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Analysis of two-proton transfer in the 40Ca(18O, 20Ne) 38Ar reaction at 270 MeV incident energy
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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 40Ca(18O, 20Ne) 38Ar 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.
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I. INTRODUCTION

In the past years, the study of the nuclear matrix element
(NME) involved in the description of the neutrinoless double-
β decay (0νββ) 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 0νββ decay rate is given [1,2].

The nuclear matrix elements for neutrinoless double-
β 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
0νββ 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 0νββ 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
90Zr(16O, 14C) 92Mo 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 20Ne + 116Cd 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 (18O, 20Ne) two-proton
pickup, which is analogous to the (n, 3He) 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 (18O, 20Ne) 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 40Ca(18O, 20Ne) 38Ar
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
38Ar and 20Ne 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 2+ excited state of 20Ne, 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 40Ca(18O, 20Ne) 38Ar 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 40Ca(18O, 18Ne) 40Ar 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 40Ca(18O, 20Ne) 38Ar two-proton transfer reaction
was measured at the INFN-LNS laboratory in Catania. A
beam of 18O4+ ions, extracted by the K800 Superconduct-
ing Cyclotron accelerator, bombarded a 280 ± 14-μg/cm2 Ca

target at 270-MeV incident energy. The Ca material for the
target was evaporated on a carbon backing 25-μg/cm2 thick
and then covered by a layer of 15-μg/cm2 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 θopt = +4◦. The MAGNEX
quadrupole and dipole magnetic fields were set in order that
the 18O8+ stripped beam after passing through the target and
the magnets reaches a region beside the FPD but external to it.
Since the magnetic rigidity (Bρ) of the 18O8+ beam is higher
than one of the ejectiles of interest (20Ne10+), a specifically de-
signed Faraday cup was placed in the high-Bρ 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◦ < θlab < +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◦ < θc.m. < 12◦.

The identification of the 20Ne 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 θlab and excitation energy
Ex = Q0 − Q (where Q0 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 Ex =
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 20Ne
and 38Ar, 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+) + 38Ar2.17(2+) and
20Ne1.63(2+) + 38Arg.s.(0+) final states. The third and fourth
peaks are a convolution of different final channels. See Sec. IV
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 40Ca(18O, 20Ne) 38Ar
reaction at 270 MeV in the angular range of 0◦ < θlab < +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 � (+)

α (R, ξi, ξ j ), where R rep-
resents the center-of-mass coordinates between the projectile
and the target (a + A), whereas the ξi’s are the intrinsic coor-
dinates of the projectile, and ξ j’s are the intrinsic coordinates
of the target (note that ξ j = {ξ j−2, r3, r4}). �

(−)
β (R′, ξk, ξl )

is the wave function for the final partition. So, the transfer
amplitudes may be determined using

T (direct)
αβ = 〈� (−)

β |Wα|� (+)
α 〉, (1)

with |� (+)
α 〉= ∑

i j |φaiφAj χ
(+)
α 〉= ∑

α |φαχ (+)
α 〉 and 〈� (−)

β | =∑
kl〈φbk φBl χ

(−)
β | = ∑

β〈φβχ
(−)
β |.

Above, φy (where subindex y stands for ai, Aj, bk , or Bl )
are the intrinsic wave functions of the nuclei in entrance and
final partitions with χ (+)

α
and χ

(−)
β being the relative motion

wave function, respectively. In this case, ai, Aj, bk , and Bl
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FIG. 2. Comparison between the theoretical and the experimen-
tal two-proton transfer angular distribution corresponding to (a) the
20Neg.s.(0+) + 38Arg.s.(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 α to β.

The residual interaction W , in prior representation, is
given by Wα = U (R) + v(r1) + v(r2) − 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 18O and 40Ca as well as between 20Ne and
38Ar, respectively. So that, the term U (R) − U (R) is known as
residual remnant potential. v(r1) and v(r2) are real potentials
which bind each valence nucleon to the core.

In this paper, the São Paulo potential was used in the
real and imaginary parts of the complex potentials U (R) and
U (R)[U (x) = (Nr + iNi )V SP

LE (x)] with x = R or R. The São

Paulo potential is derived from a double-folding form

VF =
∫

ρ1(r1)V(R − r1 + r2)ρ2(r2)dr1dr2, (2)

being ρ1 and ρ2, the matter densities of the colliding nu-
clei and V(R − r1 + r2) 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 V0δ(R − r1 + r2) (zero-range
approach) with V0 = −456 MeV fm3. The matter densities
are determined by considering a two-parameter Fermi-Dirac
distribution with radius R0 = 1.31A1/3 − 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 São Paulo potential systematic. In its local equivalent
version, the São Paulo potential is given by V SPP

LE (R, E ) =
VF(R)e4v2/c2

[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

φIMI (ξc, r1, r2)

=
∑

Ic, j12, j1
j2, l1, l2

A
Ic j12I
j1 j2 j12

[
φIc (ξc) ⊗ ϕ j12 (r12)

]
IMI

, (3)

with ϕ j12 (r12) being the two-particle wave function defined by

ϕ j12 (r12) = [
ϕ j1 (r1) ⊗ ϕ j2 (r2)

]
j12

, (4)

where ϕ j1 (r1) and ϕ j2 (r2) are the single-particle wave func-
tions; AIc j12I

j1 j2 j12
stands for the spectroscopic amplitudes of the

two valence particles in the single orbits characterized by the
total angular momentum j1 and j2 as well as of the core in
the state with total angular momentum Ic. 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. φIc is the
core wave function. In expression (4), ji = l i + si (i = 1, 2)
where ji, li, and si 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 = r0A1/3

i (Ai

represents the mass number of the core nucleus in which the
valence particle is bound). A reduced radius r0 = 1.26 fm and
diffuseness a = 0.70 fm were used to generate the single-
particle wave functions for the lighter nuclei, whereas r0 =
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,

18O + 40Ca(39K + p) → 19F + 39K(38Ar + p) →
20Ne + 38Ar 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

φIMI (ξc, r) =
∑
Icl j

A
jIcI
ls j

[
φIcMIc

(ξc) ⊗ ϕ jm(r)
]

IMI
. (5)

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

T (seq)
αβ =

∑
γ

〈� (−)
β |Wγ |φγ 〉G̃(+)

γ 〈φγ |Wα|� (+)
α 〉

− 〈� (−)
β |φγ 〉〈φγ |Wα|� (+)

α 〉. (6)

In expression (6), G̃(+)
γ is the distorted-wave Green’s func-

tion, in the γ partition, represented by G̃(+)
γ = [E − εγ −

Kγ − 〈φγ |Vγ |φγ 〉]−1, where εγ and Kγ 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 γ 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 Tαβ = |T (direct)

