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In heavy-ion collisions at energies above the Coulomb barrier, the multiple nucleon transfer mechanism
feeding double charge exchange (DCE) reactions can compete with the meson-induced DCE process once,
in both cases, the same final partition is achieved. While the former is a mean field driven process, the
latter is generated by second-order isovector components of the nucleon-nucleon interaction. It is particularly
interesting to isolate the meson-induced DCE from measured cross sections since their matrix elements can be
linked to those controlling the expected double 8 decay rates. However, one needs first to isolate the meson-
induced DCE contribution, which in turn means that careful scrutiny of the DCE flux from the multinucleon
transfer is mandatory. This work presents theoretical results for all the multinucleon transfer routes feeding
the '"8Cd(**Ne, 2°0)'"°Sn reaction at 306 MeV incident energy. The calculated cross sections are obtained
considering the distorted wave Born approximation and coupled channel Born approximation, where the role
of the couplings with inelastic states in the initial partition is discussed. Moreover, the spectroscopic amplitudes
for the projectile and target overlaps are extracted by considering a large-scale shell-model calculation.
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I. INTRODUCTION

Nowadays, a great effort is being carried out in analyzing
double charge exchange (DCE) reactions both from the ex-
perimental and theoretical points of view [1-10]. The reason
is that the matrix element of this class of reactions may be
associated with those entering in the double-8 decay process.
The main objective of many of these studies has been to pro-
vide precise information about the nuclear matrix element of
the meson-induced correlated DCE transition [8], which has
typical features of the one corresponding to the hypothetical
neutrinoless double-8 decay (OvS ) phenomenon [1,3,8,9].

From the theoretical side, recent studies [8] have shown
that a particular class of diagrams, where two correlated
isovector mesons are exchanged by target and projectile in a
DCE reaction, is particularly interesting. This reaction mech-
anism, called the Majorana mechanism, requires a single-step
action of the initial (ISI) and final (FSI) state nucleus-nucleus
interaction. The form factor is based on the isotensor com-
ponent of the short-range nucleon-nucleon correlations, thus
probing a similar nuclear response as the high-momentum
neutrinoless double beta decay operators.

However, DCE reactions can also be promoted by low-
momentum nucleon-nucleon isovector interaction through the
exchange of two uncorrelated mesons. In this case, two direct
meson exchange single charge exchange processes (SCE) will
occur sequentially, thus requiring a two-step action of the ISI
and FSI. Also, the study of this DCE mechanism is promising,
but more in connection to two-neutrino double-S decay matrix
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elements [9,11]. Finally, the DCE reactions are also allowed
with the actual transfer of nucleons (two protons and two neu-
trons) between the target and projectile. These mechanisms
are of multistep character in the ISI and FSI. In this case, the
form factors are built on the nucleon-nucleus mean field. De-
spite multinucleon transfer DCE mechanisms are not directly
connected to neutrinoless double-8 decay studies, it is very
important to carefully study them for two main reasons. First,
as they contribute to the measured DCE cross sections, it is vi-
tal to know their weight and look for experimental conditions
where they can be minimized. Second, they provide additional
information on the nuclear states involved in double-g decays.
Namely, single-particle orbitals and nucleon-nucleon pairing
correlations can be explored for bound and resonant states,
also with the help of data accessible in the experiments.

In this framework, the nuclear matrix element for neutri-
noless double-8 decay (NUMEN) project [1,2] has recently
proposed to explore (180, '¥Ne), (*°Ne, 2°0), and ('2C, *Be)
DCE reactions for all targets of interest for double-8 decay
research. Also, the nuclear reaction for neutrinoless double
beta decay (NURE) project is moving along this line [7].
Both NUMEN and NURE are focusing on incident energies
in the range 10-60 MeV /u. Slightly different approaches are
being proposed in Japan, where the main focus is on the
search of double Gamow-Teller giant resonance by DCE and
the experiments are performed at higher incident energies
(>100 MeV /u) [6].

As stated before, whatever is the dominant DCE mecha-
nism, the ISI and FSI are key elements and should be known
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in detail. The use of double folding potentials, where the
densities of the projectile and target nuclei are folded with
the nucleon-nucleon interaction, was proven to be adequate
for this purpose. The most accurate results are achieved
when elastic scattering data are collected to directly compare
ISIT and FSI with experimental data [12-19]. The possible
measurement of inelastic scattering cross sections allows to
consistently extend the ISI and FSI to account for the excita-
tions of the colliding nuclei before or after the reaction [8,16].

When moving to nucleon transfer reactions, one should
also deal with nuclear structure inputs, expressed by the spec-
troscopic amplitudes, representing the overlaps of the nuclear
states with specific configurations, preferentially excited by
the reaction. For example, single-particle spectroscopic am-
plitudes are necessary to study one-nucleon transfer reactions.

