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Two-nucleon transfer reactions are essential tools to investigate specific features of the nuclear structure, such
as the correlation among valence particles in the transfer process. Besides, transfer reactions may be an important
channel to take into account in charge-exchange processes since they can represent a competing contribution to
the final cross section. The two-proton pickup transfer reaction “*Ca('®Q, *°Ne) **Ar has been measured at
270 MeV, and the angular distributions for transitions to different excited states extracted. This paper shows the
analysis of the data performed by finite-range coupled reaction channel and coupled-channel Born approximation
methods. Extensive shell-model calculations are performed to derive the one- and two-proton spectroscopic
amplitudes for the projectile and target overlaps. The role of the simultaneous and sequential two-proton transfer
mechanisms to populate the measured final states or groups of states, mainly characterized by a high collectivity,

is also discussed.

DOLI: 10.1103/PhysRevC.103.054604

I. INTRODUCTION

In the past years, the study of the nuclear matrix element
(NME) involved in the description of the neutrinoless double-
B decay (OvBp) rate has being intensified mainly because
their accurate knowledge is a crucial piece of information in
the determination of the neutrino absolute mass scale, provid-
ing that the OvB 8 decay rate is given [1,2].

The nuclear matrix elements for neutrinoless double-
B decay (NUMEN) project [3] proposes to measure the
cross sections of heavy-ion-induced double-charge exchange
(DCE) reactions and of the competing transfer channels in-
volving same projectile and target. The idea is that DCE and
Ov BB have many common aspects, especially because the ini-
tial and the final nuclear states involved in the transitions are
the same [4]. Thus, information on NME extracted from DCE
experimental measurements can give valuable constraints on
the determination of Ov88 NME.

Within the NUMEN project, the study of multinucleon
transfer processes in similar dynamical conditions as the ex-
plored DCE reactions is an important tool to get selective
information about the involved nuclear wave functions, in-
cluding the mean-field dynamics and the correlations among
nucleons. Such a set of information is of interest for the com-
plete description of the DCE reaction mechanism and the role
of the competition with the direct meson exchange mechanism
in DCE [4-7].
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Heavy-ion-induced multinucleon transfer studies were
boosted in recent years with the main aim to understand
the role of one-step (simultaneous) and two-step (sequential)
mechanism in the transfer process. Therefore, one- and two-
neutron transfer reactions were extensively investigated as
reported in Refs. [8—19]. In those works, the comparison with
theoretical results shows that the transfer mechanism depends
also on the nuclear structure of the involved nuclei. States
with low collectivity are preferably accessed by the one-step
mechanism. On the other hand, states with high collectivity
are accessed by a two-step mechanism. Therefore, the two-
neutron transfer process depends on the degree of collectivity
of the final nuclear states that can break (or not) the correlation
of the two transferred neutrons [15,20].

The one- and two-proton transfer reaction mechanisms
were also investigated in literature [21-28]. In the past,
the agreement between the theoretical calculations and the
experimental data was poor in the two-proton transfer re-
action. Large-scaling factors were needed to warrant good
agreement between theory and data [23,29,30]. In Ref. [24],
the experimental data for the two-proton stripping reaction
N7r(1°0, '*C) Mo were described using an extreme clus-
ter model (that assumes spectroscopic amplitudes equal to
1 for all the considered overlaps) where the two transferred
nucleons are treated as a cluster with only the component
with the two neutrons coupled to a zero intrinsic angular
momentum participating in the transfer. However, the the-
oretical results were strongly dependent on the bound-state
well radius used to derive the wave functions of the two
protons.
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The two-proton and two-neutron transfer cross sections to
low-lying states populated in the 2°Ne + '°Cd collision have
been recently studied in Ref. [28] stressing the importance
of a complete quantum-mechanical treatment of the reaction
dynamics and nuclear structure description.

An interesting reaction is the ('*0,2°Ne) two-proton
pickup, which is analogous to the (n, *He) reaction [31-33]
with the advantage of the availability of high-quality stable
beams. Furthermore, the use of oxygen projectiles in two-
proton pickup reactions is, in principle, quite convenient for
spectroscopic studies, thanks to a controlled description of
the projectile closed or almost closed-shell structure. How-
ever, the (130, ?°Ne) reaction has been rarely employed and
mainly for nuclear mass measurements [32,34]. The lack of
microscopic analysis tools for heavy-ion-induced reactions
has probably hindered its use for spectroscopic purposes [31]
in the past. In Ref. [31] the study of the “*Ca('®0, *’Ne) ¥ Ar
two-proton pickup reaction at 48 MeV was reported. The
shapes of the angular distributions were typical of a grazing
reaction at energies near the Coulomb barrier. In that paper,
the cross-section angular distributions for the transitions to
the ground states (g.s.) and the first 2 excited states of
3BAr and 2°Ne were analyzed. A simplified cluster model
was used for the diproton transfer within the distorted-wave
Born approximation. The need to use a normalization factor in
the calculated cross sections and the not proper description of
the angular distribution shape, especially for the transition to
the 21 excited state of 2°Ne, make the authors conclude that
the sequential transfer mechanism should be included for a
good description of the data.

Nowadays the impressive progresses in nuclear reaction
theory open unprecedented opportunities to adopt such heavy-
ion reactions as tools for the investigation of the nuclear
structure and reaction mechanisms.

In the present paper, we investigate the two-proton pickup
reaction *°Ca('80, *’Ne) ¥Ar at 270-MeV incident energy
for the first time. This reaction is the first step of the mult-
inucleon transfer routes leading to the same final states of
the 4°Ca('80, '®Ne) “°Ar reaction that has been studied as a
pilot experiment [7] of the NUMEN Collaboration research
program. Energy spectra and angular distributions of the tran-
sitions to the ground and excited states of the populated states
have been measured and analyzed for the first time. Coupled
reaction channels (CRCs) and coupled channels Born approx-
imation (CCBA) formalism are used to describe the direct and
sequential transfer mechanisms, respectively.

This paper is organized as follows: The experimental setup
and data reduction procedure are reported in Sec. II; a brief
description of the theoretical formalism used to perform two-
proton transfer calculations is given in Sec. III; the theoretical
analysis is described in Sec. III; the results are discussed in
Sec. IV, and the conclusions are given in Sec. V.

II. EXPERIMENTAL SETUP AND DATA REDUCTION

The “°Ca('®0, *’Ne) *8Ar two-proton transfer reaction
was measured at the INFN-LNS laboratory in Catania. A
beam of '3Q0*" ions, extracted by the K800 Superconduct-
ing Cyclotron accelerator, bombarded a 280 + 14-g/cm? Ca

target at 270-MeV incident energy. The Ca material for the
target was evaporated on a carbon backing 25-ug/cm? thick
and then covered by a layer of 15-u1g/cm? carbon and main-
tained in vacuum to reduce oxidation processes. The ejectiles
produced in the collisions were momentum analyzed by the
MAGNEX large acceptance spectrometer [35] and detected
by its focal plane detector (FPD) [36,37]. The optical axis of
the spectrometer was located at 6oy = +4°. The MAGNEX
quadrupole and dipole magnetic fields were set in order that
the 1808 stripped beam after passing through the target and
the magnets reaches a region beside the FPD but external to it.
Since the magnetic rigidity (Bp) of the '30%" beam is higher
than one of the ejectiles of interest (*’Ne'**), a specifically de-
signed Faraday cup was placed in the high-Bp region aside the
FPD to stop the beam and measure the incident charge in each
run. Thanks to the large angular acceptance of MAGNEX, an
angular range of 0° < 6y, < +8° in the laboratory frame was
explored in a unique angular setting, corresponding to scatter-
ing angles in the center-of-mass (c.m.) 0° < 6., < 12°.

The identification of the *°Ne ejectiles was performed
using the technique described in Refs. [38—41]. The po-
sitions and angles of the selected ions measured at the
focal plane were used as input for a tenth-order ray recon-
struction of the scattering angle 6j,, and excitation energy
E. = Qyp— QO (where Qp is the ground-to-ground state re-
action Q value) [42]. The ray-reconstruction procedure also
allows an accurate determination of the overall detection ef-
ficiency, fundamental to extract the absolute cross section
from the collected event yields as presented in Ref. [43].
A systematic error of about 10% in the cross-section deter-
mination was estimated from the uncertainty in the target
thickness and beam collection. It is not shown in the figures
of the angular distributions as is common to all the data
points.

Figure 1 shows an example of the measured energy spec-
trum. The optimum Q value for this reaction is around E, =
33 MeV, which explains the poor matching and, thus, the low
cross section in the region at low excitation energy. On the top
of this trend, different structures are visible in the spectrum.
The first peak is the transition to the ground states of ’Ne
and *Ar, which is well isolated even if weakly populated.
The other peaks are the result of groups of levels associated
with both ejectile and residual nucleus excitation, not exper-
imentally resolved due to the finite resolution (500-keV full
width at half maximum). In particular, the second visible peak
includes the transition to the 20Neg_s_(0+) +3Ar,17(2%) and
2Ne163(2") + **Ar, (07) final states. The third and fourth
peaks are a convolution of different final channels. See Sec. [V
for a detailed description of the involved transitions.

