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Background: Single-charge-exchange reactions are appropriate tools to study the nuclear response to one-
particle/one-hole isospin probes, gaining additional interest from the connection to beta decay. This analogy has
been recently extended to second order, connecting double-charge-exchange reactions and double beta decays.
Nowadays, the availability of powerful experimental setups and advanced nuclear theories and models allows
one to access precious information on key nuclear structure aspects embedded in the widely sought neutrinoless
double beta decay.
Purpose: We intend to bring to light the main nuclear structure and reaction features involved in the 18O + 12C
collision at 275 MeV incident energy. In this paper, the main focus is on the role of the initial- and final-state
interactions in the overall reaction dynamics and on the single-particle nuclear structure properties accessed via
the study of single-nucleon transfer reactions. Forthcoming articles will be devoted to go into the details of the
response to one- and two-particle/hole isospin probes.
Methods: Cross-section energy spectra and angular distributions were measured in a unique experimental
setup for the 12C(18O, 18O)12C elastic and inelastic scattering, the 12C(18O, 17O)13C one-neutron stripping,
the 12C(18O, 19F)11B one-proton pickup, and the 12C(18O, 18F)12B single-charge-exchange nuclear reactions. A
unique comprehensive and coherent theoretical calculation, able to describe the whole network of direct reactions
using state-of-the-art nuclear structure and reaction theories, was performed, and it is presented for the first time
in this article. This holistic approach, applied both to the experimental and theoretical analysis, is the main
feature and worth of the work here presented.
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Results: The energy and angular resolutions achieved in each reaction channel allowed us to isolate specific
transitions and to map the diffraction patterns in the angular distributions. The cross-section calculations describe
well the experimental data, both in terms of the absolute values and diffraction patterns. Although the distorted
wave Born approximation (DWBA) calculations prove to be accurate in describing all the studied channels, better
results are achieved when the couplings to inelastic transitions in both the incoming and outgoing partitions
are introduced, as done in the coupled channels Born approximation (CCBA) calculations. Otherwise, no real
improvement is found when the coupling effects among different partitions are explicitly taken into account in
the coupled reaction channels (CRC) calculations.
Conclusions: The multichannel approach proposed in this paper is a promising method for accurate investiga-
tions of direct reactions originating in heavy-ion collisions. This is quite appealing for the precise spectroscopy of
heavy nuclei proposed in many areas of nuclear physics. An example is the NUMEN project with its challenging
commitment to provide valuable information on neutrinoless double beta decay nuclear matrix elements from
single- and double-charge-exchange cross-section measurements.

DOI: 10.1103/PhysRevC.107.024605

I. INTRODUCTION

Currently there is growing interest in direct nuclear reac-
tions induced by heavy ions [1–3]. A characterizing feature of
these processes is the pronounced localization of the reaction
flux at the surface of the colliding systems. The complicated
overlap of projectile and target nuclear densities results in
an overall strong absorption of the incoming flux for central
collisions, leaving the peripheral processes much less influ-
enced by many-body aspects. The direct reactions occur as
small perturbations of the outgoing elastic flux, connected to
specific degrees of freedom [4,5].

In this context the availability of powerful experimental
setups and advanced nuclear theories and models has allowed
the extraction of accurate information on selected aspects of
nuclear states. Studies of elastic and inelastic scattering are in-
teresting to investigate nucleus-nucleus potential and nuclear
deformation [6], respectively. One-nucleon transfer reactions
give access to single-particle configurations in nuclear states
[7,8]. Single-charge-exchange (SCE) reactions allow one to
explore the nuclear response to one-particle/one-hole isospin
probes [9,10]. Additional interest in SCE stems from the
suggested connection to beta decay since in both processes
the same initial and final nuclear states may be involved
[10,11]. The exploration of this analogy was recently extended
to second order, studying the connection between double-
charge-exchange (DCE) reactions and double beta decays
[1,12–15]. In this scenario, the rich spectroscopy accessible
by direct reactions can provide precious information on key
nuclear structure aspects embedded in the widely sought neu-
trinoless double beta decay (0νββ).

A common feature in reported studies on heavy-ion in-
duced direct reactions is that they are focused on few (often
one) reaction channels at a time. In this way the information
extracted from data analysis cannot be fully constrained and
important parameters need to be taken either from other exper-
imental studies performed in similar conditions, or by model
calculations. Thus, a consistent approach to a broader ensem-
ble of reaction channels explored under the same experimental
conditions and consistently described by a unique theoretical
framework is highly desirable.

Here we present for the first time a consistent study
of 12C(18O, 18O)12C elastic and inelastic scattering,

12C(18O, 17O)13C and 12C(18O, 19F)11B one-nucleon transfer
nuclear reactions at 275 MeV incident energy. Very seldom
are such comprehensive studies found in the literature
[16]. The choice of the projectile and target was driven by
the available accurate information on the involved nuclear
low-lying states in this mass region from both experimental
results and large-scale shell-model studies, making this
system an ideal benchmark for the proposed multichannel
constrained technique.

Additional consistency in this study comes from the
12C(18O, 16O)14C two-neutron stripping reaction studied
within the same experimental campaign and the same theo-
retical framework as in Ref. [17], where additional evidence
of the giant pairing vibration in light nuclei is presented [3].

In the present article, data for the 12C(18O, 18F)12B single-
charge-exchange reaction are shown for the first time. The
analysis of the measured angular distributions for this channel
requires the study of the competition between the direct me-
son exchange and the sequential transfer of two uncorrelated
nucleons, both populating the same single-charge-exchange
partition [11], whose results will be published in a forthcom-
ing paper.

Here the focus is on the consistent approach to all the scru-
tinized channels of the present colliding system, with the aim
to use then the same strategy for the exploration of isotopes of
interest for 0νββ decay.

The paper is organized as follows. Section II contains a
brief description of the experimental setup, the measurement
details, and the main observables extracted from the data
reduction for the different reactions. Section III describes the
theoretical approach adopted to calculate the cross sections,
including both the reaction as well as the nuclear structure
aspects. Based on the comparison between the measured and
calculated cross sections, a discussion oriented toward the
overall picture gained in such multichannel approach is pre-
sented in Sec. IV. Conclusions and perspectives are given in
Sec. V.

II. EXPERIMENTAL SETUP AND RESULTS

The experiment was performed at the Istituto Nazionale di
Fisica Nucleare, Laboratori Nazionali del Sud (INFN-LNS)
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TABLE I. Target thickness, range of scattering angles [θmin
lab ; θmax

lab ], central angle θopt , and solid angle acceptance of the MAGNEX magnetic
spectrometer for each explored reaction channel and experimental setup. Table from Ref. [18].