One- and two-nucleon (or even multinucleon) transfer re-
actions have extensively been studied in the last few years
[20-31]. These peripheral reactions, which are highly se-
lective between the initial and final states populated by
the transferred nucleon (or nucleons), have shown to be
essential tools to probe the structure of nuclei. In particu-
lar, two-neutron transfer [13,14,32-44] and, more recently,
two-proton transfer [44—46] reactions were studied. The the-
oretical prescription used to determine angular distributions
and integrated cross sections provided a very good agreement
with the experimental data. This prescription, already well
tested in these works, will be used in the present work to
determine the multi-nucleon transfer cross sections.

These studies aimed to gather information about the
single- and two-particle characteristics of the states popu-
lated by the transferred particles and the relationship between
the transfer mechanisms (direct or sequential) involved
in the two-particle transfer reactions. Also, the collectivity of
the states populated by the two transferred particles was put in
evidence. The low-energy excited states with high collectivity
were preferably populated by sequential two-particle transfer
[15,30,31,39,45]. Besides, in the cases where also the elas-
tic scattering cross sections were measured, the used optical
potentials provided a very good description of both elastic
scattering and transfer angular distributions [12-19,28,29].
Thus our methodology including the use of double folding op-
tical potentials is able predict the transfer cross sections with
reasonable accuracy even when elastic scattering data are not
available. This is a critical condition for some of the systems
that will be analyzed in the NUMEN project.

Despite the fact that several studies have been performed
for nucleon transfer reactions, the contribution to specific
DCE transitions has not been explored so far in a quantitative
approach. In Ref. [2] it is stated that multinucleon transfer
driven by an initial step with a two-proton or two-neutron
transfer gives a negligible contribution to DCE for the case
of 180(40Ca, 40Ar) 8Ne reaction at 15 MeV /u. However, the
conclusion of Ref. [2] is based on a rather qualitative ar-
gument, and no calculations were performed. Other studies
of multinucleon transfer in heavy-ion collisions have been
reported with analyses based on semiclassical approaches and
focused on energy-integrated cross sections [47-50]. In such
other cases, no information about individual DCE transitions
is discussed.

Here, we present, a comprehensive theoretical
study of the multinucleon transfer mechanisms in the
116Cd(®**Ne, 2°0)''°Sn DCE reaction, at 306 MeV incident
energy, competing with the direct DCE process. We also
discuss the role played by the coupling with excited states of
the projectile and target nuclei in this reaction. In Ref. [44],
the importance of such couplings for the two-proton stripping
and two-neutron pickup reactions in the 2°Ne+ ''®Cd
collision at 306 MeV incident energy was reported.

The techniques adopted in Ref. [44] for the two-proton
and two-neutron transfer channels are extended here up to
the fourth order to describe the full net of transfer chan-
nels feeding the DCE cross section. In particular, large-scale
shell-model calculations are performed to obtain the one- and
two-nucleon spectroscopic amplitudes related to the projectile
and target overlaps considered in the present multinucleon
transfer reactions.

The transfer channels are treated perturbatively in the
Born approximation. The double folding Sdo Paulo potential
[51,52] is used in the real and imaginary parts of the optical
potential both for the ISI and FSI. No arbitrary scaling factor
is considered to make the theoretical results closest to the
experimental data when available, as usually done in the past
[53-56].

The calculations presented here are fully compatible with
those of Ref. [44] for the two-nucleon transfer channel and of
Ref. [19] for the elastic, inelastic, one-proton transfer, and sin-
gle charge exchange channels, since the same ingredients have
been used. Thus, the comparison with the data there shown
gives a confirmation of the reliability of our calculations to
the unknown double charge exchange cross sections.

This paper is organized as follows. The theoretical discus-
sions are presented in Sec. II and the conclusions are given in
Sec. III.

II. RESULTS AND DISCUSSION

Multinucleon transfer reaction cross sections in the
20Ne 4 116Cd collision at 306 MeV incident energy were
determined within the distorted wave (DWBA) and coupled
channels (CCBA) Born approximation approaches, using the
FRESCO code [57,58]. We mainly aim to analyze the relevance
of each transfer route in the ''°Cd(**Ne, 2°0)''Sn reaction,
which might compete with the direct double charge exchange
(DCE) reaction.

Some ingredients are necessary to perform these cal-
culations, such as optical potentials for the ISI and FSI,
spectroscopic amplitudes, reduced electric transition probabil-
ities, and deformation lengths to access the collective modes.