In Figs. 2 and 3 the extracted angular distribution for the
different energy regions corresponding to the four mentioned
peaks are plotted. The angular binning in the center of mass
reference frame is 1.5° in the ground-state-to-ground-state
transition [Fig. 2(a)] due to the low statistics and 0.7°, cor-
responding to the detector intrinsic angular resolution for the
transitions to the excited states [Figs. 2(b) and 3]. The mea-
sured angular distributions have a quite structureless shape,
mainly given as a result of the convolution of different oscilla-
tory patterns due to different multipolarities. The bell-shaped
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FIG. 1. Excitation energy spectrum for the °Ca('80, 2°Ne) ¥Ar
reaction at 270 MeV in the angular range of 0° < 6}, < +8°. In the
inset a zoomed view of the ground-state region is shown.

behavior, centered near the grazing angle and essentially inde-
pendent of the L transfer, is not present here since the incident
energy is high enough [20].

III. THEORETICAL ANALYSIS

A. Brief description of the formalism

In two-proton transfer reactions, the two protons can be
simultaneously or sequentially transferred as discussed in
Ref. [20]. Although both processes contribute during the re-
action, it is interesting to analyze them in a separate way in
order to scrutinize each individual contribution.

Figure 4 illustrates a two-proton pickup reaction with the
coordinates used in the wave functions and interactions. In the
figure, the two protons are simultaneously transferred (upper
path) or sequentially transferred, passing through an interme-
diate partition (lower path).

For the direct two-proton transfer, the wave function of the
initial partition can be written as WP (R, &;, &;), where R rep-
resents the center-of-mass coordinates between the projectile
and the target (a + A), whereas the &;’s are the intrinsic coor-
dinates of the projectile, and &;’s are the intrinsic coordinates
of the target (note that &; = {£;_», 13, r4}). \IJ/(;)(R/, &L &
is the wave function for the final partition. So, the transfer
amplitudes may be determined using

T = (U W W), (1)

with (W)=, e ¢a, )= 2, o xSH) and (W] =
S bnbnxs 1= g (pxs L.

Above, ¢, (where subindex y stands for a;, A;, by, or By)
are the intrinsic wave functions of the nuclei in entrance and
final partitions with x " and x.~’ being the relative motion
wave function, respectively. In this case, a;, A;, by, and By
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FIG. 2. Comparison between the theoretical and the experimen-
tal two-proton transfer angular distribution corresponding to (a) the
PNeg.(07) + BAry (0+) channel. (b) Unresolved excited states
concerning the second peak in Fig. 1. In both figures the contribution
due to the simultaneous (IC), sequential (Seq) transfer, the coherent
(Coh), and incoherent (Incoh) sum of the two mechanisms are shown
(see the text). In (b) the sum of the different channels contributing to
the cross section is plotted.

are all the quantum numbers needed to determine the state
of the a, A, b, and B nuclei. The superscripts (—) and (+)
mean the asymptotic ingoing and outgoing wave functions
of the relative motion, respectively. Finally, the superscript
(direct) means that the two protons are transferred directly
from partition « to S.

The residual interaction W, in prior representation, is
given by W, = U(R) + v(r;) + v(r;) — U(R). The poten-
tials U(R) and U(R) are complex defined to describe the
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FIG. 3. Comparison between the theoretical and the experi-
mental two-proton transfer angular distribution. (a) The angular
distribution related to the contribution of the unresolved excited
states of the third peak in Fig. 1. (b) Contribution of the unresolved
excited states of the fourth peak in Fig. 1 is shown. The contribution
due to the simultaneous (IC), sequential (Seq) transfer, the coherent
(Coh), and incoherent (Incoh) sums of the two mechanisms are
shown (see the text).

scattering between 30 and *’Ca as well as between 2°Ne and
BAr, respectively. So that, the term U (R) — U (R) is known as
residual remnant potential. v(r;) and v(r;) are real potentials
which bind each valence nucleon to the core.

In this paper, the Sdo Paulo potential was used in the
real and imaginary parts of the complex potentials U(R) and
UR)[U(x)= (N, + iM)Vfg(x)] with x = R or R. The Sio

Paulo potential is derived from a double-folding form

Vr = /ﬂl(rl)V(R — 11 +12)02(r2)drdr, ()

being p; and p,, the matter densities of the colliding nu-
clei and V(R — ry 4 1r3) is the known nucleon-nucleon M3Y
interaction [44—46]. When the range of the effective nucleon-
nucleon interaction is negligible in comparison with the
diffuseness of the nuclear densities, the usual M3Y nucleon-
nucleon interaction becomes Vy6(R — ry 4+ rz) (zero-range
approach) with Vy = —456 MeV fm®. The matter densities
are determined by considering a two-parameter Fermi-Dirac
distribution with radius Ry = 1.314'? — 0.81 fm and matter
diffuseness a = 0.56 fm [47,48], where A is the number of nu-
cleons in the nucleus. This parametrization is usually known
as the Sao Paulo potential systematic. In its local equivalent
version, the Sdo Paulo potential is given by VSFP(R, E) =
Ve(R)e*"/<* [47,49-51], where v is the local relative velocity
between partner nuclei of the collision and c the speed of light.

The intrinsic wave functions for the nucleus composed by
a core plus two valence particles are written as

i, (e, 11, 12)
= Z ‘A?lj]llzzjglz [¢lg (Ec) ® Pin (rIZ)]IMI’ ©)

Ie, ji2, 1
J2shi b

with ¢;, (r2) being the two-particle wave function defined by
9jn() = [, (r) ® (/’jz(rZ)]jlzv 4)

where ¢ (r) and ¢j,(r,) are the single-particle wave func-

tions; AI]‘I j}f}ﬂ stands for the spectroscopic amplitudes of the
two valence particles in the single orbits characterized by the
total angular momentum j; and j, as well as of the core in
the state with total angular momentum /.. The total angular
momentum of the nucleus is obtained by adding the core
spin and the angular momentum resulting by the sum of the
total angular momentum of each valence particle. ¢, is the
core wave function. In expression (4), j;, =1; +s; (i =1,2)
where j;, [;, and s; stand for the orbital angular momentum of
the single-particle motion, spin, and total angular momentum,
respectively.

The single-particle wave functions are generated using
Woods-Saxon potentials with radii given by R = roAl!/ 3 (A;
represents the mass number of the core nucleus in which the
valence particle is bound). A reduced radius ry = 1.26 fm and
diffuseness a = 0.70 fm were used to generate the single-
particle wave functions for the lighter nuclei, whereas ry =
1.20 and a = 0.60 fm were used for the heavier nuclei. The
depth of these potentials was optimized in order to fit the
experimental one-proton binding energy.

For the sequential two-proton transfer process, the protons
are transferred one by one passing through the intermediate
partition, for instance,

B0 + “Ca®K + p)— “F + ¥KPAr + p)—
®Ne + Ar so that the wave function of the nucleus
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FIG. 4. Coordinates considered in the two-nucleon transfer reaction. The upper path corresponds to the direct two-proton transfer, and the
lower path is related to the sequential two-proton transfer passing through the intermediate partition.

composed by the core and the valence particle is given by

b, e v) = Y AL b, G @ @jm(™)] - (5)

Ilj

The transfer amplitude corresponding to the sequential
two-particle transfer can be obtained in prior-prior represen-
tation following Ref. [20]:

TxY = (W5 (W, (¢, )G (b [We | WS)
14

— (W71 My [ We | WST). (6)

In expression (6), G;“ is the distorted-wave Green’s func-
tion, in the y partition, represented by G)(f) =[E—¢, —
K, — (¢,1V,|¢,)17", where €, and K, are the intrinsic en-
ergy and kinetic-energy operator in that partition, respectively.
Besides, the second term in expression (6) corresponds to
the nonorthogonality correction, and y refers to the channels
considered in the intermediate partition.

In fact, in a full quantum treatment of the transfer pro-
cess both direct and sequential transfer amplitudes should be
considered in the same calculation so that the transfer ampli-
tudes to consider should be given by T, = |T;§‘re°t) + T;;eq)|,
which includes the nonorthogonal term deriving from the
limited model space of both the direct and the sequential
calculations. However, the second-order calculations recently
applied to calculate the cross sections for the (p, t) reactions,
for example, in Ref. [52] are still not sufficiently devel-
oped to account for the inelastic excitation of the involved
nuclei, which are relevant routes when considering heavy-ion-
induced reactions [53-55]. Our approach, already adopted in
Refs. [8,12-16], is, thus, to perform the one-step and two-step
calculations separately.

B. Shell-model calculations

The one- and two-proton spectroscopic amplitudes for the
projectile and target overlaps were derived from shell-model
calculations using the NUSHELLX code [56].

