions have been analyzed in the present
work. These kind of transfer reactions is an excellent tool to get insights into the short-range
correlations on nucleons in a nuclear state. The direct and sequential two-particle transfer
mechanisms, for which the valence particles can be transferred, were compared one with other
to probe the populated nuclear states. Large-scale shell model calculations were performed to
obtained the spectroscopic amplitudes for one and two valence particles.

1. Introduction

Two-nucleon transfer reactions are very good tools to investigate two-nucleon correlations in
nuclear states. In the last years, such reactions have extensively been studied by considering
the reactions such as (p,t)[1], (*°0,4C)[2, 3, 4], (20, 160) [5, 6, 7, 8, 9, 10, 11], (*°Ne, 80)[12]
and (180, ?“Ne) [13]. A complete treatment of the two-nucleon transfer reactions needs to
include explicitly the inelastic excitations and evaluate the contributions of the direct and
sequential mechanisms. So, a relevant nuclear structure information concerning the partners of
the collision is represented by the spectroscopic amplitudes, which can be derived from different
structure model such as, for instance, large-scale shell model calculation. In this way, the nuclear
structure and the dynamic of the reactions are combined to assess microscopically the role of
the simultaneous and sequential mechanisms in two-nucleon transfer reactions. Some of the
studied cases, the theoretical predictions showed that the simultaneous process is dominant over
the sequential one by populating the ground state in the final partition. In others cases the
collectivity of the populated state by the two transferred nucleons has favoured the sequential
mechanism over the direct process [9, 14].

In particular, reactions in which double charge exchange (DCE) take place, such as (?*°Ne,
200) and (180, 8Ne), have gained attention because they can provide information about the
inverse double-beta decay process [15, 16]. The NURE[17] and NUMEN][18] projects proposed a
comprehensive study of the experimental data and theoretical predictions concerning the nuclear
matrix elements associated to the exchange of two correlated isovector mesons, between projectile
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and target, in DCE reactions. This class of direct reactions might be used as surrogate to the
hypothetical neutrinoless double beta decay (Ov/3) phenomenon. On the other hand, once the
double charge exchange reaction can occur by nucleons or mesons exchange between projectile
and target, which are two completely different processes, it is important to know the relevance
of the multinucleon transfer mechanism in DCE reactions. The analysis of these reactions also
offer an opportunity to study and learn about the nuclear structure properties of the states
accessed by mean of two-particle transfer processes, as for instance in 16Cd(?°Ne, 180)!8Sn
and 11Cd(?Ne,?2Ne)!*Cd or in 4°Ca(!80,%'Ne)38 Ar reactions. Moreover, the good description
of the experimental data by the theoretical model can provide precise prediction about the cross
sections of the multinucleon transfer in DCE process (TDCE).

In the present work, we show some recent results for the cross sections corresponding to the
two-particle transfer in the *O0+%°Ca and 2°Ne+!16Cd collisions at, respectively, 270 MeV and
306 MeV incident energies. The relevance of the direct and sequential two-particle mechanisms
from which both transferred particles populate the final channels is discussed. Large-scale shell
model calculations are carried out to determine the spectroscopic amplitudes for one- and two-
particle concerning the projectile and target overlaps.

2. Results and discussion

In present analysis, we have evaluated two-particle transfer cross section for the ¥0+4°Ca and
20Ne+116Cd collisions. In particular, we have an interesting case for two-proton transfer in both
of these collisions. For the targets side, both transferred proton are removed from a closed shell
in 4°Ca nucleus or added to complete the shell in ''6Cd target.

2.1. Two-proton pickup transfer in the ¥ O+ Ca collision at 270 incident energy.
In nuclear collisions, two particles can be transferred from a simultaneous process or from a
sequential two step mechanism in which an intermediate partition is formed. In the direct
mechanism, the coupled reaction channel (CRC) method is used by considering the independent
coordinates scheme to determine the cross sections for the desired channels. The single particle
wave functions of each valence nucleon are constructed by Woods-Saxon potentials. The depths
of these potentials are varied to fit the experimental one-nucleon separation energies. Then
a transformation of coordinates is performed to convert the independent coordinates of both
valence nucleons into the center of mass coordinates of the two nucleons and the relative motion
coordinate. This methodology has extensively been used in Refs.[5, 8, 9, 12, 13, 14, 19, 20]. To
perform the transfer calculations the FRESCO code [21, 22] is used to solve the coupled reaction
Schrodinger equations. Conversely, the distorted wave Born approximation (DWBA) or coupled
channel Born Approximation (CCBA) methods is considered when both valence particles are
transferred sequentially. In these transfer calculations, the optical potentials are built with
the double folding Sao Paulo potential [23, 24] for which the imaginary part is assumed to
be equal to the real part multiplied by a factor strength so that W(R) = NV(R). With
V(R) = VPE(R) x ¢®?/¢* and N being the coefficient strength factor. In analysis of elastic
scattering cross sections for many systems, a coefficient N = 0.78 [23, 25, 26] has been able
to describe the experimental data in the one-channel calculations approach. Pereira et al. [27]
has shown that a reduced coefficient strength N = 0.60 should be used for the imaginary
part of the optical potential, since the couplings with relevant inelastic states are included
explicitly in the coupled equations scheme. Many systems have been analyzed by considering
this methodology in two-particle transfer reaction *0+12C[5],'80+13CJ[8], 180+160[6, 7, 28],
1804285i[9, 28], 180+54Ni[14, 28], 2°Ne+16Cd[12, 29], *Be+"Be[19], d+°°Mn[30], 180+*°Ca[31]
and O+*Ti[32].