In all partitions considered in the present multinucleon
transfer calculation, the Sdo Paulo potential [51,52] was
considered as the real and imaginary parts of the optical
potential. The following normalization coefficients U (R) =
(1.0 4 0.78/)V;SPP(R) [59,60] were used when the couplings
with inelastic states into the partition were disregarded. Fol-
lowing the prescription of Refs. [13,32,36-39,41,61-63], the
normalization factor 0.6 is used in the imaginary part when
the couplings with relevant inelastic channels are explicitly
included in the system of coupled equations.
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FIG. 1. Scheme of possible transfer reactions that would reach
in the same final partition reached by the direct DCE process. Each
reaction mechanism is identified with one color.

The Sao Paulo potential is a local-equivalent double fold-
ing potential expressed as

ViET(R) = /P(l’l)V(R -1+ rz)p(r2)€74vz/°'2dr1dr2,
(D

that takes into account a nucleon-nucleon M3Y interaction
[64,65] represented by V(R —r; + ). In this expression,
the appearance of the e /7 term is related to the trans-
formation of nonlocal into a local-equivalent potential, where
v? = 2[E = Ve(R) = VP (R)] is the relative velocity of the
interaction ions and ¢ is the vacuum speed of light. Also,
Ve(R) is the Coulomb potential and p the reduced mass of
the system. Thus, the local-equivalent potential V;3¥F(R) is
connected to a folding potential Vr(R) = f p(r ) VIR —r| +
r;)p(r2)dridr;. In this context, it is also possible to consider
the exponential term in Eq. (1) as the absolute normalization
of the folding potential V;S'P(R) = Vi (R)e™*"/¢" [51,52,61].
In Ref. [66], the authors consider the nucleon-nucleon M3Y
interaction to study the proprieties of asymmetric nuclear
matter. This study considered realistic density dependence of
the original nucleon-nucleon M3Y interaction. However, in
the present work, this approach was not adopted.

The matter densities of the collision partner nuclei are de-
termined by using the two parameters Fermi Dirac distribution

£0

2

with radius Ry = (1.314'/3 — 0.81) fm and matter diffuseness
a = 0.56 fm. In addition, py can be determined from the nor-
malization condition for the matter density 47 f o(r)ridr =
A, where A is the mass number of the nucleus.

In Fig. 1, the different paths that lead to the same final
partition as the direct DCE reaction are shown. There are
many multinucleon transfer paths for the *°Ne 4 ''°Cd —

200+ '"%Sn transition to be considered in the calculations.
In principle, all those processes shown in Fig. 1 may coexist
during the reaction competing with each other. The transfer
amplitudes for each of them should be coherently summed
to obtain the angular distributions for the transitions to the
different states populated in the final partition. In the present
work, we are interested in performing multinucleon transfer
calculations for those paths, separately, that only involve the
transfer of nucleons. Therefore, the paths for which the trans-
fer of nucleons is preceded or followed by a single charge
exchange process will not be considered, although these pro-
cesses might also compete with the direct DCE reaction
[1,2,8,9].

The direct two-neutron or two-proton transfer reactions are
analyzed by considering the independent coordinate scheme,
where Woods-Saxon potentials generate the single-particle
wave function of each valence nucleon. A transformation
of coordinates is then performed to convert the independent
coordinates of both valence nucleons into the center of mass
coordinate of the two nucleons and the relative motion coor-
dinate. This methodology for the direct two-particle transfer
has extensively been used in Refs. [13,14,36-39,44,45].

Another possibility is that the two neutrons (or protons) are
transferred one by one passing through an intermediate parti-
tion. In this case, to achieve the final partition 2°0 +''Sn,
the transfer process would be performed by four steps and
would correspond to the nucleons exchange between projec-
tile and target nuclei, keeping their mass number unchanged.
Of course, a three-step DCE process is possible: two nucleons
are transferred together; the other two nucleons are transferred
sequentially. The geometric parameters of the Woods-Saxon
potentials, used to generate the single-particle wave functions,
corresponding to the bound states of each valence nucleon,
were r = 1.26 fm and a = 0.70 fm for the lighter nuclei,
and r = 1.20 fm and a = 0.60 fm for the heavier nuclei,
thus following a well-established parametrization [13,36—
38,41,44,45].

In Fig. 2, the coupling schemes for the
16Cd(*Ne, 2°0)!°Sn  reaction occurring by direct two-
proton stripping transfer followed by direct two-neutron
pickup process is shown. In Fig. 3, the direct two-neutron
pickup followed by the two-proton stripping is represented.
The figures of coupling schemes for the other routes were
omitted here to avoid overloading the paper. We prefer to
show the coupling scheme of these two reactions paths since
they have larger cross sections. Instead of coupling schemes,
we show a table (see Table I) for the excited states included in
all the partitions. All the possible couplings were considered.