For the projectile overlaps, the amplitudes were calculated
considering the Zuker-Buck-McGrory (ZBM) effective inter-
action [57] in which the '2C nucleus is considered as a closed
core with the 1p, 25 lds;>, and 251/, as valence orbits for the
neutrons and protons. This realistic interaction successfully
describes the structure characteristics of the lowest states of
the 1319170 isotopes. Recently, this interaction has been used
to derive the one- and two-neutron spectroscopic amplitudes
for the overlaps involving the '6!7:18Q and '>!+13C isotopes
in experiments where a beam of '®0 bombarded the targets
1213 18,141, 10 [12,13,18], 2*Si [16], and ®*Ni [15]. The ex-
perimental angular distributions for the one- and two-neutron
stripping transfer reactions were described quite well.

As regards the target overlaps, to properly describe the
structure of the 38Arg,s_, which has two holes in the sd shell,
the full sd-pf shells should be considered. However, this
calculation requires the use of a powerful computing. An
approach to skip the computational difficulty of performing
a large-scale shell-model calculation in the sd-pf shells is to
control the number of nucleons promoted from the sd shell to
the pf one. This procedure has been adopted in Refs. [58,59].
Our approach was to consider a reduced model space without
any other additional constraints. In this sense, the model space
composed by the 2s1/5, 1d3/>, 1f7/2, and 2p3,, valence orbits
for protons and neutrons was adopted. We have considered
the phenomenological interaction (named ZBM?2 modified)
built to describe the Ca isotopes spectra [60] and modified
to reproduce the 3¥K spectrum. Besides, the authors obtained
a better description of the difference in mean-square charge
radii between the isomer state **K (0") and the ground-state
3K (31) [61]. This interaction is a modified version of the
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TABLE 1. Comparison among the **Ar, K, **Ca experimental
spectra, and the one obtained by shell-model calculation considering
the ZBM2-modified interaction.

40Ca
- EExp. (MGV) ETheo. (MCV)
of 0 0
05 3.353 3.538
37 3.737 4.614
2t 3.904 4.117

39K
" Egyp. (MeV) Etneo. (MeV)
3/2F 0 0
1/2f 2.523 1.998
/27 2.814 2.119
3/27 3.019 3.196
9/27 3.597 3.544
5/27 3.883 4.106
3/2% 3.939 4.469
11/27 3.944 3314
3/25 4.082 4.363
1/25 4.096 4.718
/25 4.127 3.935

BAr
- EExp. (MeV) ETheo. (MCV)
of 0 0
2t 2.168 2.201
05 3.378 3.862
37 3.810 3.135
2% 3.936 3418
2F 4.565 4.328
57 4.586 3.731
3 4.877 4.782
2F 5.157 4.813
47 5.349 4.405
3y 5513 5.224
24 5.595 5.340
55 5.659 5.271
35 5.825 5.631
45 6.053 5.420
28 6.250 5.560
4t 6.276 6.071
6F 6.409 5.120
2F 6.520 6.184
57 6.674 6.227
65 7.289 6.355

one used in Ref. [62]. The two-body matrix elements for
the particles in the sd shell were taken from the Windenthal
interaction [63]. The Kuo-Brown interaction was used for the
particles in the pf shell [64], and the cross shell interaction
was taken from Ref. [65]. The single-particle energies have
been considered to reproduce the spectrum of the 2°Si nucleus.
As one clearly can realize, the orbits up to the 1ds;, are
completely filled in this model space. Moreover, no one proton
or neutron is promoted to the 1f5,, and 2p,, orbits.

TABLE II. Comparison between the experimental and the the-
oretical predictions of the reduced electric quadrupole [B(E2)] and
octupole [B(E3)] transition probabilities for the **Ar, K, and “°Ca
nuclei.

0Ca
B(E2) (¢*fm*) Ir =17 Exp. Theo.
0f — 2f 992 105
B(E3) (e*fm®) Ir =17 Exp. Theo.
07 — 37 11.800° 11.420
39K
B(E2) (*fm*) Ir—1Ir Exp. Theo.
1/2f — 3/2f 6.9%; 22¢ 27.4
B(E3) (¢*fm®) Ir =17 Exp. Theo.
3/2F = 7/27 124f 106
3/27 — 3/27 269" 217
3/2F — 9/27 694" 90
327 — 5/27 549° 1233
38Ar
B(E2) (¢*fm*) Ir — I/Z.’ Exp. Theo.
07 — 2/ 130%;121 =+ 7.6%¢ 228.5
0 — 2 10.63 & 0.76° 15.29
07 — 2f 424 11.43
2F — 2f 56+ 11° 241.9
4f —2f 7.59 +2.28¢ 13.5
4F — oF 235.3 4 68.3° 41.1
65 — 4F 607 £ 304¢ 37.26
57— 3y 1.44 4 0.15°
5, — 37 2245.3¢
B(E3) (e*fm®) Ir =17 Exp. Theo.
0f — 37 9500P 1251

4Reference [71].
bReference [72].
‘Reference [75].
dReference [76].
¢Reference [77].
fReference [78].

Table I shows a comparison of the theoretical results ob-
tained for the ®Ar, ¥K, and “°Ca energy spectra with the
experimental values. The comparison between the experi-
mental and theoretical predictions of the reduced electric
quadrupole and octupole transition probabilities for these nu-
clei can be seen in Table II. One observes reasonable good
agreement.

C. Reaction calculations

We performed calculations for the *°Ca('0, 2°Ne)*®Ar
two-proton transfer angular distributions considering the
finite-range CRC and CCBA approaches, using the FRESCO
code [66,67]. In the present calculations, the Sdo Paulo
double-folding potential [49] was used in the real and
imaginary parts of the optical potential for the ingoing, inter-
mediate, and outgoing partitions. The same potential has been
used to describe elastic- and inelastic-scattering data at the
same energy in Ref. [68]. In the initial partition, the imaginary
part was multiplied by a normalization coefficient equal to
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0.6 to account for all the channels not explicitly included in
the system of coupled equations, such as fusion and coupling
to bound (with high excitation energy) and continuum states
[50]. Usually, in the intermediate and outgoing partitions, the
strength coefficient of the imaginary part is set to 0.78 [47,51]
when no couplings are considered between the states of nuclei
in that partition. However, when the couplings between the
ground and the inelastic states are explicitly included in the
partition as in the present case, the strength coefficient of the
imaginary part of the final partition is also set to 0.6. This
is the typical adopted prescription [8,12—-16,18,50,55,69]. A
check of the sensitivity of the calculations to changes in the
strength coefficient of the imaginary part has been performed
showing that the transfer cross section is not significantly
affected by such changes.

The two-proton transfer reaction was analyzed in two dif-
ferent ways. First, we assumed that both valence protons are
simultaneously transferred as correlated particles. The inde-
pendent coordinates scheme was considered to carry out this
direct transfer calculation in the CRC approach. Then, the
coordinates of the two valence protons (ry, r», r3, and ry4
in Fig. 4) are transformed into the coordinate of the center
of mass of the system composed by the two protons, and
the coordinates of the relative motion of them (represented
by the coordinates p and r in Fig. 4). This canonical co-
ordinate transformation is known as the Talmi-Moshinsky
transformation [70]. Second, we assume that the two protons
are transferred one by one passing through the intermediate
partition '°F + %K. This sequential two-proton transfer pro-
cess was performed considering the CCBA. In this approach
we couple excited states to the ground state to infinite order
(coupled channels) in the initial and final partitions, and the
couplings among the partitions to first order.

The coupling schemes considered in the two-proton trans-
fer calculations are shown in Fig. 5 for the simultaneous
transfer and Fig. 6 for the sequential transfer. The one-phonon
quadrupole state of both projectile and target was accessed
considering the rotational model. Moreover, in order to de-
rive the reduced electric quadrupole transition probabilities
B(E,; 0" — 21) and nuclear deformation length 85, the defor-
mation parameters 8, = 0.355 and 8, = 0.123 were used [71]
for the projectile and target, respectively. The reduced elec-
tric octupole transition probability B(E3;0t — 37) and the
octupole nuclear deformation §; for the target were obtained
from the deformation parameter f3 = 0.33 [72]. The one-
and two-proton spectroscopic amplitudes for the projectile
and target overlaps are listed in the tables of Appendices A
and B.

IV. RESULTS AND DISCUSSION

In Figs. 2 and 3 we show the theoretical angular distribu-
tions obtained for two-proton transfer in comparison with the
experimental data. All the theoretical curves are convoluted
by the experimental angular resolution.

In Fig. 2(a) the measured data and calculations correspond
to the channel where the ejectile and the residual nucleus are
in the ground state (first peak of Fig. 1). From the theoretical
results, one can observe that both direct (IC) and sequential
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FIG. 5. Coupling scheme considered in the two-proton direct
transfer calculations using the independent coordinates scheme.

(Seq) two-proton transfer processes are on the same order of
magnitude and contribute to well describe the cross section.
This suggests an existing degree of correlation between the
transferred protons.