αβ + T (seq)
αβ |,

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 12C nucleus is considered as a closed
core with the 1p1/2, 1d5/2, and 2s1/2 as valence orbits for the
neutrons and protons. This realistic interaction successfully
describes the structure characteristics of the lowest states of
the 15,16,17O isotopes. Recently, this interaction has been used
to derive the one- and two-neutron spectroscopic amplitudes
for the overlaps involving the 16,17,18O and 13,14,15C isotopes
in experiments where a beam of 18O bombarded the targets
12,13C [8,14], 16O [12,13,18], 28Si [16], and 64Ni [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-p f 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-p f shells is to
control the number of nucleons promoted from the sd shell to
the p f 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 2s1/2, 1d3/2, 1 f7/2, and 2p3/2 valence orbits
for protons and neutrons was adopted. We have considered
the phenomenological interaction (named ZBM2 modified)
built to describe the Ca isotopes spectra [60] and modified
to reproduce the 38K spectrum. Besides, the authors obtained
a better description of the difference in mean-square charge
radii between the isomer state 38K(0+) and the ground-state
38K(3+) [61]. This interaction is a modified version of the

054604-5



J. L. FERREIRA et al. PHYSICAL REVIEW C 103, 054604 (2021)

TABLE I. Comparison among the 38Ar, 39K, 40Ca experimental
spectra, and the one obtained by shell-model calculation considering
the ZBM2-modified interaction.

40Ca

Iπ EExp. (MeV) ETheo. (MeV)

0+
1 0 0

0+
2 3.353 3.538

3−
1 3.737 4.614

2+
1 3.904 4.117

39K

Iπ EExp. (MeV) ETheo. (MeV)

3/2+
1 0 0

1/2+
1 2.523 1.998

7/2−
1 2.814 2.119

3/2−
1 3.019 3.196

9/2−
1 3.597 3.544

5/2−
1 3.883 4.106

3/2+
2 3.939 4.469

11/2−
1 3.944 3.314

3/2−
2 4.082 4.363

1/2+
2 4.096 4.718

7/2−
2 4.127 3.935

38Ar

Iπ EExp. (MeV) ETheo. (MeV)

0+
1 0 0

2+
1 2.168 2.201

0+
2 3.378 3.862

3−
1 3.810 3.135

2+
2 3.936 3.418

2+
3 4.565 4.328

5−
1 4.586 3.731

3−
2 4.877 4.782

2+
4 5.157 4.813

4+
1 5.349 4.405

3−
2 5.513 5.224

2+
5 5.595 5.340

5−
2 5.659 5.271

3−
3 5.825 5.631

4+
2 6.053 5.420

2+
6 6.250 5.560

4+
3 6.276 6.071

6+
1 6.409 5.120

2+
7 6.520 6.184

5−
3 6.674 6.227

6+
2 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 p f 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 29Si nucleus.
As one clearly can realize, the orbits up to the 1d5/2 are
completely filled in this model space. Moreover, no one proton
or neutron is promoted to the 1 f5/2 and 2p1/2 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 38Ar, 39K, and 40Ca
nuclei.

40Ca

B(E2) (e2fm4) Iπ
i → Iπ

f Exp. Theo.
0+

1 → 2+
1 99a 105

B(E3) (e2fm6) Iπ
i → Iπ

f Exp. Theo.
0+

1 → 3−
1 11.800b 11.420

39K

B(E2) (e2fm4) Iπ
i → Iπ

f Exp. Theo.
1/2+

1 → 3/2+
1 6.9f; 22c 27.4

B(E3) (e2fm6) Iπ
i → Iπ

f Exp. Theo.
3/2+

1 → 7/2−
1 124f 106

3/2+
1 → 3/2−

1 269f 217
3/2+

1 → 9/2−
1 694f 90

3/2+
1 → 5/2−

1 549f 1233
38Ar

B(E2) (e2fm4) Iπ
i → Iπ

f Exp. Theo.
0+

1 → 2+
1 130a;121 ± 7.6d,e 228.5

0+
2 → 2+

1 10.63 ± 0.76e 15.29
0+

1 → 2+
2 42d 11.43

2+
1 → 2+

2 56 ± 11e 241.9
4+

1 → 2+
1 7.59 ± 2.28e 13.5

4+
1 → 2+

2 235.3 ± 68.3e 41.1
6+

2 → 4+
1 607 ± 304e 37.26

5−
1 → 3−

1 1.44 ± 0.15e

5−
2 → 3−

1 22 ± 5.3e

B(E3) (e2fm6) Iπ
i → Iπ

f Exp. Theo.
0+

1 → 3−
1 9500b 1251

aReference [71].
bReference [72].
cReference [75].
dReference [76].
eReference [77].
fReference [78].

Table I shows a comparison of the theoretical results ob-
tained for the 38Ar, 39K, and 40Ca 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 40Ca(18O, 20Ne) 38Ar
two-proton transfer angular distributions considering the
finite-range CRC and CCBA approaches, using the FRESCO

code [66,67]. In the present calculations, the São 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 (r1, r2, r3, and r4

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 ρ 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 19F + 39K. 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(E2; 0+ → 2+) and nuclear deformation length δ2, the defor-
mation parameters β2 = 0.355 and β2 = 0.123 were used [71]
for the projectile and target, respectively. The reduced elec-
tric octupole transition probability B(E3; 0+ → 3−) and the
octupole nuclear deformation δ3 for the target were obtained
from the deformation parameter β3 = 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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5.349 (4+)
5.513 (3-)
5.595 (2+)
5.659 (5-)
5.825 (1-)
6.053 (4+)
6.250 (2+)
6.409 (6+)
6.520 (2+)
6.674 (5-)
7.289 (6+)

3.904 (2+)

4.248 (4+)

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 20Ne1.63(2+) + 38Arg.s.(0+) and 20Neg.s.(0+) +
38Ar2.17(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◦ �
θc.m. � 12◦ for the angular distributions of Fig. 2 are listed
in Table III. As one can see, the channel in which 20Ne is
in its 2+ first excited state has the strongest cross section as
a consequence of the larger quadrupole deformation of 20Ne
compared to 38Ar.