The transfer matrix elements were determined using
the prior representation of the potential and considering
the nonorthogonality correction. The one- and two-particle
spectroscopic amplitudes for the projectile and target over-
laps were derived from shell-model calculations using the
NUSHELLX code [67].

The spectroscopic amplitudes for the projectile overlaps
were determined considering the phenomenological p-sd-mod
[68] interaction, which considers an alpha particle as a closed
core. Moreover, the orbits 1p3/, 1p12, 1ds)2, 251/2, and 1d3 >

014630-3



J. L. FERREIRA et al.

PHYSICAL REVIEW C 105, 014630 (2022)

4.456 (1)
3.920 (2

/ 3.634(0) \\.
AT 3555(@) NN\
1.634 (27) /// 1982 (29 Ny 1674 (29)

gs (01 | £ gs (01 gs (0
ZONe IBO 200

Projectile overlaps

2.497 (0%)
2489 (4 %
2408 (39

2.403 (29
2.328 (2)
2.280 (47)

Target overlaps

7/ 2.043 (2)
7 1758 (0) N

/ 1.230 (2°) \'1\

s 1.294 (24)

0.514 (2%)
gs (0) |
116Cd

gs (0%)

llésn

gs (07)
118G

FIG. 2. Coupling scheme considered in the direct two-proton
stripping transfer followed by the direct two-neutron pickup transfer
reactions.

were considered as model space for both proton and neutron
valence particles. This interaction has successfully described
the structural characteristic of the lowest states of the '®17-18¢
isotopes. We have used this interaction to obtain spectroscopic
amplitudes for the '3'%13C isotopes to study the two-neutron
transfer reaction in the '*0Q + '3C collision at 84 MeV incident
energy [38]. More recently, we have also achieved a good de-
scription of the experimental cross sections for the two-proton
and two-neutron transfer in the 2°Ne + ''°Cd collision [44] at
306 MeV incident energy.

The structure information for the medium-heavy target
(and residual) nuclei was obtained considering the effective
residual interaction jj45pna [69] in the shell-model Hamil-
tonian. The structure model space in which this interaction
was elaborated considers the valence orbits 1fs5,2, 2p3)2,
2p1/2, and 1g9/2 for pI‘OtOIlS and 1g7/2, 2d5/2, 2d3/2, 3S1/2,
and 1Ay, for neutrons. The proton-proton, neutron-neutron,
and proton-neutron components of this interaction were de-
rived from the charge-dependent Bonn potential (CD-Bonn)
[70,71]. Recently, we have used this effective interaction to
obtain the one-, and two-nucleon spectroscopic amplitudes for
the target overlaps involved in the !'°Cd(*’Ne, '#0) !'¥Sn and
1'6Cd(20Ne, 22Ne) 114Cd reactions [44], at 306 MeV incident
energy.

Although the one- and two-nucleon spectroscopic ampli-
tudes were not explicitly presented in this work, most of them
can be accessed in Refs. [44,45]. The others are obtained
from shell model calculations by using the effective inter-
actions mentioned above, which are standard interactions in
NUSHELLX code [67].
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FIG. 3. Coupling scheme considered in the direct two-neutron
pickup transfer followed by the direct two-proton stripping transfer
reactions.

In Fig. 4, we show the results for the angular distributions
for the transitions to the 200g,s.+ lmSng.s_ channel, corre-
sponding to each route illustrated in Fig. 1, and concerning the
couplings represented by the full black arrows in Figs. 2 and 3.
That is, considering some low-lying states in the intermediate
partitions of each possible path for which the transfer reaction
occurs. Figure 4(a) shows the angular distributions of pro-
cesses starting with one- or two-proton transfer. Conversely,
Fig. 4(b) contains the angular distributions in which the first
step is the one- or two-neutron transfer process. Notice that the
sequential two-proton (two-neutron) transfer is represented by
p-p (n-n), while the direct two-proton (two-neutron) transfer
is by 2p (2n).