In Fig. 2(b) (second peak of Fig. 1) the experimental
angular distribution corresponding to the transition to the
sum of the *’Ne;3(27) + **Arg (07) and *°Neg (07) +
38 Ary.17(2%) channels is shown. The theoretical angular dis-
tributions corresponding to the sum of the two channels
populated by direct (IC_Sum) and sequential (Seq_Sum) pro-
cesses are compared with the experimental data. One can
observe that the sequential and direct two-proton transfer
mechanisms compete at very forward angles, but as the angle
increases the sequential process becomes dominant.

The cross sections integrated in the angular range of 0° <
Ocm. < 12° for the angular distributions of Fig. 2 are listed
in Table III. As one can see, the channel in which 2°Ne is
in its 2 first excited state has the strongest cross section as
a consequence of the larger quadrupole deformation of *°Ne
compared to ¥ Ar.

As already pointed out, we have treated the two-proton
transfer reaction through a sequential or direct process
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FIG. 6. Coupling scheme considered in the two-proton sequen-
tial transfer calculations.

separately. Although these two processes compete with each
other, they cannot be separated in the experimental measure-
ment. So, the two-proton transfer cross sections should be
obtained by the coherent sum between both mechanisms. The
relative phase ¢y between the direct and the sequential tran-
sition amplitudes is extracted by the x? search. In Fig. 2 we
show the results obtained for the coherent sum between the

TABLE III. Integrated cross sections in the angular range of
0° < 6.m. < 12° for each channel that might contribute to the exper-
imental cross section calculated by the direct (IC) and the sequential
(Seq) mechanism (see the text).

Channels corresponding to the first and second peaks (Fig. 2)

Theoretical cross sections (nb)

Final channel Direct (IC) Seq
PNeg. (07) + 203 213
B Ar,.(07)
»Ney (07) + 38 90
#Ar17(2%)
DNe; 63(27) + 761 844

FAr, (07)

\
\ 1% peak

N
v

4°Ca(180,2°NegS)38Args

—_
<
[}
T

do/dQ (mb/sr)
Sba

] ¢ Data
t - -- IC-coupling (OFF)
I — IC-coupling (ON)

—
(=}
[S

0 4 8 12
Oc.m.(deg)

FIG. 7. Comparison between the convoluted theoretical and the
experimental two-proton transfer angular distribution for the transi-
tion to the Neg, (0%) + *¥Ar, (0*) channel. The dashed red curve
corresponds to the results in which the couplings between the ground
states and the inelastic states of the 2’Ne are switched off in the
final partition, whereas in the full green curve these couplings are
included.

direct and the sequential mechanisms corresponding to those
channels discussed so far. In general, one observes an im-
provement of the agreement between theory and experimental
data. We also include the curves relative to the incoherent sum
to guide our understanding of the role of the interference term
in the coherent sum. For instance, in the two-proton transfer
angular distribution to the ground state, the interference term
has a behavior slightly destructive with ¢9 = —120°. For the
angular distribution corresponding to the first peak [Fig. 2(b)],
a constructive interference (¢p = —73°) between the sequen-
tial and the direct two-proton transfer mechanisms is deduced.

It is important to mention that the coupling between the
ground and the excited states of the >°Ne nucleus in the final
partition (see Figs. 5 and 6) is crucial to describe the order
of magnitude of the elastic transfer channel. To illustrate the
relevance of the couplings in the final partition, we show in
Fig. 7 the results for the direct two-proton transfer angular
distributions where the couplings between the ground and
inelastic states of the *’Ne are switched on and off. The 2/
and 41+ collective states of the 2°Ne ejectile are accessed,
considering the deformation parameter 8 = 0.72 [71] in the
rotational model frame. A similar behavior is obtained for the
angular distributions of the other measured transitions.

The measured angular distribution illustrated in Fig. 3(a)
is associated with the transition to the channels considered in
Table IV (third peak of Fig. 1). From the theoretical integrated
cross section, one observes that the most important contri-
bution is given by the *Ney (0%) + *¥Ary57(2%) channel
followed by the 2’Neg s (07) + **Ar; 04(2%), 2Nej63(2*) +
¥ Ary 17(27), and 2°Ney»5(47) + *Ary (0T) ones. Both the
sequential and the direct two-proton transfer processes have
similar integrated cross sections for channels in which
the °Ne is in its ground state. On the other hand, the
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TABLE IV. Integrated cross sections in the angular range of
0° < B.m. < 12° for each channel that might contribute to the exper-
imental cross section calculated by direct (IC) and sequential (Seq)
mechanisms (see the text). For the fourth peak the cross sections
obtained by the ZBM2-modified and vpth interactions are listed.

Channels corresponding to the third peak [Fig. 3(a)]

Theoretical cross sections (nb)

Final channel Direct (IC) Seq
Neg. (07) + ®Ar; 33(07) 4.85 6.77
PNegs. (07) + ®Ars51(37) 24.11 29.37
PNeg (07) + BArs 4(2*) 260.26 317.78
PNeg . (07) + BAry57(24) 605.31 694.32

PNeg . (07) + ®Ary50(57) 4.81 9.37

*'Ney 3(27) + P Ary 17(27) 122.60 399.85

Nes25(41) + BArg; (01) 146.90 228.53
Channels corresponding to the fourth peak [Fig. 3(b)]

Theoretical cross sections (nb)

ZBM2mod vpth
Final channel IC Seq. IC Seq.
ONegs (07) + BArsgo(2t) 17149 61425  3.09 1.19

PNegs (07) + BArsge(57) 12654 43829 4481  143.44
ONey (07) + ®Arsg3(37) 7134 26276 6.10  12.53
PNegs (07) + BAreps(4t) 065 0.88  0.0082 0.11
PNegs (07) + BAreos(2)  81.33 242,65  3.95 6.95
Neys (07) + BArgo(4%)  0.28 029  0.0402 0.0414
PNegs (07) + BArea1(61) 020 220 0.0439 0.0032

PNegs (07) + BAres2(2*) 11517 39142 1.74 0.27
ONeg (07) + BAreer(57) 021 4.92 3.51 1.32

PONeye3(27) + BArso0(27) 1283 2630 7210 7890
ONe, 6:27) + BArg5,(21) 3116 8070 2835  25.03
DNei63(27) + BArss0(57) 2055 5897 0.98 5.68
PONeye3(27) + BArgss(37)  178.81  456.11 12231  50.72
Ne, 6327) + BArs 16(21) 1678 4670 14.06 4.36
ONeye3(21) + BArss(4t)  3.62 6.88  0.0015 0.0273
ONe;3(21) + BArss(37) 3468 5861  14.11 7.29
Nesr5(47) + BAr, ,(21) 4733 25880 7857  82.14

channels in which the valence protons populated the 2? and
47 excited states of the 20Ne are preferably populated by the
sequential process. This agrees with the results obtained for
the two-neutron transfer from '8Q to 28Si [16] and *Ni [15]
nuclei where the populated states of the residual 3°Si and **Ni
nuclei are characterized by a large quadrupole deformation as
well. In the present case, the states of the 2’Ne ejectile also
have strong collectivity. The quantum interference concern-
ing the sum of the sequential and direct two-proton transfer
amplitudes improves the theoretical predictions, although
the experimental angular distribution is slightly underes-
timated. The obtained ¢y corresponding to the coherent
sum between the sequential and the direct mechanisms was
approximately 0°.

In Fig. 3(b), the angular distribution obtained integrating
the energy region corresponding to the fourth peak of Fig. 1
is shown. In this region of the spectrum, the contribution

of the population of various excited states is expected. In
Table IV, the integrated cross section in the angular range of
0° < 6..m. < 12° shows the relevance of each channel that can
contribute to the experimental cross section. We show the se-
quential and direct two-proton transfer results, corresponding
to the sum of all the theoretical angular distributions asso-
ciated with the transitions listed in Table IV. The strongest
channels are 2°Ne; ¢3(21) + B Arz04(27), *Nej63(27) +
38 Ary57(2%), and °Ne; 63(2%) + *®Ars.16(27) for which the
ejectile nucleus is found in its excited state. Note, in Table IV,
that the sequential mechanism is dominant compared to the
direct one, mainly as both valence protons are populating the
excited state of the *’Ne nucleus. The collectivity of these
excited states favors the transfer of the two valence protons
by a two-step process as pointed out in Refs. [15,16]. The
interference effect between the sequential and the direct mech-
anisms is slightly constructive (¢ = 80°) as can be observed
in Fig. 3(b).

For the angular distributions considered in Fig. 3, the
model space used in the shell-model calculations might not be
enough to properly account for the spectroscopic amplitudes
of high-lying excited states of *Ar. Moreover, the present
limited model space for the heavier nuclei does not take into
account the 1ds,, orbital, which could produce 2p-4h states
with spin 4% of higher energies in the *¥Ar [58]. Therefore,
the contribution of the channels *’Ne, s (0F) + ¥ Arg o5(41)
and 20Neg_s_(OJr) + 38 Arg 25 (41) may still be underestimated.
This also could justify the very small cross section obtained
in channels in which the *¥ Ar nucleus is found in the 6* state
at 6.41 MeV. However, taking into account the constructive
interference in the coherent sum of the sequential and direct
contributions, the agreement of the sum curve with the exper-
imental data results very good in the case of the fourth peak,
whereas still the theory slightly underestimates the data for
the third peak.