As already pointed out, we have treated the two-proton
transfer reaction through a sequential or direct process

054604-7



J. L. FERREIRA et al. PHYSICAL REVIEW C 103, 054604 (2021)

38Ar
gs (0+)

2.168 (2+)

Ta
rg

et
 o

ve
rla

ps

40Ca
gs (0+)

3.737 (3-)

20Ne18O
gs (0+)gs (0+)

1.982 (2+) 1.633 (2+)

Pr
oj

ec
til

e
ov

er
la

ps

3.378 (0+)

3.810 (3-)
3.936 (2+)

4.565 (2+)
4.586 (5-)
4.877 (3-)
5.157 (2+)
5.349 (4+)
5.513 (3-)
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19F
gs (1/2+)

0.110 (1/2-)
0.197 (5/2+)
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1.459 (3/2-)
1.554 (3/2+)

39K
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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 φ0 between the direct and the sequential tran-
sition amplitudes is extracted by the χ2 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◦ � θc.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

20Neg.s.(0+) +
38Arg.s.(0+)

203 213

20Neg.s.(0+) +
38Ar2.17(2+)

38 90

20Ne1.63(2+) +
38Arg.s.(0+)

761 844

0 4 8 12

c.m.(deg)

10-4

10-3

10-2

d
/d

 (
m

b/
sr

)

Data
IC-coupling (OFF)
IC-coupling (ON)

40Ca(18O,20Negs)
38Args1st peak

FIG. 7. Comparison between the convoluted theoretical and the
experimental two-proton transfer angular distribution for the transi-
tion to the 20Neg.s.(0+) + 38Arg.s.(0+) channel. The dashed red curve
corresponds to the results in which the couplings between the ground
states and the inelastic states of the 20Ne 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 φ0 = −120◦. For the
angular distribution corresponding to the first peak [Fig. 2(b)],
a constructive interference (φ0 = −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 20Ne 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 20Ne are switched on and off. The 2+

1
and 4+

1 collective states of the 20Ne ejectile are accessed,
considering the deformation parameter β = 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 20Neg.s.(0+) + 38Ar4.57(2+) channel
followed by the 20Neg.s.(0+) + 38Ar3.94(2+), 20Ne1.63(2+) +
38Ar2.17(2+), and 20Ne4.25(4+) + 38Arg.s.(0+) ones. Both the
sequential and the direct two-proton transfer processes have
similar integrated cross sections for channels in which
the 20Ne 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◦ � θc.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

20Neg.s.(0+) + 38Ar3.38(0+) 4.85 6.77
20Neg.s.(0+) + 38Ar3.81(3−) 24.11 29.37
20Neg.s.(0+) + 38Ar3.94(2+) 260.26 317.78
20Neg.s.(0+) + 38Ar4.57(2+) 605.31 694.32
20Neg.s.(0+) + 38Ar4.59(5−) 4.81 9.37
20Ne1.63(2+) + 38Ar2.17(2+) 122.60 399.85
20Ne4.25(4+) + 38Arg.s.(0+) 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.
20Neg.s.(0+) + 38Ar5.60(2+) 171.49 614.25 3.09 1.19
20Neg.s.(0+) + 38Ar5.66(5−) 126.54 438.29 44.81 143.44
20Neg.s.(0+) + 38Ar5.83(3−) 71.34 262.76 6.10 12.53
20Neg.s.(0+) + 38Ar6.05(4+) 0.65 0.88 0.0082 0.11
20Neg.s.(0+) + 38Ar6.25(2+) 81.33 242.65 3.95 6.95
20Neg.s.(0+) + 38Ar6.28(4+) 0.28 0.29 0.0402 0.0414
20Neg.s.(0+) + 38Ar6.41(6+) 0.20 2.20 0.0439 0.0032
20Neg.s.(0+) + 38Ar6.52(2+) 115.17 391.42 1.74 0.27
20Neg.s.(0+) + 38Ar6.67(5−) 0.21 4.92 3.51 1.32
20Ne1.63(2+) + 38Ar3.94(2+) 1283 2630 7210 7890
20Ne1.63(2+) + 38Ar4.57(2+) 3116 8070 28.35 25.03
20Ne1.63(2+) + 38Ar4.59(5−) 20.55 58.97 0.98 5.68
20Ne1.63(2+) + 38Ar4.88(3−) 178.81 456.11 122.31 50.72
20Ne1.63(2+) + 38Ar5.16(2+) 1678 4670 14.06 4.36
20Ne1.63(2+) + 38Ar5.35(4+) 3.62 6.88 0.0015 0.0273
20Ne1.63(2+) + 38Ar5.51(3−) 34.68 58.61 14.11 7.29
20Ne4.25(4+) + 38Ar2.17(2+) 47.33 258.80 78.57 82.14

channels in which the valence protons populated the 2+
1 and

4+
1 excited states of the 20Ne are preferably populated by the

sequential process. This agrees with the results obtained for
the two-neutron transfer from 18O to 28Si [16] and 64Ni [15]
nuclei where the populated states of the residual 30Si and 66Ni
nuclei are characterized by a large quadrupole deformation as
well. In the present case, the states of the 20Ne 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 φ0 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◦ � θc.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 20Ne1.63(2+) + 38Ar3.94(2+), 20Ne1.63(2+) +
38Ar4.57(2+), and 20Ne1.63(2+) + 38Ar5.16(2+) 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 20Ne 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 (φ0 = 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 38Ar. Moreover, the present
limited model space for the heavier nuclei does not take into
account the 1d5/2 orbital, which could produce 2p-4h states
with spin 4+ of higher energies in the 38Ar [58]. Therefore,
the contribution of the channels 20Neg.s.(0+) + 38Ar6.05(4+)
and 20Neg.s.(0+) + 38Ar6.28(4+) may still be underestimated.
This also could justify the very small cross section obtained
in channels in which the 38Ar 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 δ

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 vpth 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 38Ar, in
agreement with the experimental observation.

V. CONCLUSIONS

The 40Ca(18O, 20Ne) 38Ar 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 18O + 40Ca 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 São 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 2s1/2, 1d3/2, 1 f 7/2, and 2p3/2
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 38Ar 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 4+

1 , 4+
2 , 6+

1 , and 6+
2 excited states of 38Ar 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 1d5/2 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 20Ne 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 20Ne 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 18O to 28Si
and 64Ni nuclei and populated the states with high collectivity
in the residual nuclei 30Si and 66Ni. 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 (18O, 20Ne) 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 0νββ 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, l , and j are the
principal quantum number, the orbital angular momentum, and the
spin of the proton orbitals, respectively.

Initial state nl j Final state S.A.