The theoretical results shown in Fig. 4 indicate that, in
most cases, the processes initiated by one- or two-neutron
transfer have cross sections larger than those in which one
or two protons are initially transferred (especially at for-
ward angles). In Ref. [44], the experimental data show that
the stripping of two protons populating the lowest states in
the 2°Ne +!1°Cd — 80 + !'8Sn reaction is suppressed when
compared to the ?’Ne +!'Cd — ?*Ne 4 '*Cd two-neutron
pickup reaction. This might be associated with the kinematic
conditions for charged particle transfer that can preferably
populate higher excited states in the ''®Sn nucleus [72]. In
Ref. [44], the experimental energy spectrum of the two-proton
stripping reaction ''®Cd(**Ne, '¥0) '"8Sn is shown. The en-
ergy spectrum has a bump for the !'8Sn states at an excitation
energy E, = Qg — Q = 15 MeV, where Qy and Q stand for
the reaction Q value for the transition to the ground and to
the excited state, respectively. This could make an unfavor-
able environment accessing the 2’0 +!'°Sn channel in the
second step of the multinucleon transfer in the '*0 + !'8Sn
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TABLE I. Eigenstates [E(MeV); (I")] of the light and heavy nuclei considered in the coupling schemes of the multi-nucleon transfer DCE

calculations.
20Ne 2N 2N, 200 190 180) 19F 20p 2p
0.0(0™) 0.0 (3/2%) 0.0 (0™) 0.0 (01) 0.0 (5/2%) 0.0 (0™) 0.0 (1/2%) 0.0 (2"7) 0.0 (5/2%)
1.624(2%)  0.351(5/2%) 1.2752%) 1.674(2%) 0.096 (3/2%) 1.980 (2*)  0.110(1/27) 0.656 (3*)  0.280 (1/2%)
1746 (7/2%) 3357 (4%) 1472 (1/2%) 3555 (4%)  0.197(5/2%)  0.823(4*) 1101 (1/2°)
2789 (1/27)  4.456 (2T) 2.372(9/2%) 3.634 (07)  1.346 (5/27) 0984 (17) 1.730 (3/2%)
2794 (1/2%)  5.146 (27) 2779 (7/2%) 3920 (2%) 1.459(3/27)  1.057(1*)  2.040 (3/2°)
2.867 (9/2%) 1.554 (3/2%)
16Cg 1scg 14cg 116G, 17gn 18g, 151, 1161, 17,
0.0 (0T) 0.0 (1/2%) 0.0 (0™) 0.0 (01) 0.0 (1/2%) 0.0 (0™) 0.0 (9/2%) 0.0 (1) 0.0 (9/27)
0.514(2%)  0.229(3/2%) 0558 (2%) 1.294(2%)  0.159 (3/2%) 1.230 2%)  0.336 (1/27) 0.128 (5%)  0.315(1/27)
0361 (5/27)  1.135 (0%) 0712 (7/2%) 1758 (0*) 0597 (3/27) 0223 (4*)  0.589 (3/2°)
0.390 (7/2%)  1.210 (2T) 1.005 (3/27) 2.043 (2%)  0.829 (3/27) 0273 (2%)  0.748 (7/2T)
0.473 (3/2%)  1.284 (4™) 1.020 (5/2%) 2.057 (0%)  0.864 (1/2%) 0.290 (87)  0.881 (5/2%)
0.507 (5/2%)  1.305 (0™) 1.180 (5/2%) 2280 (47)  0.934(7/2%) 0313 (4%)  1.028 (5/27)
0.649 (1/27)  1.364 (2T) 1.446 (5/27) 2328 (27)  0.941(5/2%) 1.052 (5/2%)
0.749 (3/2+)  1.732 (4%) 1469 (3/2%) 2403 (2%)  1.041 (5/27) 1.360 (5/2%)
0.777 (5/27)  1.785 (2+) 1469 (5/2%) 2408 (47) 1133 (11/2%) 1.366 (9/2+)
0.804 (1/27)  1.842 (4™) 1.497 (5/2%) 2.489 (47)  1.287 (3/27) 1.433 (9/2%)
0.963 (1/2+)  1.860 (0*) 1.530 (3/2%) 2497 (0%)  1.287(5/2°) 1.469 (5/27%)
1.062 (7/2%)  1.864 (3%) 1.578 (3/2%) 1.291 (13/2%) 1.554 (1/27)
1.085 (5/2%)  1.932 (4™) 1.589 (3/2™) 1.347 (5/27) 1.653 (5/2%)
1.597 (5/2%) 1.629 (9/2+) 1.418 (11/2%) 1.856 (5/27)
1.620 (5/2%) 1.668 (3/21) 1.448 (9/2%) 1.957 (9/27)
1.710 (5/2%) 1.470 (3/27) 2.113 (5/2%)
1.770 (5/2%) 1.486 (9/2%) 2223 (5/2%)
1.875 (11/2%) 1.602 (7/2%) 2.255 (5/2+)
2.050 (9/27) 1.608 (7/27) 2.308 (9/27)
2.079 (1/2%) 1.650 (3/27)
2.146 (5/2+) 1737 (9/2%)
2.300 (5/2%) 1.830 (5/2%)
2.400 (1/2+) 1.972 (9/2+)
T T T T T T T T T T T T T T T T T T T T3
10'F () 116Cd(*Ne,°0,)"Sny, L (b) 116Cd(*'Ne,20,,)!1*Sny, 1 10'
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FIG. 4. Theoretical angular distribution for the zoog& + HGSng‘sA channel corresponding to each route illustrated in Fig. 1. In (a) are the
angular distributions for which transfer reaction of nucleons beginning with one- or two-proton transfer. In (b) are the angular distributions for
which the transfer reaction of nucleons beginning with one- or two-neutron transfer. The results for the angular distributions are considering
few low-lying states of the heavier nuclei represented in Table I.
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TABLE II. Integrated cross-sections in the angular range 3° < 0., < 13° for each channel that might contribute to the DCE cross-
section (see text). The integrated cross-sections are given in nb. The results for the cross sections are considering few low-lying states of