Additionally, we have calculated the cross section for two-
proton transfer using other spectroscopic amplitudes derived
from the shell-model calculation, considering a surface §
interaction to obtain the two-body matrix elements [73,74].
The results for the cross sections using this interaction are
labeled by vpth in Table IV. As one can see, almost all the
cross sections derived by using the ZBM2-modified ampli-
tudes are larger than those obtained considering the vpth
amplitudes. The results using the v pth amplitudes concentrate
all the strength to populate only one 2" state of the residual
nucleus. Conversely, the cross section derived with the ZBM2-
modified amplitudes is spread out to all 2+ states of *®Ar, in
agreement with the experimental observation.

V. CONCLUSIONS

The **Ca('®0, *’Ne) ¥ Ar two-proton pickup reaction has
been explored at 270 MeV for the first time at forward angles,
including 0°. Energy spectra and cross-section angular distri-
butions for transitions to low-lying states have been extracted.
The main motivation for this paper is related to the interest
in a complete study of the reaction mechanism and nuclear
structure issues involved in the 80 +*°Ca collision, which
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has been shown as an auspicious experimental tool to explore
the nuclear matrix elements of the double-charge exchange
reactions.

In the analysis we have adopted the finite-range coupled
reaction channel and coupled-channel Born approximation
methods to interpret the measured cross sections. The double-
folding Sdo Paulo potential has been used for the ingoing
and outgoing partitions. Contributions from the direct and
sequential transfer mechanism have been calculated. Since
these mechanisms are present in the reaction and cannot be
experimentally distinguished, the coherent sum has also been
performed.

The one- and two-proton spectroscopic amplitudes for the
projectile and target overlaps have been derived by shell-
model calculations. The structure calculations for the heavier
nuclei have been performed considering the reduced model
space which includes the 2s1/, 1d3,, 1f7,, and 2p;),
orbitals and the ZBM2-modified effective interaction. The
results describe reasonably well the spectrum as well as the
reduced electric quadrupole and octupole transition proba-
bilities. The spectroscopic amplitudes corresponding to the
overlaps with the 2% excited states of *3Ar spread out the
cross-section strength among these excited states, in agree-
ment with the experimental observation. Some discrepancy
between theoretical and experimental values for the energies
of the 47, 47, 6, and 6] excited states of **Ar is observed.
Moreover, the very small theoretical cross section correspond-
ing to those channels might be related to the present limitation
in the model space. For a better description it would be needed
to include, at least, the 1ds/, orbit in the model space since
the 2p-4h configuration could have a significant contribution
to these states.

The cross-section angular distribution for the transfer to the
ground-state channel is well reproduced when the couplings
among the ground and inelastic states of 2°Ne are explic-
itly included in the final partition. This channel is populated
through the direct or sequential mechanism with very similar
strength. On the other hand, the transfer to the excited states
proceeds, preferably, by the sequential process, especially in
the transitions to the vibrational states of the ejectile. In these
cases, the high collectivity of such ?°Ne states seems to break
the correlation of both transferred protons reducing the direct
two-proton transfer contribution to the cross section. Similar
behavior was observed in two-neutron transfer reactions in
which both valence neutrons were transferred from '#0 to 2Si
and **Ni nuclei and populated the states with high collectivity
in the residual nuclei *°Si and ®*Ni. The main difference in
the present calculation is that the two transferred particles are
charged.

Summarizing, the description of the explored two-proton
transfer reaction in terms of spectroscopic amplitudes and
differential cross sections for transitions to different populated
states is satisfactory.

The approach described in the present paper consists in a
close cooperation between challenging experimental and the-
oretical studies, namely, the measurement of high-resolution
energy spectra and cross-section angular distributions and the
comparison with fully microscopic calculations. This method-
ology was adopted in the past for two-neutron transfer in

lighter systems in similar dynamical conditions also by some
of the authors. However, here for the first time its reliability
is checked in the two-proton transfer case. It is possible to
conclude that the (180, 2’Ne) reaction can be considered an
adequate spectroscopic probe if accompanied by a complete
microscopic treatment of reaction and nuclear structure issues.

An important impact of this paper is the possibility to
obtain a complete analysis of double-charge exchange reac-
tions in view of their relation with OvgBB decay for which
two-proton transfer reactions could represent the first step of a
possible multinucleon transfer route that might compete with
the direct meson exchange mechanism. Thus, the availability
of reliable theoretical predictions of such mechanisms, also
when experimental data are not available, is a crucial ingredi-
ent of this research.
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APPENDIX A: ONE-PROTON SPECTROSCOPIC
AMPLITUDES FOR THE PROJECTILE AND TARGET
OVERLAPS

See Tables V and VI for one-proton spectroscopic ampli-
tudes.

TABLE V. One-proton spectroscopic amplitudes (S.A.) concern-
ing the projectile overlaps used in the CCBA calculations for the
sequential two-proton transfer reaction, where n, [/, and j are the
principal quantum number, the orbital angular momentum, and the
spin of the proton orbitals, respectively.

Initial state nl; Final state S.A.
(2512) PR, .(1/2%) —0.607
0. (07) (1p1/2) “Fo10(1/27) —0.446
(1ds)2) Y Fo.107(5/27) —0.644
(1ds;2) PR, (1/2%) —0.596
2s —0.426
E ld;Z; PFoisr(5/27) —0.420
B01952(27) (Ip12) PF346(5/27) 0.388
(Ip1y2) PF) 450(3/27) —0.402
2s —0.668
E 1dls//3 PFLss(3/27) —0415
PPy (1/2%) (2s172) —0.858
PFoa10(1/27) (1pip2) *Ne, . (0) 1.270
PFo.107(5/2") (1ds;2) —1.174
PFes.(1/2%) (1ds/2) 0.671
(2s12) 0.692

19 +

Fo.197(5/27) (1ds2) 0.642
PF1346(5/27) (Ip12) *'Ney.64(27) 0.978
PFi450(3/27) (1p12) 0.816
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TABLE V. (Continued.)

TABLE VI. (Continued.)