(2s1/2) 19Fg.s.(1/2+) −0.607
18Og.s.(0+) (1p1/2) 19F0.110(1/2−) −0.446

(1d5/2) 19F0.197(5/2+) −0.644
(1d5/2) 19Fg.s.(1/2+) −0.596
(2s1/2) −0.42619F0.197(5/2+)
(1d5/2) −0.420

18O1.982(2+) (1p1/2) 19F1.346(5/2−) 0.388
(1p1/2) 19F1.459(3/2−) −0.402
(2s1/2) −0.66819F1.554(3/2+)
(1d5/2) −0.415

19Fg.s.(1/2+) (2s1/2) −0.858
19F0.110(1/2−) (1p1/2) 20Neg.s.(0+) 1.270
19F0.197(5/2+) (1d5/2) −1.174
19Fg.s.(1/2+) (1d5/2) 0.671

(2s1/2) 0.69219F0.197(5/2+)
(1d5/2) 0.642

19F1.346(5/2−) (1p1/2) 20Ne1.634(2+) 0.978
19F1.459(3/2−) (1p1/2) 0.816
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TABLE V. (Continued.)

Initial state nl j Final state S.A.

(2s1/2) −0.37719F1.554(3/2+)
(1d5/2) −0.292

19F0.197(5/2+) (1d5/2) −0.64620Ne4.248(4+)19F1.554(3/2+) (1d5/2) 0.635
19F0.110(1/2−) (1d5/2) 0.073
19F0.197(5/2+) (1p1/2) 0.034

(2s1/2) −0.20419F1.346(5/2−) 20Ne4.967(2−)
(1d5/2) 0.639
(2s1/2) 0.13919F1.459(3/2−)
(1d5/2) −0.550

19F1.554(3/2+) (1p1/2) 0.188
19F0.110(1/2−) (1d5/2) 0.577
19F0.197(5/2+) (1p1/2) −0.192

(2s1/2) 20Ne5.621(3−) 0.28519F1.346(5/2−)
(1d5/2) 0.110

19F1.459(3/2−) (1d5/2) −0.170
19Fg.s.(1/2+) (1p1/2) −0.088
19F0.110(1/2−) (2s1/2) 0.095
19F1.346(5/2−) (1d5/2) −0.64920Ne5.788(1−)

(2s1/2) 0.11419F1.459(3/2−)
(1d5/2) −0.531

19F1.554(3/2+) (1p1/2) 0.232
19Fg.s.(1/2+) (2s1/2) 0.095
19F0.110.(1/2−) (1p1/2) 20Ne6.726(0+) −0.313
19F0.197(5/2+) (1d5/2) −0.130

TABLE VI. One-proton spectroscopic amplitudes concerning the
target overlaps used in the CCBA calculations for the sequential two-
proton transfer reaction, where n, l , and j are the principal quantum
number, the orbital angular momentum, and the spin of the proton
orbitals, respectively.

Initial state nl j Final state S.A.

(1d3/2) 39Kg.s.(3/2+) 1.787
(2s1/2) 39K2.523(1/2+) −1.277
(1 f7/2) 39K2.814(7/2−) −0.718
(2p3/2) 39K3.019(3/2−) 0.22340Cag.s.(0+)
(1d3/2) 39K3.939(3/2+) 0.218
(2p3/2) 39K4.082(3/2−) 0.172
(2s1/2) 39K4.096(1/2+) −0.362
(1 f7/2) 39K4.127(7/2−) 0.245
(2p3/2) 0.13739Kg.s.(3/2+)
(1 f7/2) 0.538
(1 f7/2) 39K2.523(1/2+) 0.406
(2s1/2) −0.08539K2.814(7/2−)
(1d3/2) −0.377
(1d3/2) 39K3.019(3/2−) −0.017
(1d3/2) 39K3.597(9/2−) 0.207

40Ca3.737(3−) (2s1/2) 0.31639K3.883(5/2−)
(1d3/2) 0.629
(2p3/2) 0.04839K3.939(3/2+)
(1 f7/2) −0.018
(1d3/2) 39K4.082(3/2−) 0.593
(1 f7/2) 39K4.096(1/2+) 0.080

TABLE VI. (Continued.)

Initial state nl j Final state S.A.

(2s1/2) 0.08639K4.127(7/2−)
(1d3/2) 0.595
(2s1/2) −0.03039Kg.s.(3/2+)
(1d3/2) −0.008
(1d3/2) 39K2.523(1/2+) −0.014
(2p3/2) 0.25339K2.814(7/2−)
(1 f7/2) 0.847
(2p3/2) −0.14739K3.019(3/2−)
(1 f7/2) −0.356
(1 f7/2) 39K3.597(9/2−) 0.260
(2p3/2) −0.02640Ca3.904(2+) 39K3.883(5/2−)
(1 f7/2) −0.174
(2s1/2) −0.15339K3.939(3/2+)
(1d3/2) −0.464
(2p3/2) 0.04739K4.082(3/2−)
(1 f7/2) 0.234
(1d3/2) 39K4.096(1/2+) 0.154
(2p3/2) 0.02639K4.127(7/2−)
(1 f7/2) 0.249
(1 f7/2) 39K3.944(11/2−) 0.213
(1d3/2) 39Kg.s.(3/2+) 0.646

38Arg.s.(0+) (2s1/2) 39K2.523(1/2+) 0.277
(1 f7/2) 39K2.814(7/2−) 0.742
(2p3/2) 39K3.019(3/2−) −0.675
(1d3/2) 39K3.939(3/2+) −0.027

38Arg.s.(0+) (2p3/2) 39K4.082(3/2−) 0.214
(2s1/2) 39K4.096(1/2+) 0.052
(1 f7/2) 39K4.127(7/2−) −0.119
(2s1/2) −0.31139Kg.s.(3/2+)
(1d3/2) −1.250
(1d3/2) 39K2.523(1/2+) −0.448
(2p3/2) 0.10739K2.814(7/2−)
(1 f7/2) 0.179
(2p3/2) −0.04939K3.019(3/2−)
(1 f7/2) −0.281
(1 f7/2) 39K3.597(9/2−) −0.642

38Ar2.168(2+) (2p3/2) 0.04739K3.883(5/2−)
(1 f7/2) 0.404
(2s1/2) 0.04639K3.939(3/2+)
(1d3/2) 0.151
(2p3/2) 0.20439K4.082(3/2−)
(1 f7/2) 0.520
(1d3/2) 39K4.096(1/2+) 0.095
(2p3/2) 0.10839K4.127(7/2−)
(1 f7/2) 0.331
(1 f7/2) 39K3.944(11/2−) 0.577
(2p3/2) 0.00639Kg.s.(3/2+)
(1 f7/2) −0.158
(1 f7/2) 39K2.523(1/2+) −0.152
(2s1/2) −0.17939K2.814(7/2−)
(1d3/2) −0.209
(1d3/2) 39K3.019(3/2−) −0.040
(1d3/2) 39K3.597(9/2−) 0.297

38Ar3.810(3−) (2s1/2) 0.10339K3.883(5/2−)
(1d3/2) −0.529
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TABLE VI. (Continued.)