the heavier nuclei represented in Table 1.

Final partition

Mechanism 200g5.(0%) +'"°Sng, (07) 00167(2%) +"°Sng (07) 200,..(07) +%Sn; 23(2*)
2p—2n 1,28 x 10~* 1,82 x 10~ 4,85 x 107
2n—2p 3,13 x 107* 1,32 x 10~ 6,76 x 107
p—p—n—n 6,63 x 107 1,01 x 107* 1,25 x 1073
n—n—p-—p 1,00 x 107 3,57 x 1073 2,34 x 107
p—p—2n 4,15 x 1073 4,64 x 107 2,09 x 1073
n—n—2p 1,72 x 107 7,12 x 107 2,82 x 10°°
2p—n—n 9,26 x 107 1,81 x 10~* 3,18 x 1073
2n—p—p 2,66 x 10~* 1,10 x 10~* 1,17 x 10~
p—n—p—n 1,38 x 1077 1,93 x 1077 1,44 x 1077
p—n—n—p 1,15 x 107 5,35 x 1077 4,35 x 1077
n—p—n—p 2,53 x 1077 7,06 x 1078 1,06 x 1077
n—p—p-—n 1,69 x 1077 4,94 x 1077 4,18 x 1077
p—2n—p 2,51 x 107 9,90 x 10~ 3,58 x 107
n—2p—n 5,71 x 107 2,05 x 1074 1,72 x 107
Incoh. Sum 9,60 x 10~* 1,07 x 1073 3,43 x 1074

— 200 411651 transition (see Fig. 1). In addition, since the
E, that maximizes the (**Ne, 130) cross section is beyond
the nucleon emission threshold most of its flux is lost in
nucleon emission processes, which cannot feed DCE. Indeed,
DCE are charge and mass conserving binary reactions. We
comment here that the agreement between experimental cross
sections and theoretical results for the two-proton stripping
and two-neutron pickup reactions in the 2°Ne 4-''°Cd colli-
sion was quite good [44], supporting the feasibility of the
theoretical approach to calculate two-particle transfer cross
sections.

Table II shows the cross sections integrated in the
angular range 3° < 6., < 13° in the center of mass frame-
work, for the final DCE channels 2OOg,S‘(OJr) + 116Sng,s,(0+),
200167(27) +'%Sng s (07), and 2°0g4.(0%) +'°Sn; 53(27)
corresponding to each multinucleon transfer path sketched
in Fig. 1. As one can observe, these cross sections are very
small. The largest cross sections for the transition to the
ground states of the final partition, for instance, are about
~10~* nb. The experimental integrated cross sections for
the '1°Cd(**Ne, 2°0)!'°Sn leading to the same transitions are
typically some nanobarns. Similar values were measured also
for other systems [2,10]. Also, even ignoring the quantum
interference effect, Table II shows the incoherent sums of
all possible transfer paths seeking the same final partition
200 4+ 1198 in the DCE process. As one can observe, the cross
section of the transfer DCE gives a negligible contribution to
the measured value.

Another important point to mention is the role of couplings
to the projectile and target inelastic states on the cross sec-
tions of the channels in the final partition. These collective
modes are accessed by deforming the Coulomb and nuclear
potentials, as a usual approach [73]. The 2] collective state of
the 2°Ne is accessed by considering the deformation param-
eter B = 0.72 [74] in the rotational model frame. Moreover,

for the ''°Cd nucleus, the one-phonon (2]) excited state is
included explicitly in the coupled equation, in which the used
quadrupole deformation parameter is 8 = 0.19 [74]. Once we
include couplings explicitly with inelastic states in the initial
partition, the strength coefficient of the imaginary part of
the optical potential N; was reduced to 0.6 [61-63] to avoid
double counting. Besides, to include couplings with the 2
excited state of both projectile and target in the entrance par-
tition, we also increase the basis of states of the heavier nuclei
in the intermediate partitions. Eigenstates with energies up to
around 2 MeV for the target-like nuclei were considered in all
the intermediate partitions. This choice covers a high density
of states for these medium-heavy nuclei in the calculations,
although their neutron/proton separation energies are typically
higher than 2 MeV.