Initial state ni; Final state S.A. Initial state nl; Final state S.A.
(2S1/2) —0.377 (2S1/2) _ 0.086
19 + 39
Fis54(3/2%) (1dsp) —0.292 (1ds)) Kai(7/27) 0.595
19 +
Fo.197(5/27) (1ds)2) 2 —0.646 (2s12) —0.030
N 4+ Ko (3/2F
9F) 554(3/2%) (1ds)2) ca2u(47) 0.635 (1ds)2) Kes.3/27) —0.008
Y Fo110(1/27) (1ds)2) 0.073 (1ds)2) ¥Kas3(1/27) —0.014
PFo.107(5/2%) (1p1y2) 0.034 (2p3)2) 9Ky 814(7/27) 0.253
F) 346 (5/27) (2s172) ZONe4 967(27) —0.204 (1/5/2) ‘ 0.847
- (1ds)2) ’ 0.639 (2p32) Ky o10(3/2) —0.147
9F1.459(3/27) (2s172) 0.139 (1f52) o —0356
' (1dsy) —0.550 (1f72) PK3507(9/27) 0.260
19 +
Fi554(3/27) (1p12) 0.188 4 + (2p32) 39 _ —0.026
Foio(1/2)  (dsp) 0577 BB g e
19 +
Fo.107(5/27) (1p1y2) —0.192 (251)2) 2 N —0.153
0 i (25172) Nes 621 (37) 0.285 (1ds) Kao(3/27) 0464
Fi346(5/27)
(1ds)) 0.110 2p32) » 20 0.047
Y 450(3/27) (1ds2) ~0.170 (1fy2) Kaoe2(3/27) 0.234
jZFg.sA(l/?) (1p1y2) —0.088 (1ds2) 9Ky 006(1/27) 0.154
Fo.110(1/27) (2s12) 0.095 (2p32) 9 0.026
19 - _ y Ka.127(7/27
F1346(5/27) (1ds)2) DNes 7e5(17) 0.649 (1f2) 4127(7/27) 0.249
9, 450(3/27) (2s12) 0.114 (1f2) ¥Ks0a(11/27) 0.213
' (1ds)2) —0.531 (1dsp) ¥K,es.(3/27) 0.646
YR 554(3/27) (Ip1y2) 0.232 B Arg (07) (2s1)2) ¥Kas23(1/21) 0.277
P, (1/27) (2s1/2) 0.095 (1f72) FKos14(7/27) 0.742
YFo.1 10.(1/27) (Ipiy2) 20N€6.726(0+) —0.313 (2p3p2) 39K3.019(3/27) —0.675
YFp.197(5/27) (1ds)2) —0.130 (1ds)2) FK3039(3/2%) —0.027
B Arg (07) (2p3p2) ¥Ku052(3/27) 0.214
39 +
TABLE VI. One-proton spectroscopic amplitudes concerning the (2512) 39 Kao9s(1 /2_) 0.052
. . . (1f7,2) Ka.127(7/27) —0.119
target overlaps used in the CCBA calculations for the sequential two- (25172) 0311
proton transfer reaction, where n, /, and j are the principal quantum 172 39Kg_s_(’j /2%) ’
number, the orbital angular momentum, and the spin of the proton (1d52) —1.250
> ) 39 +
. . (1ds3)2) Ka523(1/27) —0.448
orbitals, respectively. 2pa) 0107
A Ko s14(7/27) 017
Initial state nl; Final state S.A. ((2f 7/ 2)) 0'049
P32 39 - Y
(1d32) 9K, (3/2%) 1.787 (Lfy2) Kaow(3/27) ~0.281
(251)2) PKasa3(1/21) —1.277 (1f72) K3 507(9/27) —0.642
(1f72) ¥Ko514(7/27) —0.718 BAr) 165(27) (2p3p2) I~ _ 0.047
0Ca, (01) (Zp3p2) PKz010(3/27) 0.223 (Lfy2) Ks883(5/27) 0.404
. (1d32) PKs.030(3/2%) 0218 (25172) 2 N 0.046
2p32) YKy 002(3/27) 0.172 (1ds») Kas29(3/27) 0.151
39 + _ )
(2s172) ~Kase(1/27) 0.362 2p32) VKo (3)2 0.204
(1f22) Ka120(7/27) 0.245 (1fin) 40823/27) 0.520
(2[73/2) 39K (3/2+) 0.137 (1d3/2) 39K4.096(1/2+) 0.095
(1f22) e 0.538 (2p3)) » - 0.108
(1f7/2) 39K2_523(1/2+) 0.406 (1f7/2) PKa127(7/27) 0.331
(25172) r51a(7/27) —0.085 (1f22) K300 (11/27) 0.577
(1d3) ’ —-0.377 (2p3)) 39 . 0.006
(1d3)2) PKz09(3/27) —0.017 (1f12) Kes 3/27) —0.158
(1ds)) PKs507(9/27) 0.207 (1f52) 9K, 503(1/2%) —0.152
“Caz737,(37) (2s1/2) _ 0.316 o B
(1ds) ¥Kas83(5/27) 0.629 (25172) Ky 01a(7/27) 0.179
” ' (1ds72) ' ~0.209
(2p3p2) YKs930(3/2°) 0.048 (1ds)) ¥K5010(3/27) —0.040
(157/2) o —0-(5)18 (1ds)2) PK3.507(9/27) 0.297
(1d5.2) Ka052(3/27) 0.593 38 -
(Uf)  Kiwel1/29) oosg G B e s P
/2 4.096 ) (1d3/2) —0.529
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TABLE V1. (Continued.)

TABLE VI. (Continued).

Initial state ni; Final state S.A. Initial state nl; Final state S.A.
(2p3/2) 39 + —0.161 (2S|/2) 39 _ 0.057
(1fyn) K3939(3/27) 0.088 (1ds») K3044(11/27) 0723
(]d3/2) 39K4A082(3/27) 0.052 (2]73/2) 39K (3/2+) —0.060
A f72) FKa006(1/27) 0.260 A f72) &s: 0.044
2 0.032 3 + -
(25172) K4 17(7/27) B AL, e7(37) (Lf72) Ka2.523(1/27) 0.229
3/2 . 2s —0.369
(1ds)2) 0.629 (2512
/ 1/2 39K (7/27)
(1ds2) FKes.(3/27) 0.189 (1ds)) 2814 0.178
(2s1)2) PKass(1/2%) 0.211 (1d3)) ¥K5.010(3/27) 0.103
(1f2) 22K2A814(7/2*) —0.113 (1d3)) K3507(9/27) —0.277
(2p3s2) “Ks.019(3/27) 0.066 2 0.106
¥ Ary 375(07) (1ds2) K3 030(3/2F) 0.260 ((1213/;; PKaaws(5/27) —0.204
(2p3)2) PKa082(3/27) —0.243 (2p3)2) —0.022
(2s12) PKaoos(1/2%) —0281  3pp (37 (Lfy) K3 930(3/2%) _0.131
(1 f72) ¥Ka127(7/27) —0.267 (1dsp) FKa082(3/27) 0.243
B A 056 (25) (2s172) BK g (3/2°) 0.208 (1f12) PKa006(1/2%) 0.058
(1ds)2) —0.683 (251/2) 2 B 0.075
(ld3/2) 39K2(523(1/2+) 0.382 (1d3/2) I<4.127(7/2 ) 0.170
(2p3p2) 39 - —0.088 (2512) 0.535
/2 :
A fr2) Kesne7/20) —0.265 (1d3p2) Ky (3/27) —0.074
((21‘?/2)) FKs.010(3/27) 8;2; (1d32) PKas2s(1/2%) 0.663
7> : (2p312) _ —0.057
(f72) ¥K3507(9/27) —0.013 (Lfrp) PK2514(7/27) 0.096
(2p312) 3 - 0.051 (2p3)) —0.003
K3.883(5/27) D32 39 _ .
3 Ars 36(2F) (1f22) 388 —0.040 (1f32) K3.019(3/27) 0.139
' (2s172) 39 n 0.011 (1 f22) ¥K3507(9/27) —0.116
K30390(3/27)
(1ds)2) —0.474 2ps) ks (5/2°) —0.011
(2p312) 9K, 2 (3/27) 0.035  3Ars57(2%) (1f172) 8 —0.245
(1fy2) 4.082 —0.103 (2s1/2) VKso10(3/2°) 0.307
(1ds2) ¥Ry g00(1/2°) ~0.342 (1ds2) 2939(3/ 0017
(2p3p2) 3 _ 0.056 2p35) 0.041
Ka127(7/27) Par2 3 - '
(Lf22) “ 17 ) —0.205 (1f1) Kao0s2(3/27) —0.239
gﬁ/z; K3944(11/27) 871:26 (1dsp) PKaoos(1/2) 0.356
S1/2 39 + : (2p32) _ —0.010
Kes (3/27) / ¥Ka127(7/27)
(1ds2) : —0.247 (1f212) 4127 0.002
gdyz; PKasa(1/2) 8.322 (1f52) FKs.044(11/27) 0.004
P32 39 - : (2p32) _ 0.059
Kas14(7/27) / PKa814(7/27)
(f2) 0.067 (1f1) 2814 0.186
2 —0.063 39 - —
((1?32)) “Kaos(3/27) ~0.162 8;:7/2)) o) 8'533
: 3/2 39 _ —0.
(1f22) 9K3507(9/27) 0.085 "™ @ (1f) K3.597(9/27) —0.157
2p3 2) _ 0.093 T5.349
®Aryses(27) s, PKass3(5/27) (2p3p2) 39 5/0- 0.023
' (1f) ‘ ~0.263 (1fs2) Kassa(5/27) ~0.013
/2 :
(251/2) 39K3,939(3/2+) —0.203 (1f7/2) 39K4A082(3/27) 0.116
(1ds2) 0.156 (2p3)2) 2 _ 0.014
(2p3)2) 19 7 0.091 (1fr2) Ku127(7/27) 0.044
(12 Ka.082(3/27) 0028 (2. 7/2) 0.063
’ D32 39 - :
(1d3/2) 39K4.096(1/2+) 0.273 (1f7/2) K3_944(] 1/2 ) 0.127
(2p32) 39 _ 0.087 (2p3)) —0.001
Ka.127(7/27) P32 39 + :
(1 f22) N ) —0.206 (Lfy) Kes.(3/27) 0.027
(1f22) 3Ig(3.944(11/3 ) 0.112 (1fs2) FKos23(1/27) 0.142
(1fs2) PKen (3/2%) ~0.090 (251) Srann/2) 0.006
Elzdyz; K2814(7/27) :8(1)?(7) B Arss513(37) (1d52) 81 0.174
S1/2 39K3,597(9/2_) : (1d3/2) 39K3_019(3/27) —0.300
AL 556(5) (1dsy2) . 0521 (1dy2) ¥K597(9/27) —~0.187
' (Lf2) K3.939(3/2%) 0.052 (2s12) 2 s/ 0.051
(1d3/2) PKai27(7/27) 0.053 (1d3)2) Kasss(5/27) —0.218
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TABLE VI. (Continued).

TABLE VI. (Continued).