Target thickness [θmin
lab ; θmax

lab ] θopt Solid angle
Channel (μg/cm2) (deg) (deg) (msr)

el. & inel. scattering 12C(18O, 18O)12C 60 ± 3 [3.5; 14.2] 7.5 49.2
400 ± 20 9.0 13.6
60 ± 3 13.5 49.2

1n transfer 12C(18O, 17O)13C 200 ± 10 [3.1; 17.5] 8.0 13.6
60 ± 3 13.5 49.2

1p transfer 12C(18O, 19F)11B 60 ± 3 [3.6; 16.1] 7.5 49.2
200 ± 10 8.0 13.6
60 ± 3 13.5 49.2

single-charge exchange 12C(18O, 18F)12B 60 ± 3 [3.2; 14.3] 7.5 49.2
200 ± 10 8.0 13.6
60 ± 3 13.5 49.2

in Catania. The 18O4+ ion beam was accelerated by the K800
Superconducting Cyclotron at 275 MeV bombarding energy.
Thin foils of 12C were used as targets in the different experi-
mental runs. The target thicknesses and other information on
the experimental setup are listed in Table I for each of the
analyzed reaction channels. The beam current at the target
was measured by a Faraday cup (0.8 cm entrance diameter
and 3 cm depth) located, along the beam direction, 15 cm
downstream of the target. The Faraday cup was equipped with
an electron suppressor polarized at −200 V and a charge inte-
grating circuit in order to access the total number of incident
ions with a charge collection accuracy better than 10%.

The ejectiles, emerging from the beam-target interaction,
were identified and analyzed in momentum by the MAG-
NEX magnetic spectrometer [19] and its focal plane detector
[20,21]. The spectrometer optical axis was set at different
angles θopt for the different reactions, adopting in each case
a specific configuration of the angular acceptance by setting
movable horizontal and vertical slits located at the entrance of
the spectrometer (see Table I).

The atomic and mass numbers and the charge state of
the detected ions were extracted applying two different tech-
niques. The atomic number is identified via the well known
correlation between the measured energy loss �E and resid-
ual energy Eresid. The mass number and charge state are
determined by the correlation between Eresid and the position
in the dispersive direction at the focal plane detector (xfoc)
[22–24]. In a recent paper by Calabrese et al. [25], it was
shown that, in the case of similar experimental conditions,
this approach ensures a strong rejection of background from
misidentified ejectiles, allowing the measurement of cross
sections lower than 1 nb.

The trajectory reconstruction technique, already described
in previous works [26,27], was applied to access the momen-
tum vector of the identified ejectiles at the target point.

The excitation energy Ex was calculated as the differ-
ence Q0−Q, where Q0 is the ground-state to ground-state Q
value and Q is the Q value obtained by the missing mass
technique based on relativistic kinematic transformations. Ex-
ample excitation energy spectra for each of the analyzed

nuclear reactions are shown in Fig. 1. The energy resolution
was slightly dependent on the reaction channel due to the
different energy stragglings produced by the ejectile/target
interaction. In certain cases it was possible to single out
transitions to specific states of the residual nuclei or at least
to isolate transitions to groups of states, as described in the
following sections. The absolute cross-section angular dis-
tributions were determined for many of such structures and
isolated transitions.

A. 12C(18O, 18O)12C elastic and inelastic scattering

The energy spectrum of the 12C(18O, 18O)12C elastic and
inelastic scattering at angles between 5◦ and 6◦ in the lab-
oratory reference frame is shown in Fig. 1(a). The energy
resolution is δEx ≈ 0.6 MeV in full width at half maximum
(FWHM). This resolution, together with the low level den-
sity in the involved nuclei, made it possible to identify the
observed peaks, which are listed in Table II.

TABLE II. Excitation energies (Ex), total angular momentum and
parity (Jπ ) of the populated states and transferred orbital angular
momenta (L) in the 12C(18O, 18O)12C elastic and inelastic scattering
at 275 MeV. Quality factors QF are calculated using Eq. (5) for each
of the angular distributions shown in Figs. 2 and 3. The energies in
the first column correspond to those listed in the legend of Fig. 1(a).

Peak label Ex (MeV) QF

(MeV) 18O (Jπ ) [30] 12C (Jπ ) [31] L DWBA CCBA CRC

0.00 0.000 (0+) 0.000 (0+) 0 0.63 0.76 0.74
1.98 1.982 (2+) 0.000 (0+) 2 0.49 0.64 0.65
3.60 3.554 (4+) 0.000 (0+) 4

3.633 (0+) 0.000 (0+) 0
3.920 (2+) 0.000 (0+) 2

4.44 0.000 (0+) 4.440 (2+) 2 0.71 0.59 0.57
5.10 5.097 (3+) 0.000 (0+) 3 0.48 0.59 0.62
6.42 1.982 (2+) 4.440 (2+) 2 ⊕ 2 0.72 0.73
7.65 0.000 (0+) 7.654 (0+) 0
9.64 0.000 (0+) 9.641 (3+) 3 0.58 0.65 0.65
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FIG. 1. Excitation energy spectra for the network of nuclear reactions involved in the multichannel study of the single-charge-exchange
reactions coming from the 18O + 12C collision at 275 MeV incident energy. (a) 12C(18O, 18O)12C elastic and inelastic scattering energy spectrum
at 5◦ < θlab < 6◦. Lines, obtained from best-fit procedure, identify peaks corresponding to the superposition of the projectile and target states,
as labeled in the legend. (b) 12C(18O, 17O)13C one-neutron stripping energy spectrum at 3.8◦ < θlab < 3.9◦. Lines, obtained from best-fit
procedure, identify peaks corresponding to the superposition of the projectile and target states, as labeled in the legend. (c) 12C(18O, 19F)11B
one-proton pickup energy spectrum at 4.4◦ < θlab < 4.6◦. The hatched areas indicate the regions of interest for the study of the angular
distributions as labeled in the legend. (d) 12C(18O, 18F)12Be single-charge-exchange energy spectrum at 8◦ < θlab < 10◦.

The bound-state region of the spectrum is dominated by
the transition to ground and to the collective 2+

1 states at 1.982
and 4.440 MeV of projectile and target, respectively, whereas
the fingerprint of their simultaneous excitation is visible in the
structure at Ex ≈ 6.42 MeV.

The two-phonon triplet of the 18O (4+
1 at 3.555 MeV, 0+

2
at 3.634 MeV, and 2+

2 at 3.920 MeV) is not resolved in our
spectra and corresponds to a structure centered at 3.6 MeV,
very close to the strong peak at Ex ≈ 4.44 MeV. The two peaks

at Ex ≈ 5.10 MeV and Ex ≈ 9.64 MeV in Fig. 1(a) were at-
tributed to the collective 3−

1 states of 18O and 12C, respectively.
The 7.654 MeV peak corresponding to the 12C 0+

2 Hoyle state
was identified in the spectrum although the collected statistics
was not enough to extract the angular distribution.