The spectroscopic amplitudes for the one- and two-particle valence are determined with
structure shell model calculations by using the NUSHELLX [33] code. The ZBM effective
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interaction [34] was considered in the shell model Hamiltonian for the projectile overlaps. This
interaction was elaborated by considering a 2C nucleus as closed core and the 1p; /2, 1d5/9, and
2s1 /o as valence orbits for both neutrons and protons. For the target overlaps, a model space
represented by the 2s; /5, 1d3/9, 17/, and 2pgz/, valence orbits for protons and neutrons has
been assumed. The phenomenological shell model ZBMmod interaction was used, in which was
built from a modification of the Windenthal [35] and Kuo-Brown interactions [36, 37].

In Fig. 1, we first present the angular distributions obtained for two-proton transfer in the
40Ca(*®0,2°Ne)38Ar reaction at 270 MeV incident energy. The left panel corresponds to the
channel in which the ejectile and residual nuclei stand in their ground states. In the right panel,
the angular distribution corresponds to the experimental excitation energy with peak in 1.8
MeV (see Fig.1 in [13]). So, the experimental angular distribution contains the contribution of
two channels identify as 20Neg.s,+38Arg_168 or 20Ne1.634+38Arg,S_, once the experimental energy
resolution was 500 keV [13]. The coupling scheme and spectroscopic amplitudes for one- and two-
proton transfer used in the transfer calculations can be obtained in Ref. [13]. As one can observe
in this figure, the theoretical descriptions of the experimental data are quite well. Besides, in
right panel we can realize two interesting feature of the theoretical results. First, the sequential
mechanism for the two-particle transfer dominate over the direct one when the angle increase.
Second, the more relevant channel is that in which the ?°Ne nucleus is found in its 2+ excited
state. The high collectivity of this excited state favours the sequential mechanism to populated
it. This kind of behavior has also been observed in the two-neutron stripping transfer in the
180+4-28Si and '#0+-%4Ni collisions [9, 14]. The full black line represent the coherent sum between
the direct and sequential mechanisms, once both can be present during the reaction.
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Figure 1. (color online) Comparison between the theoretical and experimental two-proton
transfer angular distribution corresponding to: (left panel) the 2°Negs(07) 438 Args(07) channel;
(right panel) unresolved excited states concerning the second peak in Fig. 1 from Ref. [13]. In
both figures the contribution due to the simultaneous (IC) and sequential (Seq) transfer and the
coherent (Coh) sum of the two mechanisms are shown.

2.2. Two-proton stripping transfer in the 20 Ne+"16Cd collision at 306 incident energy.
Here, the same methodology used in previous subsection was employed to calculate the two-
proton and two-neutron transfer cross sections in the reaction '6Cd(*°Ne,'*0)!'¥Sn and
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H6Cd(29Ne,?2Ne) 14 Cd reactions, respectively. The spectroscopic amplitude for the projectile
overlaps were obtained by considering a larger model space in the structure shell model
calculation than that used in the previous subsection. So, the psdmod interactions was considered
in the shell model Hamiltonian for which the full p-sd model is considered. Despite this
difference, the spectroscopic amplitudes obtained for the projectile overlaps were similar to
those one obtained with the ZBM interaction (see Refs. [12, 13]). For the target overlap, the
spectroscopic amplitudes were calculated by considering two different proton model space. In
the first case, we considered the proton valence space as composed by the orbits 15/, 2p3/s,
2p1/2 and 1gg/p. In the second case, the orbits 2py /9, 1gg/2, 1g7/2 and 2d5/, were considered as
valence space for the protons. In this way, it was possible to probe the importance of the orbits
above the full closed shell pf-gg/2 by populating the eigenstates of the 189n residual nucleus in
the final partition. The neutron model space in both of the cases was the same. It was formed
by the 1g7/2, 2d5/2, 2d3/3, 381/ and 1hyy /o orbits. The correspondent effective interaction used
in the structure shell model calculations for the target overlaps were, respectively, the called
jj45pnal38] and 885745[39] interactions, which are based in CD-bonn[40, 41] nucleon-nucleon
interactions. The 1hy;/, was considered to be closed by limited computational capability. All
the spectroscopic amplitudes for both projectile and target overlaps can be obtained in the
supplemental material of Ref. [12].

Table 1. Comparison between the experimental and theoretical cross sections for the two-
neutron transfer reactions '6Cd(?°Ne,??Ne)'*Cd, integrated in 4.5° < § < 14.5°, and two-
proton transfer reaction '*°Cd(?°Ne,'®0)!18Sn, integrated in 4° < § < 14°.