Initial state nl j Final state S.A.

(2p3/2) −0.16139K3.939(3/2+)
(1 f7/2) 0.088
(1d3/2) 39K4.082(3/2−) 0.052
(1 f7/2) 39K4.096(1/2+) 0.260
(2s1/2) 0.03239K4.127(7/2−)
(1d3/2) 0.629
(1d3/2) 39Kg.s.(3/2+) 0.189
(2s1/2) 39K2.523(1/2+) 0.211
(1 f7/2) 39K2.814(7/2−) −0.113
(2p3/2) 39K3.019(3/2−) 0.06638Ar3.378(0+)
(1d3/2) 39K3.939(3/2+) 0.260
(2p3/2) 39K4.082(3/2−) −0.243
(2s1/2) 39K4.096(1/2+) −0.281
(1 f7/2) 39K4.127(7/2−) −0.267
(2s1/2) 0.20838Ar3.936(2+) 39Kg.s.(3/2+)
(1d3/2) −0.683
(1d3/2) 39K2.523(1/2+) 0.382
(2p3/2) −0.08839K2.814(7/2−)
(1 f7/2) −0.265
(2p3/2) 0.14239K3.019(3/2−)
(1 f7/2) 0.242
(1 f7/2) 39K3.597(9/2−) −0.013
(2p3/2) 0.05139K3.883(5/2−)
(1 f7/2) −0.04038Ar3.936(2+)
(2s1/2) 0.01139K3.939(3/2+)
(1d3/2) −0.474
(2p3/2) 0.03539K4.082(3/2−)
(1 f7/2) −0.103
(1d3/2) 39K4.096(1/2+) −0.342
(2p3/2) 0.05639K4.127(7/2−)
(1 f7/2) −0.205
(1 f7/2) 39K3.944(11/2−) 0.146
(2s1/2) 0.74239Kg.s.(3/2+)
(1d3/2) −0.247
(1d3/2) 39K2.523(1/2+) 0.957
(2p3/2) 0.03539K2.814(7/2−)
(1 f7/2) 0.067
(2p3/2) −0.06339K3.019(3/2−)
(1 f7/2) −0.162
(1 f7/2) 39K3.597(9/2−) 0.085
(2p3/2) 0.09338Ar4.565(2+) 39K3.883(5/2−)
(1 f7/2) −0.263
(2s1/2) −0.20339K3.939(3/2+)
(1d3/2) 0.156
(2p3/2) 0.09139K4.082(3/2−)
(1 f7/2) −0.028
(1d3/2) 39K4.096(1/2+) 0.273
(2p3/2) 0.08739K4.127(7/2−)
(1 f7/2) −0.206
(1 f7/2) 39K3.944(11/2−) 0.112
(1 f7/2) 39Kg.s.(3/2+) −0.090
(1d3/2) 39K2.814(7/2−) −0.080
(2s1/2) −0.11739K3.597(9/2−)
(1d3/2) 0.52138Ar4.586(5−)
(1 f7/2) 39K3.939(3/2+) 0.052
(1d3/2) 39K4.127(7/2−) 0.053

TABLE VI. (Continued).

Initial state nl j Final state S.A.

(2s1/2) 0.05739K3.944(11/2−)
(1d3/2) 0.723
(2p3/2) −0.06039Kg.s.(3/2+)
(1 f7/2 ) 0.044
(1 f7/2 ) 39K2.523(1/2+) −0.22938Ar4.877(3−)
(2s1/2) −0.36939K2.814(7/2−)
(1d3/2) 0.178
(1d3/2) 39K3.019(3/2−) 0.103
(1d3/2) 39K3.597(9/2−) −0.277
(2s1/2) 0.10639K3.883(5/2−)
(1d3/2) −0.204
(2p3/2) −0.02239K3.939(3/2+)38Ar4.877(3−) (1 f7/2 ) −0.131
(1d3/2) 39K4.082(3/2−) 0.243
(1 f7/2 ) 39K4.096(1/2+) 0.058
(2s1/2) 0.07539K4.127(7/2−)
(1d3/2) 0.170
(2s1/2) 0.53539Kg.s.(3/2+)
(1d3/2) −0.074
(1d3/2) 39K2.523(1/2+) 0.668
(2p3/2) −0.05739K2.814(7/2−)
(1 f7/2 ) 0.096
(2p3/2) −0.00339K3.019(3/2−)
(1 f7/2 ) 0.139
(1 f7/2 ) 39K3.597(9/2−) −0.116
(2p3/2) −0.01139K3.883(5/2−)38Ar5.157(2+) (1 f7/2 ) −0.245
(2s1/2) 0.30739K3.939(3/2+)
(1d3/2) −0.017
(2p3/2) 0.04139K4.082(3/2−)
(1 f7/2 ) −0.239
(1d3/2) 39K4.096(1/2+) 0.356
(2p3/2) −0.01039K4.127(7/2−)
(1 f7/2 ) 0.002
(1 f7/2 ) 39K3.944(11/2−) 0.004
(2p3/2) 0.05939K2.814(7/2−)
(1 f7/2 ) 0.186
(1 f7/2 ) 39K3.019(3/2−) −0.169
(2p3/2) −0.02839K3.597(9/2−)
(1 f7/2 ) −0.15738Ar5.349(4+)
(2p3/2) 0.02339K3.883(5/2−)
(1 f7/2 ) −0.013
(1 f7/2 ) 39K4.082(3/2−) 0.116
(2p3/2) 0.01439K4.127(7/2−)
(1 f7/2 ) 0.044
(2p3/2) 0.06339K3.944(11/2−)
(1 f7/2 ) 0.127
(2p3/2) −0.00139Kg.s.(3/2+)
(1 f7/2 ) 0.027
(1 f7/2 ) 39K2.523(1/2+) 0.142
(2s1/2) 0.00639K2.814(7/2−)38Ar5.513(3−) (1d3/2) 0.174
(1d3/2) 39K3.019(3/2−) −0.300
(1d3/2) 39K3.597(9/2−) −0.187
(2s1/2) 0.05139K3.883(5/2−)
(1d3/2) −0.218
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TABLE VI. (Continued).

Initial state nl j Final state S.A.