The excitation energy region of the 12C around 10 MeV
has been extensively studied in recent years searching for
the 2+

2 state, considered the first excited state of the Hoyle
rotational band, predicted by the α-cluster model [28,29]. In
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FIG. 2. Experimental cross-section angular distribution of the
12C(18O, 18O)12C elastic scattering at 275 MeV incident energy. The-
oretical calculations for the elastic transition in OM, CC, and CRC
approaches are shown with the green dashed, continuous red, and
blue dot-dashed lines, respectively.

the study of Itoh et al. [29] a 2+ state was observed at Ex

= 9.84 MeV with a FWHM of about 1 MeV, submerged by
the broad 0+ state at Ex = 9.93 MeV and width of 2.7 MeV.
Indeed, the peak at 9.64 MeV observed in our spectra could
also contain contributions from these states. The comparison
with the theoretical calculations will help in clarifying our
interpretation of the peak as due to the population of the 3−

1
state of 12C.

The multiple-fit procedure, shown in Fig. 1(a), was per-
formed to extract the number of counts in the explored angular
range, disentangling the contributions coming from the differ-
ent transitions lying on the same excitation energy region. The
width of each Gaussian function in the multiple-fit procedure
was fixed according to the experimental energy resolution,
including the recoil energy broadening due to the in-flight
decay of the ejectile for the transitions in which it was found
in a bound excited state.

The angular distributions of differential cross section were
extracted for the ground-state, the 1.98 MeV, the 4.44 MeV,
the 5.10 MeV, the 6.42 MeV, and the 9.64 MeV peaks. These
angular distributions are shown in Figs. 2 and 3. The explored
angular range was spanned in three independent measure-
ments performed at different MAGNEX central angles, as
listed in Table I. The three cross-section measurements were
found to be in good agreement with each other without the
need of any renormalization factor. The experimental points
in Figs. 2 and 3 are obtained, in the overlap region between
different angular sets, by a weighted average of the measured
values. The error bars include uncertainties coming from
the statistical contribution, solid angle estimation, and fitting

FIG. 3. Experimental cross-section angular distribution of the
12C(18O, 18O)12C inelastic scattering at 275 MeV incident energy
associated with the peaks at 1.98, 4.44, 5.10, 6.42, and 9.64 MeV
indicated in Fig. 1(a) and Table II. Theoretical calculations for the
inelastic transitions in DWBA, CC, and CRC approaches are shown
with the green dot-dashed, continuous red, and blue dashed lines,
respectively.

procedure. An overall systematic uncertainty of about 10%,
due to the determination of charge collection and target thick-
ness, is common to all data points in the angular distributions
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TABLE III. Excitation energies (Ex), total angular momentum, and parity (Jπ ) of the populated states and transferred orbital angular
momenta (L) in the 12C(18O, 17O)13C one-neutron stripping at 275 MeV. The theoretical cross sections σtheo are integrated in the angular
domain [0, 180◦], and quality factors QF are calculated using Eq. (5) for each of the angular distributions shown in Fig. 4. The energies in the
first column correspond to those listed in the legend of Fig. 1(b).

Peak label Ex (MeV) DWBA CCBA CRC

(MeV) 17O (Jπ ) [35] 13C (Jπ ) [36] σtheo (μb) QF σtheo (μb) QF σtheo (μb) QF

0.00 0.000 (5/2+) 0.000 (1/2−) 1787 0.64 1826 0.70 1702 0.68
0.87 0.871 (1/2+) 0.000 (1/2−) 629 0.71 653 0.72 606 0.71
3.08 3.055 (1/2−) 0.000 (1/2−) 896 0.73 928 0.70 892 0.67

0.000 (5/2+) 3.089 (1/2+) 573 404 392
3.85 0.000 (5/2+) 3.684 (3/2−) 513 0.82 593 0.74 553 0.79

0.000 (5/2+) 3.854 (5/2+) 11167 11447 10619
0.871 (1/2+) 3.089 (1/2+) 239 194 192

4.64 0.871 (1/2+) 3.684 (3/2−) 199 0.76 225 0.78 213 0.80
0.871 (1/2+) 3.854 (5/2+) 4010 3368 3202

6.88 3.055 (1/2−) 3.684 (3/2−)
0.000 (5/2+) 6.864 (5/2+)
3.055 (1/2−) 3.854 (5/2+)

7.52 0.000 (5/2+) 7.492 (7/2+)
0.000 (5/2+) 7.547 (5/2−)

7.71 0.000 (5/2+) 7.686 (3/2+)
0.871 (1/2+) 6.864 (5/2+)

8.39 0.871 (1/2+) 7.492 (7/2+)
0.871 (1/2+) 7.547 (5/2−)

9.50 0.000 (5/2+) 9.500 (9/2+)
10.37 0.871 (1/2+) 9.500 (9/2+)
10.80 0.000 (5/2+) 10.753 (7/2−)

0.000 (5/2+) 10.819 (5/2−)
0.000 (5/2+) 10.996 (1/2+)

and it is not included in the error bars. The angular resolution
is δθc.m. ≈ 0.5◦ allowing a clear observation of the diffracting
oscillation pattern in the angular distributions. The excitation
energy and spin-parity of the states involved in the measured
angular distribution, together with the the transferred angular
momentum L, are given in Table II.

B. 12C(18O, 17O)13C one-neutron stripping

The energy spectrum of the 12C(18O, 17O)13C one-neutron
stripping reaction is shown in Fig. 1(b) for 3.8◦ < θlab < 3.9◦.
The obtained energy resolution is δEx = 0.6 MeV FWHM.
The correspondence between the peaks observed in the spec-
trum and the states of projectile and target is indicated in
Table III.

The spectrum of Fig. 1(b) resembles the one reported by
Cavallaro et al. [32], measured at 84 MeV incident energy.
In both spectra the strength is concentrated in the low ex-
citation energy region (Ex < 5 MeV). This is a result of
the similar Q-value matching conditions [33] which give the
optimal excitation energies Eopt

x (84 MeV) = 1.6 MeV and
Eopt

x (275 MeV) = −7.3 MeV, and the favored transferred
angular momenta Lopt(84 MeV) = 1.5 and Lopt(275 MeV) =
1. As already noticed at 84 MeV [32], the transitions to well-
known single-particle states of 13C products and 17O ejectiles
are dominant. The same scenario was found in the study of
the 12C(d, p)13C reaction reported in Ref. [34], in which the
weak population of states with more complex configurations

indicates that the direct transfer of one neutron is the leading
mechanism.