Initial state nl; Final state S.A. Initial state nl; Final state S.A.
(2p3/2) 39 0075 (2])3/2) _ 0029
£’¢ 3 2+ 39K 7/2
(1fyn) 3.939(3/27) 0.066 (Lfyn) 4127(7/27) 0,037
1d3)») FKa082(3/27) 0.163 2p32) —0.006
BAp 3- (1ds g / YK 11/2—
54513( ) (1f7/2) 39K4A096(1/2+) —0.156 (1f7/2) 3944( / ) —0.057
(2S1/2) 39 _ —0.017 (2S|/2) 39 + —0.126
(1ds)) Kazr(7/27) 0.209 (1ds)) Kes.3/27) 0.055
(2s12) WK, . (3/27) 0.279 (1d3/2) PKo.s523(1/27) —0.121
(1d3/2) g.s. 0.023 (2]73/2) 39K2 8]4(7/2_) 0.036
(1d32) ¥Kas03(1/27) 0.321 1 f72) ’ 0.085
(2173/2) 39 _ 0.028 (2P3/2) 39 B —0.055
2 2
(1fs2) K2814(7/27) ~0.020 (1fs2) K3.019(3/27) —0.117
(2p32) BK, 010(3/27) 0.036 (Lf7y2) ¥Ks507(9/27) —0.004
(1f7,2) X —0.096 B Arg 2s0(25) 2p3)2) K g (5/27) —0.031
(1f72) ¥K3507(9/27) —0.013 ' (1 f22) ' —0.160
2p3s) _ —0.039 2s1,2) 0.179
38A 2+ ( / 39 5/2 / 39 3/2+
I5.505(27) (Lfs2) K3.83(5/27) 0016 (1ds) K3.030(3/27) —0.097
(251/2) 39 0.017 (2p3/2) _ 0.101
2+ 3 2
(1ds) K3039(3/27) 0.095 (1fs2) Ka082(3/27) —0.083
(2p32) 39 - —0.051 (1ds)2) FKa006(1/27) —0.302
- 3/2
(1fyy2) Ka.082(3/27) —0.049 @2p3) Sk 1 (7/2°) —0.005
(1d312) P Ka006(1/2%) 0.097 (1f22) 127 0.038
(2p3p2) O (7/27) —0.014 (1f22) K044 (11/27) 0.004
(1fs2) 4.127 —0.025 (2p3)2) 9K 510(7/2°) 0.022
(1f22) FKs044(11/27) 0.025 (Lf2) ' —0.061
(1f22) 3ZQK,g‘sA(?’/Zﬂ 0.236 (Lf22) FKs010(3/27) —0.052
1d K 7/2- 0.817 2 0.004
((2s3/2)) 2814(7/27) o4 (2ps)2) 39K3,597(9/2_)
2 Ky 500(9/27) ' (Lfr2) 0019
_ 1d;,,) ’ 0.485 (2p3)2) _ —0.023
N (1ds/2 WAL (4 / 3 )
T5659(57) (1fy0) Ks010(3/2%) 0.348 r6276(4™) (L) K3.883(5/27) 0.054
(1d3/2) ¥Ka127(7/27) 0.052 (1f772) YKa082(3/27) —0.086
2s 0.152 2 —0.006
, d;Z; SRy oua(11/27) b il’}jj;) SR (7/27) o
(2])3/2) 39 + 0.029 (2])3/2) 39 _ 0.038
(Lfy) Kgs.(3/27) 0.108 (1f2) K3.044(11/27) 0.025
(1f22) PKas23(1/21) 0.224 (Lfa2) By 512(7/27) 0.187
(25172) PKa814(7/27) 0387 (2p32) - —0.030
(1d3)2) ' 0.241 (Lf72) PKa507(9/27) 0.013
(1d5/2) PKs010(3/27) —0.459 P Arg00(6T) (Lf2) YKas83(5/27) 0.089
(1d3)2) PK3507(9/27) —0.396 (1f72) 39 7/~ —0.037
38 Ars g05(37) (2512) 9K sea(5/2°) —-0.016 2ps2) Ka.127(7/27) 0.017
(1d31) s 0.001 (1f2) 0.077
(2p3p2) 39 0.163 (251)2) PKsoaa(11/27) —0.189
Ks. (3/2+) 1/2 3.9 .
A e 0197 (d)  “Kes(3/29) 0053
32 T Ka.082 . (1ds)2) " —0.191
E;ﬁ/z; 39K 006(1/27) _8332 @p32) Ko.s23(1/27) 0.001
S1/2 39 - : (1 f72) 0.042
Ka.127(7/27) e 3 7/2°
(1d3p2) —0.089 K2s14(7/27) _
3 Arg 053 (4) Qpon) Ky 514(7/27) 0.035 @Ps2) 3 _ 0018
6.053 P32 SKesn(7/27 . (Lf22) Ks.010(3/27) 0.029
8?/2; %91122‘8142;?;; 8.883 (1f712) PKs507(9/27) 0.013
7/2 g X0 -V 38 2p3p) B 0.019
(2p3)2) 2 _ 0.026 Arg520(27) (150) PKs.83(5/27) 0.012
K3597(9/27) /
((éfm)) g-(l);‘(l) (2s1)2) —0.038
P32 39 - : (1d3/2) —0.037
% Arg.053(41) (Lf22) Kasss(5/27) —0.010 @ps2) PKs930(3/2") 0015
(1f272) PKa02(3/27) 0.006 (1f12) ¥K4032(3/27) 0.028
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TABLE V1. (Continued).

Initial state ni; Final state S.A.
(1d32) 39 + —0.198
2py) Ka.006(1/27) 0027
(f72) FKy127(7/27) —0.013
(1f22) FKs3.004(11/27) 0.026
(1f72) FKes. (3/27) 0.020
1d —0.126
() YKas1(7/27)
(25172) HKs507(9/2) —0.243
3 Are 674(57) (1d3/2) i —0.171
oo (1f22) ¥K3939(3/2%) ~0.071
(1d5/2) 39 _ —0.555
(2s12) Kaizr(7/27) 0.130
(1ds)2) PKa044(11/27) 0.205
(Lf2) 2 N —0.011
Qp3)2) K2514(7/27) 0.0002
(Lf712) PK3.507(9/27) 0.091
P Ary259(67) (1f72) FK3883(5/27) 0.008
1 0.020
(2) YK (7/27)
(2p3j2) Vs ons(11/2°) —0.011
(1f22) ou —0.068

APPENDIX B: TWO-PROTON SPECTROSCOPIC
AMPLITUDES FOR THE PROJECTILE AND TARGET
OVERLAPS

See Tables VII and VIII for two-proton spectroscopic am-
plitudes.

TABLE VII. Two-proton spectroscopic amplitudes concerning
the projectile overlaps used in the CRC transfer calculations, where
Jji1, Jo are the single-particle spins, and J is the total angular momen-
tum of the transferred protons.

Initial state Jij2 J Final state S.A.
1[)1/21[)1/2 —0.4021
2S1/22S1/2 0 22Neg_s_ (O+) 0.5553
1ds;y 1ds ), 0.3681
Lds;; 1ds, 2 » + —0.2728
1ds 22512 Newsss (D) g 4022
50, . (0%) Lds)21ds) 4 ZNe>4,248 (4+) 02729
& 1p1/21d5/2 2 Nesos7(27) —0.0303
1p1/21d5/2 3 22N€5.62] 37) 0.2508
1p12251)2 1 ZNessg3(17)  0.0561
1p1/21p1/2 00968
2S1/22S1/2 22Ne6,726(0+) 0.1891
1ds;y 1ds ), 0.0158
1d5/§1d5/z » 0.3200

Ne, . (0T
1d5/22S1/2 eg' (0 ) 0.4693
Ipiplpip 0.3750
25122512 0 2Nepga(2t)  —0.4819
Lds;;1ds, —0.3188
1dsx1ds )2 0.3682
18 2+ / / 2

O1.952(27) 1ds 2512 2Ney s (4%) 05743
1p121ds) 3 ZNegos7(27)  —0.2525

TABLE VIII. Two-proton spectroscopic amplitudes concerning
the target overlaps used in the CRC transfer calculations, where
J1, J» are the single-particle spins, and J is the total angular mo-
mentum of the transferred protons.

Initial state Jij2 J Final state S.A.
1p12251)2 1 *Nes 621(37) -0.0763
1piy2lds) Nes 783 (17) -0.1070
ds 1ds), 2 —0.0267
1ds ;22512 Neg.726(01) —0.1757
ldsp1ds 0.8249
251722812 38 N 0.2350
Lfr21f72 0 Args (07) —0.4190
2p322psp —0.1270
ldsp1ds —1.5355
lds 251/ —0.5138

“Cay, (0F) Lfip1f2y2 2 P Ar)165(27) 0.0606
Lf122p3)2 0.0353
2p322psp 0.0163
ldsp1f7)2 —0.2201
1d322p3) 3 B Ar;810(37) —0.0025
25121 f72 0.1012
1ds)21ds3), 38 0.2983
251228172 0 Aryz7(07) —0.1113
L7217 38 . —0.0441
2p322p3)2 0 Ars378(07) —0.0183
ldsp1ds —0.9357
Ld3 225112 0.3236
Lf221f72 2 BAr;036(21) 0.1027
Lf122p3)2 0.0434
2p322psp 0.0319
lds)1ds —0.3044
Ld3 22512 1.2856
Lfaplfap 2 B Ary 565(27) —0.0941
1f122p312 —0.0654
2p322psp 0.0136
1ds o1 f12 5 B Args6(57) —0.1240
lds 172 0.1049
1d322p3) 3 BAry87(37) —0.0627
25121 f72 0.2409
1d3 ) 1ds), —0.0591
1d32251)2 1.0039
Lfaplfp 2 ¥ Ars 157(27) —0.0856
Lf7/22p32 —0.0226
2p322p3) 0.0119
Lfialfo 38 N —0.0655
Lf122p3) 4 Alsae9(47) —0.0201
ldsp1f7)2 0.0740
Ld3/22p3) 3 B Ars 513(37) 0.0123
25121212 —0.0719

“Ca,, (01)
lds21ds 0.0649
1d322512 0.5297
Lfap1fa 2 3 Ars 505(27) —0.0155
Lf122p3p —0.0444
2p322psp 0.0070
ld3 21712 5 3 Ars 659 57 0.5623
Lds a1 f7y2 0.2053
1ds22p3) 3 ¥ Ars 55(37) 0.0606
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TABLE VIII. (Continued).