(2p3/2) 0.07539K3.939(3/2+)
(1 f7/2 ) 0.066
(1d3/2) 39K4.082(3/2−) 0.16338Ar5.513(3−)
(1 f7/2 ) 39K4.096(1/2+) −0.156
(2s1/2) −0.01739K4.127(7/2−)
(1d3/2) 0.209
(2s1/2) 0.27939Kg.s.(3/2+)
(1d3/2) 0.023
(1d3/2) 39K2.523(1/2+) 0.321
(2p3/2) 0.02839K2.814(7/2−)
(1 f7/2 ) −0.020
(2p3/2) 0.03639K3.019(3/2−)
(1 f7/2 ) −0.096
(1 f7/2 ) 39K3.597(9/2−) −0.013
(2p3/2) −0.03938Ar5.595(2+) 39K3.883(5/2−)
(1 f7/2 ) 0.016
(2s1/2) 0.01739K3.939(3/2+)
(1d3/2) 0.095
(2p3/2) −0.05139K4.082(3/2−)
(1 f7/2 ) −0.049
(1d3/2) 39K4.096(1/2+) 0.097
(2p3/2) −0.01439K4.127(7/2−)
(1 f7/2 ) −0.025
(1 f7/2 ) 39K3.944(11/2−) 0.025
(1 f7/2 ) 39Kg.s.(3/2+) 0.236
(1d3/2) 39K2.814(7/2−) 0.817
(2s1/2) −0.11439K3.597(9/2−)
(1d3/2) 0.48538Ar5.659(5−)
(1 f7/2 ) 39K3.939(3/2+) 0.348
(1d3/2) 39K4.127(7/2−) 0.052
(2s1/2) 0.15239K3.944(11/2−)
(1d3/2) 0.551
(2p3/2) 0.02939Kg.s.(3/2+)
(1 f7/2 ) 0.108
(1 f7/2 ) 39K2.523(1/2+) 0.224
(2s1/2) 0.38739K2.814(7/2−)
(1d3/2) 0.241
(1d3/2) 39K3.019(3/2−) −0.459
(1d3/2) 39K3.597(9/2−) −0.396

38Ar5.825(3−) (2s1/2) −0.01639K3.883(5/2−)
(1d3/2) 0.001
(2p3/2) 0.16339K3.939(3/2+)
(1 f7/2 ) 0.175
(1d3/2) 39K4.082(3/2−) 0.197
(1 f7/2 ) 39K4.096(1/2+) −0.403
(2s1/2) 0.08439K4.127(7/2−)
(1d3/2) −0.089

38Ar6.053(4+) (2p3/2) 39K2.814(7/2−) 0.035
(1 f7/2 ) 39K2.814(7/2−) 0.009
(1 f7/2 ) 39K3.019(3/2−) −0.092
(2p3/2) 0.02639K3.597(9/2−)
(1 f7/2 ) 0.140
(2p3/2) 0.03139K3.883(5/2−)38Ar6.053(4+) (1 f7/2 ) −0.010
(1 f7/2 ) 39K4.082(3/2−) 0.006

TABLE VI. (Continued).

Initial state nl j Final state S.A.

(2p3/2) 0.02939K4.127(7/2−)
(1 f7/2) −0.037
(2p3/2) −0.00639K3.944(11/2−)
(1 f7/2) −0.057
(2s1/2) −0.12639Kg.s.(3/2+)
(1d3/2) 0.055
(1d3/2) 39K2.523(1/2+) −0.121
(2p3/2) 0.03639K2.814(7/2−)
(1 f7/2) 0.085
(2p3/2) −0.05539K3.019(3/2−)
(1 f7/2) −0.117
(1 f7/2) 39K3.597(9/2−) −0.004
(2p3/2) −0.03138Ar6.250(2+) 39K3.883(5/2−)
(1 f7/2) −0.160
(2s1/2) 0.17939K3.939(3/2+)
(1d3/2) −0.097
(2p3/2) 0.10139K4.082(3/2−)
(1 f7/2) −0.083
(1d3/2) 39K4.096(1/2+) −0.302
(2p3/2) −0.00539K4.127(7/2−)
(1 f7/2) 0.038
(1 f7/2) 39K3.944(11/2−) 0.004
(2p3/2) 0.02239K2.814(7/2−)
(1 f7/2) −0.061
(1 f7/2) 39K3.019(3/2−) −0.052
(2p3/2) 0.00439K3.597(9/2−)
(1 f7/2) 0.019
(2p3/2) −0.02338Ar6.276(4+) 39K3.883(5/2−)
(1 f7/2) 0.054
(1 f7/2) 39K4.082(3/2−) −0.086
(2p3/2) −0.00639K4.127(7/2−)
(1 f7/2) 0.026
(2p3/2) 0.03839K3.944(11/2−)
(1 f7/2) 0.025
(1 f7/2) 0.18739K2.814(7/2−)
(2p3/2) −0.030

39K3.597(9/2−)(1 f7/2) 0.013
38Ar6.409(6+) (1 f7/2) 39K3.883(5/2−) 0.089

(1 f7/2) −0.03739K4.127(7/2−)
(2p3/2) 0.017
(1 f7/2) 0.077

39K3.944(11/2−)(2s1/2) −0.189
39Kg.s.(3/2+)(1d3/2) 0.053

(1d3/2) −0.19139K2.523(1/2+)
(2p3/2) 0.001
(1 f7/2) 0.04239K2.814(7/2−)
(2p3/2) −0.018
(1 f7/2) 39K3.019(3/2−) 0.029
(1 f7/2) 39K3.597(9/2−) 0.013
(2p3/2) 0.01938Ar6.520(2+) 39K3.883(5/2−)
(1 f7/2) 0.012
(2s1/2) −0.038
(1d3/2) −0.03739K3.939(3/2+)
(2p3/2) 0.015
(1 f7/2) 39K4.082(3/2−) 0.028
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TABLE VI. (Continued).

Initial state nl j Final state S.A.

(1d3/2) −0.19839K4.096(1/2+)
(2p3/2) −0.027
(1 f7/2) 39K4.127(7/2−) −0.013
(1 f7/2) 39K3.944(11/2−) 0.026
(1 f7/2) 39Kg.s.(3/2+) 0.020
(1d3/2) −0.12639K2.814(7/2−)
(2s1/2) −0.24339K3.597(9/2−)
(1d3/2) −0.17138Ar6.674(5−)
(1 f7/2) 39K3.939(3/2+) −0.071
(1d3/2) −0.55539K4.127(7/2−)
(2s1/2) 0.130
(1d3/2) 39K3.944(11/2−) 0.205
(1 f7/2) −0.01139K2.814(7/2−)
(2p3/2) 0.0002
(1 f7/2) 39K3.597(9/2−) 0.091

38Ar7.289(6+) (1 f7/2) 39K3.883(5/2−) 0.008
(1 f7/2) 0.02039K4.127(7/2−)
(2p3/2) −0.01139K3.944(11/2−)
(1 f7/2) −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
j1, j2 are the single-particle spins, and J is the total angular momen-
tum of the transferred protons.

Initial state j1 j2 J Final state S.A.