A multiple-fit procedure, similar to that discussed for the
spectrum of Fig. 1(a), was applied to the one-neutron strip-
ping case. An example is shown in Fig. 1(b). A list of the
different transitions lying underneath the same peak is de-
tailed in Table III. The cross-section angular distributions
were extracted for the peaks at Ex = 0.00, 0.87, 3.08, 3.85,
and 4.64 MeV and are shown in Fig. 4. These correspond to
the superposition of transitions to bound states of 13C (below
the one-neutron separation energy Sn = 4.946 MeV) and/or
of 17O (Sn = 4.143 MeV). Resembling the elastic scattering
case, the explored angular range was covered by two inde-
pendent measurements (see Table I) well matched without the
need of any renormalization factor. The error bars include
the same contributions as those for the elastic and inelastic
scattering angular distributions.

C. 12C(18O, 19F)11B one-proton pickup

The excitation energy spectrum measured for the
12C(18O, 19F)11B one-proton pickup reaction at 4.4◦ < θlab <

4.6◦ is shown in Fig. 1(c). The energy resolution could not
be easily extracted from the collected data due to the high
level density in the 19F ejectile. To this extent, an energy
resolution of δEx ≈ 0.6 MeV was assumed, similarly to the
other reaction channels.
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FIG. 4. Experimental cross-section angular distribution of the
12C(18O, 17O)13C one-neutron stripping at 275 MeV incident energy
associated with the peaks at 0.00, 0.87, 3.08, 3.85, and 4.64 MeV
indicated in Fig. 1(b) and Table III. Theoretical calculations of the
one-neutron stripping nuclear reaction in DWBA, CCBA, and CRC
approaches are shown with the green dot-dashed, continuous red, and
blue dashed lines, respectively.

As already observed for the one-neutron stripping reac-
tion, the strength is concentrated at energies below the alpha
particle emission threshold at 8.664 MeV. This behavior is

compatible with the optimal matching conditions Eopt
x = −3.3

MeV and Lopt = 2 calculated according to Ref. [33]. We iden-
tified four main peaks [see Fig. 1(c)] described in terms of the
19F and 11B states as listed in Table IV.

The 11B ( 3
2

−
) ground state can be simply explained by

the pick-up of one 1p 3
2

proton from the ground state (g.s.)

of the 12C. The 2.124 ( 1
2

−
) and 5.020 ( 3

2
−

) MeV states can
be described as the pickup of one proton from the 1p 1

2
and

1p 3
2

orbitals, respectively, starting from the 12C g.s. config-
uration in which two protons are found in the 1p 1

2
orbital.

The states at 4.445 ( 5
2

−
) MeV and 6.76 ( 7

2
−

) MeV, visible in
the spectrum of Fig. 5, attracted particular interest in the past
[37,38]. Indeed, in order to be populated by the pickup of a
proton from the 12C g.s., they should contain large admixtures
of 1 f orbitals or a significant configuration of a 1p 3

2
proton

hole coupled to the 2+ core excitation of 12C at 4.440 MeV.
This second hypothesis corresponds to two reaction paths: the
excitation of the 2+ state in the initial partition followed by
the pickup of the 1p 3

2
proton or the pickup of a 1p 3

2
proton

followed by the inelastic 2+ excitation in the final partition.
According to that, the proper treatment of such two-step pro-
cesses requires the explicit inclusion of the couplings with the
inelastic states in both the initial and final partitions, demand-
ing sophisticated reaction calculations.

Similar arguments can be applied to the 19F level structure.
The ground ( 1

2
+

), 0.197 ( 5
2

+
), and 1.554 ( 3

2
+

) MeV states are
expected to have strong single-particle configurations with a
proton in the 2s 1

2
, 1d 5

2
, and 1d 3

2
orbitals, respectively. The

0.110 ( 1
2

−
) and 1.458 ( 3

2
−

) MeV negative-parity states can
have single-hole components in the 1p 1

2
and 1p 3

2
shells. Re-

garding the 1.345 ( 5
2

−
) and 2.780 ( 9

2
+

) MeV states, we expect
a very small contribution from single-particle configurations
since they should involve the 1 f 5

2
and 1g 9

2
orbitals that are

far away from the Fermi level of 18Og.s.. Thus, also for these
states we expect important contributions from core excitation
configurations involving the 2+ [39,40] and 3− collective ex-
citation of 18O.

In this case, we considered it unsafe to extract the counts
using the multiple-fit technique described in the previous
paragraphs. Instead, for each peak we just integrated the yield
in the colored regions highlighted in Fig. 1(c). The obtained
angular distributions are given in Fig. 5, in which the error
bars include only the statistical and solid angle estimation
uncertainties. The angular range was covered by three inde-
pendent measurements performed at the central angles listed
in Table I. Once again no renormalization factor was used for
the cross sections.

D. 12C(18O, 18F)12B single-charge exchange

An example of excitation energy spectrum for the
12C(18O, 18F)12B charge-exchange reaction measured in the
angular region 8◦ < θlab < 10◦ is shown in Fig. 1(d).

Heavy-ion induced charge-exchange reactions populating
odd-odd nuclei both in the projectile and target side typically
produce energy spectra characterized by high level density
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TABLE IV. Excitation energies (Ex), total angular momentum and parity (Jπ ) of the populated states and transferred orbital angular
momenta (L) in the 12C(18O, 19F)11B one-proton pickup at 275 MeV. The theoretical cross sections σtheo are integrated in the angular domain
[0, 180◦], and quality factors QF are calculated using Eq. (5) for each of the angular distributions shown in Fig. 5. The labels in the first column
correspond to those listed in the legend of Fig. 1(c).

Ex (MeV) DWBA CCBA CRC

Peak label 19F (Jπ ) [30] 11B (Jπ ) [41] σtheo (μb) QF σtheo (μb) QF σtheo (μb) QF

Peak1 0.000 (1/2+) 0.000 (3/2−) 778 0.77 661 0.74 627 0.69
0.110 (1/2−) 0.000 (3/2−) 141 248 235
0.197 (5/2+) 0.000 (3/2−) 6486 7139 6663

Peak2 1.345 (5/2−) 0.000 (3/2−) 0.78 56 0.78 50 0.80
1.458 (3/2−) 0.000 (3/2−) <1 44 41
1.554 (3/2+) 0.000 (3/2−) 1672 2655 2434

Peak3 0.000 (1/2+) 2.124 (1/2−) 70 0.53 68 0.80 63 0.73
0.110 (1/2−) 2.124 (1/2−) 15 21 20
0.197 (5/2+) 2.124 (1/2−) 775 698 646
2.780 (9/2+) 0.000 (3/2−) 659 585

Peak4 0.000 (1/2+) 4.445 (5/2−) 0.30 21 0.61 19 0.56
0.110 (1/2−) 4.445 (5/2−) 12 11
0.197 (5/2+) 4.445 (5/2−) 147 137
2.780 (9/2+) 2.124 (1/2−) 86 78
0.000 (1/2+) 5.020 (3/2−) 21 26 24
0.110 (1/2−) 5.020 (3/2−) 6 9 8
0.197 (5/2+) 5.020 (3/2−) 308 359 333

[42,43], where the contribution of transitions to individual
states is difficult to be extracted. In the present case, where
the light 12C target is used, the final level density is still man-
ageable, allowing us to recognize several isolated structures in
the populated spectra.