The couplings schemes considered in the transfer cal-
culations account for additional couplings outlined by the
dotted blue, dashed orange, and dashed-dotted green arrows,
as shown in Figs. 2 and 3. Table III shows the theoretical
cross sections calculated accounting for the full couplings
for the transfer processes feeding the same partition reached
by the DCE process. Only the cross-sections for the main
processes (having larger cross sections) are shown. So, we
give the new values for the cross section corresponding to the
paths in which both protons and neutrons are simultaneously
transferred. We also show the cases where the sequential two-
proton (two-neutron) transfer reaction occurs, followed by the
sequential two-neutron (two-proton) transfer. As one can see
in this table, even including couplings with higher excited
states in the intermediate partitions, the order of magnitude
remains unchanged.

To give an illustrative example of the effects caused by
the inclusion of the couplings represented by the dotted blue,
dashed orange, and dashed-dotted green arrows in Figs. 2
and 3, we show in Fig. 5 the theoretical angular distributions
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TABLEIII. Integrated cross-sections in the angular range 3° < 6.,. < 13° for each channel that might contribute to the DCE cross-section.
These cross-sections are obtained by considering the full coupling schemes sketched in Figs. 2 and 3 (see text). The integrated cross-sections are

given in nb.

Final partition
Mechanism 200,5.(0%) +"°Sny (07) 200,67(27) +"°Sn, (01) 200,,.(07) +1 Sny 23(21)
2p—2n 7,83 x 10~ 4,95 x 104 2,82 x 1074
2n—2p 2,89 x 107* 1,27 x 10~ 7,10 x 107
p—p—n—n 1,86 x 1074 2,32 x 1074 3,11 x 107
n—n—p-—p 2,37 x 1074 4,79 x 107 3,32 x 1079

populating the 20y 5. + ''°Sng . channel in the multinucleon
transfer reactions. In this figure, the results for the angular
distributions characterized by the dotted red curve account

1071 E T T T T T T T T T T T T T T T T
\ (a) ”6Cd(2°Ne,2°Ogs)“68ngs
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FIG. 5. Theoretical angular distribution for the zoog,s. + 116'Sng,sl
channel corresponding to the paths where the direct two-proton strip-
ping transfer takes place followed by the direct two-neutron pickup
reaction and the opposite case, as illustrated in Fig. 1.

for the couplings depicted by the full black arrows in Figs. 2
and 3. The dashed-dotted black curve accounts for the extra
couplings to higher excited states in ''8Sn and ''*Cd, rep-
resented by dotted blue arrows in Figs. 2 and 3. The effect
generated by including the 2 excited states of the projectile
and target is illustrated in the blue curve of Fig. 5. One notices
that the inelastic states in the initial partitions play a relevant
role in the DCE multinucleon transfer mechanism. In fact, for
these two paths of DCE transfer reactions, the coupling with
those 27" inelastic states in the initial partition seems to be
more relevant than increasing the basis of states of the '¥Sn
and '"Cd nuclei in the respective intermediate partitions.
The two-phonon excited states of the target ''°Cd (07, 27,
4T) were not included in the present analysis. Since they are
accessed through a second-order process, in fact the effects on
the angular distribution of the 200g,s, + 116Sng,s, channel due
to couplings to this two-phonon excited state and the states
belonging to the intermediate partition should be weak.

The present results, listed in Tables II and III, indicate a
very small contribution for the DCE, from the multinucleon
transfer mechanism. This agrees with what was stated in
Ref. [2] for the case of '80(**Ca, “°Ar) '®Ne at 15 MeV /u,
despite there the conclusion was based on a rather qualitative
argument. Thus, one expects a similar behavior for the con-
tribution to DCE from the multi-nucleon transfer mechanism
occurring in other systems, such as 30+ 7%Se, 80+ ''°Sn,
and °Ne + *°Te in the same energy regime.