1p1/21p1/2 −0.4021
2s1/22s1/2 0 22Neg.s.(0+) 0.5553
1d5/21d5/2 0.3681
1d5/21d5/2 2 22Ne1.634(2+)

−0.2728
1d5/22s1/2 −0.4022
1d5/21d5/2 4 22Ne4.248(4+) 0.272918Og.s.(0+)
1p1/21d5/2 2 22Ne4.967(2−) −0.0303
1p1/21d5/2 3 22Ne5.621(3−) 0.2508
1p1/22s1/2 1 22Ne5.788(1−) 0.0561
1p1/21p1/2 0.0968
2s1/22s1/2 0 22Ne6.726(0+) 0.1891
1d5/21d5/2 0.0158
1d5/21d5/2 0.3200

2 22Neg.s.(0+)
1d5/22s1/2 0.4693
1p1/21p1/2 0.3750
2s1/22s1/2 0 22Ne1.634(2+) −0.4819
1d5/21d5/2 −0.3188
1d5/21d5/2 0.368218O1.982(2+) 2 22Ne4.248(4+)1d5/22s1/2 0.5743
1p1/21d5/2 3 22Ne4.967(2−) −0.2525

TABLE VIII. Two-proton spectroscopic amplitudes concerning
the target overlaps used in the CRC transfer calculations, where
j1, j2 are the single-particle spins, and J is the total angular mo-
mentum of the transferred protons.

Initial state j1 j2 J Final state S.A.

1p1/22s1/2 1 22Ne5.621(3−) −0.0763
1p1/21d5/2 3 22Ne5.788(1−) −0.1070
1d5/21d5/2 −0.0267

2 22Ne6.726(0+)1d5/22s1/2 −0.1757
1d3/21d3/2 0.8249
2s1/22s1/2 0 38Arg.s.(0+)

0.2350
1 f7/21 f7/2 −0.4190
2p3/22p3/2 −0.1270
1d3/21d3/2 −1.5355
1d3/22s1/2 −0.5138
1 f7/21 f7/2 2 38Ar2.168(2+) 0.060640Cag.s.(0+)
1 f7/22p3/2 0.0353
2p3/22p3/2 0.0163
1d3/21 f7/2 −0.2201
1d3/22p3/2 3 38Ar3.810(3−) −0.0025
2s1/21 f7/2 0.1012
1d3/21d3/2 0 38Ar3.378(0+)

0.2983
2s1/22s1/2 −0.1113
1 f7/21 f7/2 −0.0441

0 38Ar3.378(0+)
2p3/22p3/2 −0.0183
1d3/21d3/2 −0.9357
1d3/22s1/2 0.3236
1 f7/21 f7/2 2 38Ar3.936(2+) 0.1027
1 f7/22p3/2 0.0434
2p3/22p3/2 0.0319
1d3/21d3/2 −0.3044
1d3/22s1/2 1.2856
1 f7/21 f7/2 2 38Ar4.565(2+) −0.0941
1 f7/22p3/2 −0.0654
2p3/22p3/2 0.0136
1d3/21 f7/2 5 38Ar4.586(5−) −0.1240
1d3/21 f7/2 0.1049
1d3/22p3/2 3 38Ar4.877(3−) −0.0627
2s1/21 f7/2 0.2409
1d3/21d3/2 −0.0591
1d3/22s1/2 1.0039
1 f7/21 f7/2 2 38Ar5.157(2+) −0.0856
1 f7/22p3/2 −0.0226
2p3/22p3/2 0.0119
1 f7/21 f7/2 4 38Ar5.349(4+)

−0.0655
1 f7/22p3/2 −0.0201
1d3/21 f7/2 0.0740
1d3/22p3/2 3 38Ar5.513(3−) 0.0123
2s1/21 f7/2 −0.0719

40Cag.s.(0+)
1d3/21d3/2 0.0649
1d3/22s1/2 0.5297
1 f7/21 f7/2 2 38Ar5.595(2+) −0.0155
1 f7/22p3/2 −0.0444
2p3/22p3/2 0.0070
1d3/21 f7/2 5 38Ar5.659(5−) 0.5623
1d3/21 f7/2 0.2053
1d3/22p3/2 3 38Ar5.825(3−) 0.0606
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TABLE VIII. (Continued).

Initial state j1 j2 J Final state S.A.

2s1/21 f7/2 −0.2093
1 f7/21 f7/2 4 38Ar6.053(4+)

−0.0117
1 f7/22p3/2 −0.0185
1d3/21d3/2 0.0823
1d3/22s1/2 −0.2353
1 f7/21 f7/2 2 38Ar6.250(2+) −0.0249
1 f7/22p3/2 −0.0108
2p3/22p3/2 −0.0069
1 f7/21 f7/2 4 38Ar6.276(4+)

0.0437
1 f7/22p3/2 −0.0144
1 f7/21 f7/2 6 38Ar6.409(6+) −0.0892
1d3/21d3/2 0.0699
1d3/22s1/2 −0.3729
1 f7/21 f7/2 2 38Ar6.520(2+) −0.0114
1 f7/22p3/2 0.0182
2p3/22p3/2 −0.0065
1d3/21 f7/2 5 38Ar6.674(5−) 0.0086
1 f7/21 f7/2 6 38Ar7.289(6+) 0.0059
1d3/21 f7/2 −0.3406
1d3/22p3/2 3 38Arg.s.(0+) −0.0907
2s1/21 f7/2 −0.0940
1d3/21 f7/2 −0.3378
1d3/22p3/2 3 38Ar2.168(2+) 0.109540Ca3.737(3−)
2s1/21 f7/2 0.0795
1d3/21d3/2 −0.4606
2s1/22s1/2 0 38Ar3.810(3−)

−0.1243
1 f7/21 f7/2 0.2727
2p3/22p3/2 0.0736
1d3/21 f7/2 −0.0962
1d3/22p3/2 3 38Ar3.378(0+) −0.0469
2s1/21 f7/2 0.0601
1d3/21 f7/2 −0.2316
1d3/22p3/2 3 38Ar3.936(2+) 0.0661
2s1/21 f7/2 −0.0503
1d3/21 f7/2 −0.2236
1d3/22p3/2 3 38Ar4.565(2+) 0.0294
2s1/21 f7/2 −0.2111
1d3/21d3/2 0.0709
1d3/22s1/2 0.0136
1 f7/21 f7/2 2 38Ar4.586(5−) −0.0475
1 f7/22p3/2 −0.0445
2p3/22p3/2 −0.0082
1d3/21d3/2 −0.3109
2s1/22s1/2 −0.074740Ca3.737(3−) 0 38Ar4.877(3−)
1 f7/21 f7/2 0.1237
2p3/22p3/2 0.0458
1d3/21 f7/2 −0.1364
1d3/22p3/2 3 38Ar5.157(2+) 0.0011
2s1/21 f7/2 −0.1316
1d3/21 f7/2 0.0059
1d3/22p3/2 3 38Ar5.349(4+) −0.0061
2s1/21 f7/2 0.0019
1d3/21d3/2 −0.3750

0 38Ar5.513(3−)
2s1/22s1/2 −0.1682
1 f7/21 f7/2 0.2309
2p3/22p3/2 0.0596

TABLE VIII. (Continued).