In particular, below the 12B one-neutron emission threshold
(Sn = 3.370 MeV), three structures are very pronounced. The
first one corresponds to the transition to the isolated 1+

1 ground
states of 18F and 12B. The second peak is due to the unresolved
transitions towards states of 18F at 0.937 (3+

1 ), 1.042 (0+
1 ),

and 1.121 (5+
1 ) MeV, and of 12B at 0.953 (2+

1 ) MeV. In the
charge-exchange studies of Refs. [42,44,45] it is found that,
among the 18F states, the dominant one is the 3+ state at 0.937
MeV. Peak 3 is due to the simultaneous excitation of the 12B
(2+

1 ) state at 0.953 MeV leaving the 18F ejectile in its 0.937
(3+

1 ), 1.042 (0+
1 ), and 1.121 (5+

1 ) MeV states. Contributions
from the transitions to the 12B states at 1.674 (2−

1 ) MeV and
2.621 (1−

1 ) MeV lie in the same region. However, looking at
the shape of the third peak, their contribution is expected to be
small.

Above Sn, peak 4 corresponds to the 4− resonance at 4.523
MeV of 12B, is expected to be strongly populated as already
observed in other charge-exchange studies [44–46]. Peak 5
is likely originated by the simultaneous excitation of the 12B
4.523 MeV state and the 18F ejectile excitations at 0.937 (3+

1 ),
1.042 (0+

1 ), and 1.121 (5+
1 ) MeV.

The detailed experimental and theoretical analysis of this
reaction channel will be presented in a subsequent publication.

III. THEORETICAL ANALYSIS

The theoretical analysis was performed in a multichannel
approach. The aim is to provide a good description of the

complete network of nuclear reaction data both from the reac-
tion and the structure calculation sides and in a fully consistent
way.

In the case of elastic and inelastic scattering, the reac-
tion calculations were performed in the optical model (OM),
distorted wave Born approximation (DWBA), and coupled
channels (CC) methods. The exact finite range (EFR) method
implemented in the FRESCO code [47] was used to calculate
the one-nucleon transfer cross sections in the DWBA, coupled
channels Born approximation (CCBA), and coupled reaction
channels (CRC) theoretical frameworks. The spectroscopic
amplitudes were extracted within the large scale shell-model
theoretical framework using the KSHELL code [48].

For a detailed analysis of the measured single-charge-
exchange cross sections, both the one-step meson exchange
and two-step nucleon transfer competitive mechanisms need
to be evaluated and coherently added. Only the two-step
mechanism refers to the same mean field degrees of freedom
discussed and extracted in the present article. For the meson
exchange part, supplementary information on the in-medium
nucleon-nucleon isovector interaction is mandatory together
with an adequate reaction model [11]. The complete analysis
of the single-chargeexchange channel is beyond the scope
of the present work and will be presented in a forthcoming
paper, keeping the spirit of the multichannel approach here
presented.

A. Initial-state interaction

The main ingredient of the initial-state interaction (ISI) is
the optical potential (OP). Our analysis was performed using
the São Paulo potential (SPP) [49] VSPP(r) as the real and the
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FIG. 5. Experimental cross-section angular distribution of the
12C(18O, 19F)11B one-proton pickup at 275 MeV of incident energy
associated with the four peaks indicated in Fig. 1(c) and Table IV.
Theoretical calculations of the one-proton pickup nuclear reaction
for the DWBA, CCBA, and CRC approaches are shown with the
green dot-dashed, continuous red, and blue dashed line, respectively.

imaginary parts of the OP:

U (r) = (NR + iNI )VSPP(r), (1)

where NR and NI are the real and imaginary strength factors,
respectively. The assumptions on NR and NI values come from
a wide application of the SPP to the description of experimen-
tal data [40,50–63]. Although the NR value is always set to 1,
the NI one changes according to the coupling scheme adopted
in the reaction calculations. Indeed, the imaginary part is
introduced to account effectively for the absorption to reaction

channels and inelastic transitions, not explicitly introduced in
the coupling scheme. In OM, where the only included channel
in the coupling scheme is the elastic one, NI is typically set to
0.78 [64]. The same holds also for the DWBA framework. If
the couplings with the strongly populated inelastic scattering
channels are explicitly taken into account, as in CC, CCBA,
and CRC approaches, the NI value is typically reduced to 0.6
[65]. Instead of playing with these parameters, even if this
might lead to a better agreement with the data, we prefer to
adopt the standard values, which are at least confirmed by a
wide and robust literature [40,50–63].

The VSPP(r) [49] comes from the double folding of a
finite-range folding-type effective nucleon-nucleon interac-
tion with the matter densities of the heavy nuclei involved
in the collision. The nucleon-nucleon interaction is similar
to the M3Y interaction of Refs. [66,67] in the surface region
and contains an additional local-equivalent term given by an
energy dependent strength factor to account for the Pauli
nonlocality effects. The double folding is performed using
two-parameter Fermi distributions for the matter density that
is assumed to be spherical. The radius and diffuseness of
the nuclear matter densities come from the systematic anal-
ysis of electron scattering data and Hartree-Fock-Bogoliubov
calculations concerning a wide range of nuclei in the nu-
clear chart. Regarding the 18O diffuseness, it has been found
[42,60,61,68–70] that it is reasonable to adopt a value of
0.61 fm (larger than the average value 0.56 fm of the SPP
systematic) to account for the effect generated by the two
valence neutrons bound to the 16O core.

The results of OM calculations for the 18O + 12C elastic
scattering at 275 MeV incident energy are shown in Fig. 2.
The Fraunhofer diffraction pattern ( Sommerfeld parameter
η = 1.9) is clearly visible in both experimental and theoret-
ical angular distributions, and a good agreement is present
for transferred momenta up to q ≈ 2 fm−1. The discrepancy
observed at larger q suggests the need to explicitly include
the couplings with the first low-lying inelastic transitions, as
already observed in similar studies [42,43,55,57,59,60]. This
task is accomplished assuming a collective or a microscopic
model with the proper coupling potentials.