Finally, to investigate the relevance of the highest bound
excited states of ''Sn in the transition °Ne +''°Cd —
B0+ "88n — 20, (07) + '®Sn, (01), we include some
arbitrary excited states with spin I = 6-8, and close to the
threshold of the two-proton separation energy in ''®Sn, which
is 87, = 17.518 MeV. The spectroscopic amplitudes for the
two-particle wave function of these bound excited states were
set to 1.0. This approach for the spectroscopic amplitudes
of the two-particle wave functions of these arbitrary states,
although overestimated, might indicate an upper limit for the
strength of the couplings with the highest states of the ''8Sn
nucleus contributing to the DCE cross section. The obtained
theoretical cross section for the 20, (0%) + ''®Sn, (0F)
channel through this approach is (2,2, = 1.4 x 1072 nb.
This is a still small value for the cross section associ-
ated with the DCE from the transfer mechanism, for which
the experimental data are of the order of a few nb (see
Ref. [2] for “*Ca('30, ¥ Ne)*°Ar at 15 MeV/u and [10] for
130Te(?°Ne, 2°0) 13%Xe at 15 MeV /u).
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III. CONCLUSIONS

The present study gives for the first time a detailed analysis
based on a fully quantum microscopic reaction theory for all
the transfer mechanisms that may take place in the double
charge exchange reactions. To the best of our knowledge,
a similar study has never been carried out even for other
systems and at other energy regimes. We present theoretical
results for the multinucleon transfer cross sections in the
“6Cd(20Ne, 20O)“ﬁsn reaction, at 306 MeV incident energy.
This reaction was selected within the NUMEN project aiming
at exploring the response to double isospin operators of ''°Cd,
an isotope candidate to the Ov S decay.

From the multinucleon transfer side, the transition
2Ne + '16Cd — 2°0 4 ''°Sn can occur by exchanging neu-
trons and protons between the projectile and target nuclei
during the collision. In this case, the dynamics of transfer re-
action is governed by the mean-field interaction. The DWBA
and CCBA approximations were adopted to analyze the cross
sections for the transfer mechanisms. Our calculations are
parameter-free since the ISI, FSI, and nuclear structure inputs
are not adjusted to our data. Instead, they are constrained by
a large body of applications in literature. Even further our
technique is constrained by the two-proton and two-neutron
transfer analyses performed on the same system adopting the
same technique [44] and by elastic/inelastic scattering, one-
proton transfer, and single charge exchange in Ref. [19].

We have explored the influence of the couplings of the
inelastic states in the initial partition on the transfer cross
section. The inclusion of these coupling does not change
the conclusion that the theoretical transfer cross sections are
very small compared to the experimental data, being at least
three orders of magnitude lower. Nevertheless, the transfer
from these excited states is more relevant when including
higher excited states in the intermediate partitions. The DCE
cross section is expected in the range of a few nb, while the
largest theoretical multinucleon cross section for this channel
is 221073 nb. We thus feel that the DCE experimental cross
sections should be analyzed in terms of meson exchange
mechanisms, requiring degrees of freedom not considered
here. The results of such analyses will be published elsewhere.

The predicted multinucleon transfer angular distributions
present a similar oscillating pattern, independently of the
routes considered to reach the final partition. This, in turn,
indicates that the angular distribution shapes are mainly sensi-
tive to the overall momentum transfer, which does not depend

on the specific reaction route. Only the magnitude of the
cross section contribution depends on the specific details of
each reaction route. We found that the multinucleon transfer
starting from the transfer of neutrons, followed by transfer of
protons, seems to be more likely than those processes started
by transfer of protons. This might be associated with the pro-
ton transfer populating high-lying states in the intermediate
partition, thus getting unfavorable conditions to populate the
low-lying states of the final partition.

Our study shows that the multinucleon transfer mechanism,
which occurs at least by a two-step reaction, gives a negli-
gible contribution to the measured DCE cross section. Also,
it is worth mentioning that the two-proton and two-neutron
transfer cross sections for the ''°Cd(*°Ne, 80) !'®Sn and
“6Cd(20Ne, 22Ne) 114Cq reactions at 306 MeV, respectively,
were well described in Ref. [44]. The agreement between
theoretical cross sections and experimental data for these
two-proton and two-neutron transfer reactions indicates the
feasibility of our method since they are part of the set of
transfer reactions feeding DCE.

Although we only have performed transfer calculations
for the ''°Cd(*’Ne, 2°0)!'%Sn reaction, the obtained result is
likely not to change qualitatively for other systems, such as
those proposed in the NUMEN and NURE projects [1,7]. One
should not expect tremendous changes for processes all gov-
erned by mean-field and adding so many allowed routes that
possible selection rules are largely washed out. These confir-
mations were stated in Ref. [2] for the '30(*°Ca, “°Ar) '*Ne
reaction at 15 MeV /u, despite the conclusion being based on
a rather qualitative argument.

This result is a milestone for the NUMEN project, demon-
strating that the meson exchange is actually the main process
feeding the measured DCE. One, of course, cannot distin-
guish between the exchange of two independent or correlated
mesons, which is then a further study to be performed.
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