Cross Sections (nb) for two-neutron transfer

SA (psdmod+jj45pna)

Final channel Exp.
1C Seq
2Neg.s.(0T)+110Cd,s.(07)  370+£190 209 427
2Ney.s.(07)+110Cdo558(27)  4204£190 314 636

Cross Sections (nb) for two-proton transfer
SA (psdmod+jj45pna) SA (psdmod+88Sr45)

Final channel Exp.
1C Seq 1C Seq
80,5 (07)+*8Sn, .. (0T) 40+15  30.9 52.1 39.5 88.5
180,.5.(07)+18Cdy 209(27)  1404+60  26.9 39.8 52.7 106.3

In Table 2.2, the results for the two-neutron and two-proton transfer cross sections are
presented. For the two-neutron transfer, from a pickup reaction, the theoretical cross sections
could describe quite well the experimental data. The spectroscopic amplitudes for the target
overlaps were obtained with the jj45pna interaction in the shell model calculation. Both of the
measured channel were quite well described. On the other hand, this not completely true for the
two-proton transfer from a stripping reaction by using the jj45pna spectroscopic amplitudes.
Only the integrated cross section for the Oy s (07)+118Sn, 4 (07) channel was well described.
As one can observe in this table, the cross section for the channel 180g_s_(O+)+1188n1_229(2+) is
underestimated by the calculations by a factor around 4. To verify the influence of the model
space used in the transfer CRC calculations, we performed the structure calculation to obtain
the spectroscopic amplitudes for the target overlaps by using the effective 88S5r45 interaction.
In this way, we can see the influence of the orbits 1g7/5 and 2ds /5 in the transfer mechanism. In
Table 2.2, one realize that the results for the 18093,(0+)+118Sn1,229(2+) channel was improved
in which the sequential two-proton transfer was able to describe the experimental cross section.
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This shows the relevance of the model space used in the dynamic of the transfer reaction, in
which the orbits 1g7/ and 2d5/, play a important role in the description of the cross section

populating the 1809,5,(0+)+118Sn1,229(2+) channel .

3. Conclusion

This work has presented cross sections for specific channels corresponding to the two-particle
transfer in the °Ca(**0,2°Ne)38Ar, 116Cd(?*°Ne,??Ne)!1*Cd and 6Cd(?*°Ne,'®0)!18Sn reactions.
The experiments were performed at the INFN-LNS laboratory in Catania in the framework of the
NUMEN project where the K800 Superconducting Cyclotron beam has accelerated the 184"
beam at 270 MeV incident energy in the '*O+°Ca collision, and 20Ne?" beam at 306 MeV
incident energy in the 2°Ne+!16Cd collision.

In both ¥0+4°Ca and 2°Ne+'1%Cd collisions, the complete study of the reaction mechanism
and nuclear structure issues has been performed. These heavy ions reactions provide an
interesting experimental tool to probe the nuclear matrix elements corresponding to the double-
charge exchange reactions[12, 13].

From the theoretical analysis, the direct and sequential two-particle transfer mechanisms
were evaluated considering finite-range coupled reaction channel (CRC) and coupled-channel
Born approximation (CCBA) methods, respectively. In the 40Ca(180,2°Ne)38Ar reaction, for
instance, the channel 2°Neg s (01)+0Cag s (07) was populated with similar strength by the
direct and sequential processes. On the other hand, the channels 20Neg.s,(0+)+38Ar2_168(2+)
and 20Ne1.634(2+)+38Arg_S.(O+) have been, preferably, populated through the sequential process.
This behaviour was also observed in two-proton transfer populating the first excited state of the
18Gn; 93(2%) in the 6Cd(?°Ne,®0)!18Sn reaction. Moreover, for the two-neutron transfer, in
the 116Cd(2ONe,22Ne)H40d reaction, the competition between direct and sequential mechanisms
by populating both channels #*Neg s (07)+14Cdg s (07) and 22Negs (07)+11Cdo 555(27) was
observed.

From the structure calculation side, the spectroscopic amplitudes for the projectile and target
overlaps were derived from the microscopic large-scale shell model calculations. In particular,
for the 19Cd(?°Ne,'80)118Sn reaction, two different model spaces for the valence protons were
taken into account in the effective shell model Hamiltonian to verify the influence of the proton
valence space in the dynamic of reaction.

All these results have an important application in the analysis of double charge exchange
reactions, once both the two-particle transfer reactions, studied in this paper, represent the
first step (direct two-particle process) or first two steps (sequential two-particle process) in
the peripheral multinucleon transfer reactions that might compete with the hypothetical direct
meson exchange mechanism in the 4°Ca('80,'®Ne)*?Ar and '6Cd(?°Ne,2°0)'16Sn reactions.

The satisfactory description of the experimental data indicate that the microscopic treatment
of the approach used in the current work could be safely used to predict the cross sections
concerning the multinucleon transfer process, for which the double charge exchange (DCE)
reaction is measured. This is a confirmation of the validity of the approach used for the two-
neutron and two-proton transfer reactions studied in this work.
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