In our approach, the 2+ and 3− collective states of both
projectile and target are introduced in the coupling scheme,
as sketched in Fig. 6, and treated in terms of quadrupole
and octupole excitations of the deformed 18O and 12C nuclei.
The coupling potentials are defined in terms of multipole
decomposition [4] of the main optical potential. The Coulomb
VC (r, λ) and nuclear VN (r, λ) coupling potentials for the λ

component were introduced in terms of the following defini-
tions:

VC (r, λ) = M(Eλ)e2

√
4π

2λ + 1
r−λ−1, (2a)

VN (r, λ) = − δλ√
4π

dU (r)

dr
. (2b)

The Coulomb component of the deformed potential depends
on the parameter M(Eλ), related to the reduced transition
probability B(Eλ; J → J ′) for the electric operator Eλ acting
between the states J and J ′, through the relation M(Eλ) =
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FIG. 6. Coupling scheme for the 18O + 12C elastic and inelastic
scattering. Couplings considered in the DWBA and CC calculations
are indicated by the dot-dashed green and dashed orange arrows,
respectively. Values on the right are the corresponding excitation
energies.

±√
(2J + 1)B(Eλ; J → J ′). The sign is taken as that of the

intrinsic quadrupole moment 〈Q̂0〉, according to Ref. [47]. The
nuclear component defined by Eq. (2b) is a complex deformed
potential depending on the deformation length parameter δλ.
It is defined by the following formula:

δλ = βλRV = 4π

3Ze

M(Eλ)

Rλ−1
V

, (3)

where B(Eλ; J → J ′) and the average radius of the po-
tential RV are involved. The same definitions for the
Coulomb and nuclear deformations were recently applied
in Refs. [40,42,43,59,60,62]. All the adopted values for the
mentioned ingredients are listed in Table V. The DWBA and
CC calculations were performed for the low-lying inelastic
transitions adopting the coupling scheme shown in Fig. 6.
The comparison between experimental data and theoretical
calculations is shown in Fig. 3. The transitions included in the

DWBA approach correspond to the dot-dashed green arrows
in Fig. 6. The population of the 18O(2+

1 ) + 12C(2+
1 ) state is not

allowed due to the lack of higher order terms in DWBA. Such
effects, included in the CC approach (dashed orange arrows in
Fig. 6) are responsible for the changes in the slopes observed
comparing the DWBA and CC results shown in Fig. 3. A
good description of the experimental data is reached using
the CC approach. This is clearly visible also for the elastic
scattering case (Fig. 2) in which the CC calculations very well
reproduce both the oscillating pattern and the absolute value
of the experimental cross-section angular distribution.

B. One-nucleon transfer calculations

The main ingredients necessary to perform one-nucleon
transfer calculations are the ISI and the final-state interaction
(FSI), the proper description of single-particle wave func-
tions and the residual potential responsible for the nuclear
reaction. The ISI was discussed and defined in the previous
section, from the analysis of the elastic and inelastic scattering
experimental data. From the nuclear structure side, the single-
particle wave functions and the spectroscopic amplitudes for
the overlap between the initial and final states need to be
properly introduced.

The single-particle wave functions for the nuclei involved
in the one-nucleon transfer reactions were calculated consid-
ering the transferred particle bound to the core by means of
a Woods-Saxon potential. For the 17O +n and 18O +p cases
the adopted reduced radii and diffuseness are 1.26 and 0.7 fm,
respectively. For the 12C +n and 11B +p the adopted values
are 1.25 and 0.65 fm, respectively. These choices are consis-
tent those recently presented in Refs. [39,40] in the case of
similar systems and, more generally, are compatible with the
typically adopted values [7]. The depth of the potential was
adjusted to reproduce the separation energy of the transferred
particle.

The spectroscopic amplitudes were computed within a
large-scale shell-model formalism implemented in the KSHELL

code [48]. The p-sd-mod interaction [73] was used for both
the projectile-like (18O, 17O, 19F) and the target-like (12C,
13C, 11B) nuclei. It is a modified version of the PSDWBT
interaction [74] involving the full p-sd valence subspace for
protons and neutrons, assuming 4He as a closed core and
1p 3

2
, 1p 1

2
, 1d 5

2
, 2s 1

2
, and 1d 3

2
valence orbits. In Table VII

the comparison between the theoretical and experimental ex-
citation energies of the states included in coupling schemes
is shown. One can see a reasonably good agreement for all

TABLE V. Average radius RV of the SPP, reduced transition probability B(Eλ; J → J ′), reduced matrix element M(Eλ), and deformation
length δλ adopted for λ = 2, 3 for the 18O and 12C nuclei.

RV B(E2; 0+ → 2+) M(E2) δ2 B(E3; 0+ → 3−) M(E3) δ3

(fm) (e 2b2) (e fm2) (fm) (e 2b3) (e fm3) (fm)

18O 3.13 0.0043a +6.56 +1.10 0.00046b +21.45 +1.15
12C 0.00397a −6.30 −1.41 0.000257c −16.03 −1.14

aPritychenko et al. [71].
bKibedi and Spear [72].
cItoh et al. [29].
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the states. A reasonably good agreement is found for most of
the states. Anyway, the limitations of the present calculations
are expected to more significantly affect the energy spectra
prediction than the wave function description [62]. In the
initial partition the 0+, 2+, and 3− states of both 18O and
12C nuclei were considered. The spectroscopic amplitudes
related to the 〈18O|17O〉 and 〈13C|12C〉 overlaps for the one-
neutron stripping case are listed in Tables VIII and IX of the
Appendix, respectively. The spectroscopic amplitudes related
to the 〈19F|18O〉 and 〈12C|11B〉 overlaps for the one-proton
pick-up case are listed in Tables X and XI of the Appendix,
respectively.

The FSI was introduced using the same SPP for the real and
imaginary parts of the OPs. The radius and diffuseness of the
matter densities nuclei were taken from the SPP systematics.
As for the normalization factors, they were set as discussed in
Sec. III A: NI = 0.78 for DWBA calculations and NI = 0.6 for
CCBA ones, in which the couplings to the inelastic states also
in the final partition were explicitly taken into account. The
introduction of such couplings, including the reorientation
terms, requires the use of the reduced matrix elements M(Eλ)
and δλ. The M(Eλ) values and signs were extracted from the
same shell-model calculations for the λ = 2 multipole and the
δ2 values were calculated according to Eq. (3). The obtained
values are listed in Table VI together with the other relevant
parameters. We found a good agreement between the calcu-
lated B(E2; J → J ′) values and the available experimental
data.