TABLE VIII. (Continued).

Initial state Jij2 J Final state S.A. Initial state Jij2 J Final state S.A.
2S|/21f7/2 —02093 1d3/21f7/2 —00496
1f221f72 4 N 4+ —0.0117 1d3/22p3)2 3 B Arss05(27) —0.0274
1f122p3)2 0@ _g0185 251211 —0.0585
1d3/2251/2 —0.2353 1d3/2251/2 0.0592
Lf721f72 2 38Al%zso(fr) —0.0249 Lf721f72 2 38AIF5A659 (57) —0.0438
1f7/22p3/2 —0.0108 1f7/22p3/2 —0.0510
2]73/22[73/2 —0.0069 2]73/22]73/2 —0.0121
Lfp1f7, 38 0.0437 1ds)p1ds3), —0.1642
1f222p3)2 4 Arears @) g 0144 1d32251 )2 —0.0945
Lf721f72 6 3 Arg400(6) —0.0892 Lf21f72 2 B Ars55(37) 0.0455
1ds ) 1d3), 0.0699 1f7/22p3)2 —0.0004
1d3/22S]/2 —0.3729 2]73/22]73/2 —0.0029
Lfaplfop 2 38 Arg.500(21) —0.0114 Ldsp 1 foy 0.0216
1f122p3) 0.0182 ldsp2ps, 3 PArges3(47) 0.0063
2p3/22p3/2 —0.0065 2S|/2 1f7/2 —0.0145
1ds 21 f1)2 5 BAreenu(57) 0.0086 1ds 1 f2)2 0.0495
1f7/2 1f7/2 6 38AF7A289 (6") 0.0059 1d3/22173/2 3 38Af6.250(2+) 0.0045
1dsp21f7) —0.3406 25121 f72 0.0409
lds2ps, 3 BArg.(07) —0.0907  *°Caz73;(37) 1ds a1 fr2 —0.0136
251215 —0.0940 Idsp2ps, 3 PAreas(@t)  —0.0093
1d3/21f7/2 —0.3378 2S1/21f7/2 0.0218

0Ca, (37 1d322p3)2 3 BAn,sQ2") 0.1095 Lds 1 fop N . 0.0592
2s121f72 0.0795 1d322p3 )2 3 Arg400(6™) —0.0006
1d3/2 1d3/2 —0.4606 2S]/21f7/2 —0.0238
2S|/22S1/2 0 38A1‘ (37) —0.1243 ]d3/2]f7/2 0.0439
Lfa21f7, 3810 0.2727 1d3/22p3 )2 3 ¥ Arg520(27) 0.0062
2p3/22p3/2 0.0736 2S]/21f7/2 0.0451
1ds 1 f7)2 —0.0962 1ds)p1ds3), 0.1063
1d3/22p3/2 3 38AI‘3A378(0+) —0.0469 1d3/22s1/2 —0.0135
25121 f72 0.0601 1f121fr2 2 PAreenu(57) 0.0018
1ds 1 f7)2 —0.2316 1f7/22p3)2 0.0063
1d3/22p3/2 3 38AI‘3A936(2+) 0.0661 2173/22173/2 —0.0014
25121 f7)2 —0.0503 1d3 1 f7)2 0.0100
1ds 1 f7)2 —0.2236 1d3/22p3)2 3 38AT7A289 6% 0.0045
1d3/22p3/2 3 38AI‘4A565(2+) 0.0294 25‘1/21f7/2 —-0.0176
25121512 —0.2111 ld3 2 1d5) —0.0227
1d3/21d3/2 0.0709 1d3/22.§'1/2 —0.0129
1d3/2251)2 0.0136 Lf721f7,2 2 38Arg4s.(0+) 0.3777
Lf221f712 2 P Ary536(57) —0.0475 1f722p32 0.1615
1f7/22p3)2 —0.0445 2p322p3) 0.0542
2p3/22p3/2 —0.0082 0 . 1d3/2 1d3/2 —0.1754
1d3/21d3/2 —0.3109 Ca3_9()4(2 ) 2S]/2251/2 0 38AI‘2_168(2+) —0.1066

0C, (3 25122812 0 SAr, (37 —0.0747 1fa21f7, 0.3552

o Lfa21f7, ’ 0.1237 2p322p3 0.0828
2p322p3p 0.0458 1d321f2 0.0543
1d3 01 fo2 —0.1364 1d3/22p3)2 3 B Arsg10(37) 0.0137
1d3/22p3/2 3 38A1'5A157(2+) 0.0011 251/21f7/2 —0.1221
2512112 —0.1316 lds1ds) —0.0033
1ds 1 fr)n 0.0059 lds2251)2 2 B Ars375(0%) —0.0026
1d3/22p3/2 3 38AI’5A349(4+) —0.0061 1f7/21f7/2 —0.2096
25121 f2 0.0019 1fsp2psn 2 PArszs(0t)  —0.0959
ldipldsp (0 gy (37 —0.3750 2p3a2pap —0.0307
25122512 30 —0.1682 1ds21ds 0 0.2984
121 s 0.2309 BB g WAt 00
2p322p3 0.0596 LfipLfap2 —0.4184

2[73/22[)3/2 —0.1033

054604-15



J. L. FERREIRA et al.

PHYSICAL REVIEW C 103, 054604 (2021)

TABLE VIII. (Continued).

TABLE VIII. (Continued).

Initial state Jij2 J Final state S.A. Initial state Jij2 J Final state S.A.
1ds), 1ds), —0.0869 1d3 21 fo)2 —0.0335
2Bip2512 g mp N —0.0085 Idsp2psy 3 PArsps(3T)  —0.0891

T4565(27)

Lfi21f1 0.0564 0Ca3 00(2%) 25121 f12 0.3462
2p3/22p3 ) 0.0286 3904 1ds21ds) —0.0266
1ds21 f7) —0.0342 1d5/22512 —0.0472
1d3/22p3/2 3 38Ar4'586(57) —0.0011 1f7/21f7/2 2 38Ar6.053(4+) —0.0497
2S1/21f7/2 —0.0038 1f7/22p3/2 —0.0004
Ldsp21 f7)2 —0.0845 2p322p3s 0.0080
1d3/22p3/2 3 38AI’4'877(37) —0.0082 ]d3/21d3/2 0.2479
40 + 2S1/21f7/2 —0.2614 2S1/22S1/2 0.2537
Caz904(27) 1ds ) 1ds)2 —0.0680 1foal fo 0 3B Arsas0(21) —0.1752
1d3)2251 —0.1335 2p32psp —0.0510
Lfralfo 2 B Ars157(2") —0.1613 1dsp1ds) 0.0239
1f7/22p3/2 —0.0529 1d3/2251/2 0.0266
2[73/22[]3/2 —0.0191 ]f7/2 lf7/2 2 38Ar6_276(4+) —0.0282
1d3/21d3/2 0.0471 1f7/22p3/2 0.0239
1d3/22S]/2 0.0676 2])3/22])3/2 0.0042
1f121fr2 2 3B Ars 340(47) 0.2214 Lfoalfop 0.0980
1f7/22p3)2 0.1070 1f122p3)2 4 3 Ar.400(67) 0.0615
2p322p3p 0.0333 N 1ds21ds) 0.0380
1dsp 170 ~0.0836  Caaom(@0) 25122512 3 0.0344
Ld322p3)2 3 B Arssi3(37) —0.0447 Ll fop 0 Ares20(27) —0.0203
25121 f2p2 —0.0226 2p322p3)n —0.0086
ldyp1dsp —0.1115 1ds 1 fr)0 0.0552
251228172 0 BArsss(2) —0.1068 1ds22p3)2 3 BArgen(5T) 0.0370
21f7/2§f7/2 i 8-82?? 25121 f52 0.0225
D3/24P3/2 : 1fi1 —0.0344
1ds1fo 0 —0.1283 1,]2;222;//22 4 Az 000

1d3/22p3/2 3 38AI‘5_659(57) —0.1762

2S1/2 1f7/2 00605
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