Initial state j1 j2 J Final state S.A.

1d3/21 f7/2 −0.0496
1d3/22p3/2 3 38Ar5.595(2+) −0.0274
2s1/21 f7/2 −0.0585
1d3/21d3/2 0.3307
1d3/22s1/2 0.0592
1 f7/21 f7/2 2 38Ar5.659(5−) −0.0438
1 f7/22p3/2 −0.0510
2p3/22p3/2 −0.0121
1d3/21d3/2 −0.1642
1d3/22s1/2 −0.0945
1 f7/21 f7/2 2 38Ar5.825(3−) 0.0455
1 f7/22p3/2 −0.0004
2p3/22p3/2 −0.0029
1d3/21 f7/2 0.0216
1d3/22p3/2 3 38Ar6.053(4+) 0.0063
2s1/21 f7/2 −0.0145
1d3/21 f7/2 0.0495
1d3/22p3/2 3 38Ar6.250(2+) 0.0045
2s1/21 f7/2 0.0409

40Ca3.737(3−) 1d3/21 f7/2 −0.0136
1d3/22p3/2 3 38Ar6.276(4+) −0.0093
2s1/21 f7/2 0.0218
1d3/21 f7/2 0.0592
1d3/22p3/2 3 38Ar6.409(6+) −0.0006
2s1/21 f7/2 −0.0238
1d3/21 f7/2 0.0439
1d3/22p3/2 3 38Ar6.520(2+) 0.0062
2s1/21 f7/2 0.0451
1d3/21d3/2 0.1063
1d3/22s1/2 −0.0135
1 f7/21 f7/2 2 38Ar6.674(5−) 0.0018
1 f7/22p3/2 0.0063
2p3/22p3/2 −0.0014
1d3/21 f7/2 0.0100
1d3/22p3/2 3 38Ar7.289(6+) 0.0045
2s1/21 f7/2 −0.0176
1d3/21d3/2 −0.0227
1d3/22s1/2 −0.0129
1 f7/21 f7/2 2 38Arg.s.(0+) 0.3777
1 f7/22p3/2 0.1615
2p3/22p3/2 0.0542
1d3/21d3/2 −0.1754

40Ca3.904(2+) 2s1/22s1/2 0 38Ar2.168(2+)
−0.1066

1 f7/21 f7/2 0.3552
2p3/22p3/2 0.0828
1d3/21 f7/2 0.0543
1d3/22p3/2 3 38Ar3.810(3−) 0.0137
2s1/21 f7/2 −0.1221
1d3/21d3/2 −0.0033
1d3/22s1/2 2 38Ar3.378(0+) −0.0026
1 f7/21 f7/2 −0.2096
1 f7/22p3/2 2 38Ar3.378(0+) −0.0959
2p3/22p3/2 −0.0307
1d3/21d3/2 0.2984
2s1/22s1/2 0 38Ar3.936(2+)

0.1839
1 f7/21 f7/2 −0.4184
2p3/22p3/2 −0.1033
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TABLE VIII. (Continued).

Initial state j1 j2 J Final state S.A.

1d3/21d3/2 −0.0869
2s1/22s1/2 0 38Ar4.565(2+)

−0.0085
1 f7/21 f7/2 0.0564
2p3/22p3/2 0.0286
1d3/21 f7/2 −0.0342
1d3/22p3/2 3 38Ar4.586(5−) −0.0011
2s1/21 f7/2 −0.0038
1d3/21 f7/2 −0.0845
1d3/22p3/2 3 38Ar4.877(3−) −0.0082
2s1/21 f7/2 −0.261440Ca3.904(2+)
1d3/21d3/2 −0.0680
1d3/22s1/2 −0.1335
1 f7/21 f7/2 2 38Ar5.157(2+) −0.1613
1 f7/22p3/2 −0.0529
2p3/22p3/2 −0.0191
1d3/21d3/2 0.0471
1d3/22s1/2 0.0676
1 f7/21 f7/2 2 38Ar5.349(4+) 0.2214
1 f7/22p3/2 0.1070
2p3/22p3/2 0.0333
1d3/21 f7/2 −0.0836
1d3/22p3/2 3 38Ar5.513(3−) −0.0447
2s1/21 f7/2 −0.0226
1d3/21d3/2 −0.1115
2s1/22s1/2 0 38Ar5.595(2+)

−0.1068
1 f7/21 f7/2 0.0969
2p3/22p3/2 0.0311
1d3/21 f7/2 −0.1283
1d3/22p3/2 3 38Ar5.659(5−) −0.1762
2s1/21 f7/2 0.0605

TABLE VIII. (Continued).

Initial state j1 j2 J Final state S.A.

1d3/21 f7/2 −0.0335
1d3/22p3/2 3 38Ar5.825(3−) −0.0891
2s1/21 f7/2 0.346240Ca3.904(2+)
1d3/21d3/2 −0.0266
1d3/22s1/2 −0.0472
1 f7/21 f7/2 2 38Ar6.053(4+) −0.0497
1 f7/22p3/2 −0.0004
2p3/22p3/2 0.0080
1d3/21d3/2 0.2479
2s1/22s1/2 0.2537

0 38Ar6.250(2+)1 f7/21 f7/2 −0.1752
2p3/22p3/2 −0.0510
1d3/21d3/2 0.0239
1d3/22s1/2 0.0266
1 f7/21 f7/2 2 38Ar6.276(4+) −0.0282
1 f7/22p3/2 0.0239
2p3/22p3/2 0.0042
1 f7/21 f7/2 0.0980

4 38Ar6.409(6+)1 f7/22p3/2 0.0615
1d3/21d3/2 0.038040Ca3.904(2+)
2s1/22s1/2 0 38Ar6.520(2+)

0.0344
1 f7/21 f7/2 −0.0203
2p3/22p3/2 −0.0086
1d3/21 f7/2 0.0552
1d3/22p3/2 3 38Ar6.674(5−) 0.0370
2s1/21 f7/2 0.0225
1 f7/21 f7/2 4 38Ar7.289(6+)

−0.0344
1 f7/22p3/2 −0.0090
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