It is relevant to stress at this point that all the mentioned
ingredients were introduced in a global fully comprehensive
exact finite-range, prior, full complex remnant calculation in-
cluding elastic and inelastic scattering and one-neutron and
one-proton transfer in which all the cross sections are si-
multaneously calculated. This multichannel calculation is the
first step for the complete description of the single-charge-
exchange cross section.

The role of couplings with inelastic states in both the initial
and final partitions and with the reaction channels was scruti-
nized comparing the DWBA, CCBA, and CRC approaches.
The adopted coupling schemes are sketched in Fig. 7. In
the DWBA calculations only the transitions from the ground
state of the initial nuclei are taken into account (dot-dashed
green arrows in Fig. 7) using one-way couplings, i.e., the
couplings among different partitions are considered to the
first order. The CCBA calculations also include the initial-
and final-state inelastic couplings (dashed orange arrows in
Fig. 7), thus allowing also the transitions from these states of
the initial nuclei (dotted blue arrows in Fig. 7) in a one-way
coupling. When the CRC calculations are performed, two-way
couplings are introduced, which corresponds to taking into
account couplings among different partitions up to the infinite
order. The CRC coupling schemes are the same as the CCBA
ones shown in Fig. 7.

The resulting theoretical calculations are compared to the
experimental angular distributions in Figs. 4 and 5. In the
one-proton pickup case, for the sake of a direct comparison
of the theoretical cross sections to the experimental data, the

TABLE VI. Reduced matrix element M(E2) and deformation
length δ2 for selected transitions in the final partitions.

Transition Initial state Final state M(E2) δ2

Jπ ←→ J ′π (MeV) (MeV) (e fm2) (fm)

19F 1
2

+ ←→ 5
2

+
0.000 0.197 11.24 1.69

1
2

+ ←→ 3
2

+
0.000 1.554 −9.01 −1.35

5
2

+ ←→ 5
2

+
0.197 0.197 −12.90 −1.94

5
2

+ ←→ 3
2

+
0.197 1.554 6.73 1.01

5
2

+ ←→ 9
2

+
0.197 2.780 15.52 2.33

3
2

+ ←→ 3
2

+
1.554 1.554 −9.35 −1.40

9
2

+ ←→ 9
2

+
2.780 2.780 −16.71 −2.51

1
2

− ←→ 5
2

−
0.110 1.345 −18.90 −2.84

1
2

− ←→ 3
2

−
0.110 1.458 −16.19 −2.43

5
2

− ←→ 3
2

−
1.345 1.458 −9.73 −1.46

5
2

− ←→ 5
2

−
1.345 1.345 −19.16 −2.88

3
2

− ←→ 3
2

−
1.458 1.458 −15.31 −2.30

17O 5
2

+ ←→ 5
2

+
0.000 0.000 −4.20 −0.71

5
2

+ ←→ 1
2

+
0.000 0.871 3.56 0.60

11B 3
2

− ←→ 3
2

−
0.000 0.000 5.93 1.60

3
2

− ←→ 1
2

−
0.000 2.124 3.55 0.96

3
2

− ←→ 5
2

−
0.000 4.444 8.30 2.24

3
2

− ←→ 3
2

−
0.000 5.020 −2.37 −0.64

1
2

− ←→ 5
2

−
2.124 4.444 −5.69 −1.54

1
2

− ←→ 3
2

−
2.124 5.020 −5.51 −1.49

5
2

− ←→ 3
2

−
4.444 5.020 5.43 1.47

5
2

− ←→ 5
2

−
4.444 4.444 0.41 0.11

3
2

− ←→ 3
2

−
5.020 5.020 −6.19 −1.67

13C 1
2

− ←→ 3
2

−
0.000 3.684 5.33 1.21

1
2

− ←→ 5
2

−
0.000 7.547 6.34 1.44

3
2

− ←→ 5
2

−
3.684 7.547 −4.13 −0.94

3
2

− ←→ 3
2

−
3.684 3.684 6.07 1.38

5
2

− ←→ 5
2

−
7.547 7.547 8.28 1.88

1
2

+ ←→ 5
2

+
3.089 3.854 4.34 0.98

1
2

+ ←→ 5
2

+
3.089 6.864 −6.15 −1.39

1
2

+ ←→ 3
2

+
3.089 7.686 0.91 0.21

5
2

+ ←→ 5
2

+
3.854 3.854 −6.80 −1.54

5
2

+ ←→ 5
2

+
3.854 6.864 −5.47 −1.24

5
2

+ ←→ 7
2

+
3.854 7.492 −9.27 −2.10

5
2

+ ←→ 3
2

+
3.854 7.686 4.35 0.99

5
2

+ ←→ 5
2

+
6.864 6.864 5.77 1.31

5
2

+ ←→ 7
2

+
6.864 7.492 −6.63 −1.50

5
2

+ ←→ 3
2

+
6.864 7.686 −2.98 −0.67

7
2

+ ←→ 7
2

+
7.492 7.492 −3.39 −0.77

7
2

+ ←→ 3
2

+
7.492 7.686 1.88 0.43

3
2

+ ←→ 3
2

+
7.686 7.686 −4.79 −1.09
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FIG. 7. Coupling schemes for the performed one-nucleon transfer calculations. Coupling schemes adopted for the one-neutron stripping
and one-proton pick-up nuclear reactions are shown in (a) and (b), respectively. Couplings considered in the DWBA, CCBA, and CRC
calculations are indicated by the dot-dashed green, dotted blue, and dashed orange arrows (see text for more information). Excitation energies
(in MeV) and Jπ of each of the involved states are also indicated.

theoretical curves shown in Fig. 5 are obtained by a weighted
sum of the single transitions’ differential cross sections.
Weights were calculated by the integration in the adopted
experimental excitation energy ranges of the spectral distri-
bution obtained considering a normal Gaussian function for
each transition. Each Gaussian was centered at the excitation

energy of each specific transition and the width was assigned
as the achieved experimental resolution, taking into account
also the Doppler broadening enlargement, where present. The
integrated theoretical cross sections are listed in Tables III
and IV for the one-neutron stripping and one-proton pickup
reactions, respectively.
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IV. DISCUSSION

In general, the theoretical calculations reasonably well
reproduce the elastic and inelastic scattering and the one-
nucleon transfer experimental data (see Figs. 2–5). In the
one-neutron stripping case, the description is good even in the
DWBA approach, showing that the role of couplings is not
crucial and the analyzed final states are dominated by single-
particle configurations. Instead, in the one-proton pickup case,
the introduction of the couplings is mandatory to describe
both the slope and the absolute cross section of the peaks
3 and 4. Also, exploratory CCBA calculations in which the
couplings were introduced only in the initial partition im-
proved the agreement with respect to the DWBA ones, but
were not enough to satisfactorily reproduce the data. Thus,
in the final CCBA calculations couplings in both partitions
were introduced. Moving one step forward, the inclusion of
couplings among different partition to infinite order (CRC)
did not change the obtained results in both one-neutron and
one-proton transfer cases.

To evaluate in a quantitative manner the agreement of the
obtained theoretical results with the experimental data, the
qf(θi ) quality factor was defined:

qf(θi ) = 1

1 + ∣
∣ ln σtheo(θi )

σexp(θi )

∣
∣
, (4)

where σexp and σtheo are the measured and calculated values of
the cross sections for the specific transition at the θi scattering
angle, respectively. The qf(θi ) values range between 0 and 1
corresponding to the worst and best agreements between the
calculations and the experimental data, respectively. The pro-
posed quality factor has the great advantage to weigh equally
all the points of each angular distribution, regardless of their
absolute value. This is a fundamental feature for distributions
with an exponential slope, such as the differential cross sec-
tion angular distributions. The qf(θi ) quantity was calculated
for each i point of the experimental angular distributions in
comparison to the respective values of each theoretical cal-
culation (DWBA, CCBA, and CRC). Subsequently, the QF
quantities were calculated for each analyzed angular distribu-
tion as an arithmetic average of the Npoints measurements at
different angles using the following formula:

QF =
∑

i qf(θi )

Npoints
, (5)

The QF values are listed in Tables II, III, and IV for each
analyzed angular distribution and theoretical calculation. The
reliability of the defined QF is confirmed by the values listed
in Table II, in which for the elastic transition we see a change
of 21% in the QF, from 0.63 obtained for DWBA to 0.76 for
CCBA. This difference, which could appear small, is due to
the fact that at forward angles both approaches are performing
quite well. The big improvement in the description of the
data with the CCBA approach is visible at large angles (see
Fig. 2). In the case of the inelastic transition to the 4.44 MeV
state of 12C, the best QF value is instead obtained in DWBA,
since the oscillating pattern of the angular distribution is better
described within this approach for this specific transition (see
Fig. 3).

FIG. 8. Average quality factors extracted according to Eq. (5) in
the experimentally explored angular range for the three analyzed
channels (elastic/inelastic, one-neutron stripping, and one-proton
pickup) and for the three theoretical approaches (DWBA, CCBA, and
CRC) together with the total value (see text).

Finally, to evaluate the overall quality of the three different
theoretical approaches, a unique 〈QF〉 was extracted for each
analyzed reaction channel through an average of the values
reported in Tables II, III, and IV. The obtained results are
shown in Fig. 8. In the same figure, also the 〈QF〉 value
corresponding to the whole data analysis is reported (total).
It was evaluated as an average on the three analyzed reaction
channels.

The results of this analysis, shown in Fig. 8, demon-
strate that a significant improvement is achieved passing
from the DWBA to the CCBA approach, without any sig-
nificant breakthrough when the CRC effects are introduced.
This result is a generalized confirmation of the crucial role
played by the couplings among the states of the same par-
tition in the fully comprehensive theoretical analysis of the
nuclear reactions populated in the 18O + 12C collision at
275 MeV.

V. CONCLUSIONS

The direct reactions induced by the collision of an 18O
beam on a 12C target at 275 MeV incident energy were studied
for the first time in a consistent multichannel approach from
both the experimental and theoretical sides.

In particular, the 12C(18O, 18O)12C elastic and inelas-
tic scattering, the 12C(18O, 17O)13C one-neutron strip-
ping, the 12C(18O, 19F)11B one-proton pickup, and the
12C(18O, 18F)12B single-charge-exchange reactions were ex-
plored under the same experimental conditions. Energy
spectra and absolute cross-section angular distributions were
measured in a wide range at forward scattering angles. The
achieved energy (δEx ≈ 0.6 MeV) and angular (δθc.m. ≈ 0.5◦)
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resolution allowed us to isolate specific transitions and to map
the diffraction patterns in the angular distributions.

The experimental data were analyzed with state-of-the-art
methods of quantum scattering theory at different levels of
complexity, from the DWBA up to the CCBA and, further
on, to the CRC schemes, where a large number of coupling
channels was included in the model spaces. The initial (ISI)
and final (FSI) state nucleus-nucleus interactions, adopted
in the calculations, were taken from the double folded São
Paulo potential for the real part. An imaginary potential was
also included, as usual, to account for the average loss of
flux towards more dissipative processes. Instead of fitting the
optical potentials to the experimental data, we decided to
follow a well-established prescription in which the imaginary
potential is assumed to have the same geometry of the real
part and a scaling factor is taken from a wide systematics.
Thus, no free parameters adapted to this study come from the
choice of the ISI and FSI. Nuclear structure inputs, necessary
to model the different reaction channels under study, were
extracted from large-scale shell-model calculations performed
with well-established interactions, while keeping a high de-
gree of consistency in the multichannel analysis.

A first conclusion is that the cross-section calculations
describe very well the experimental data, both in terms of
the absolute values and diffraction patterns for all the ana-
lyzed reaction channels, although the use of the mentioned
systematics is not necessarily the best way to analyze the
data. These results confirm the robustness of the adopted
systematics. Surprisingly, we notice that DWBA calculations,
which by definition do not account for the coupling to inelastic
and transfer channels, prove to be quite accurate for all the
studied channels. In general, better results are found when
the couplings to inelastic transitions in both the entrance and
exit partitions are introduced, as done in CCBA calculations.
In contrast, no real improvement is found when the coupling
scheme is extended to relevant transfer channels, as done in
CRC calculations.

An attempt to perform a quantitative evaluation of the
degree of agreement of the calculations with the data was
performed through the introduction of a quality factor. To our
knowledge a similar technique has never been used in the
community. Typically, in papers where a comparison of cross-
section angular distributions with calculations is presented,
the comments about the agreement are based on qualitative
considerations only. Sometimes, the reduced χ2 values are
evaluated, which, however, tend to overweight the points at
forward angles characterized by the largest cross sections.
Indeed, the main issue in the definition of the quality factor is
due to the very broad range of cross sections spanning several
orders of magnitude.

Our quality factor weighs all the data points equally,
regardless of their absolute value and this is a great advan-
tage for distributions with exponential slope spanning several
orders of magnitude, such as the differential cross section an-
gular distributions of heavy-ion quasielastic reactions. The
adopted quality factor ranges from zero to unity, when mov-
ing from a complete disagreement to a full agreement. In
our analysis the quality factor is found to be about 0.6 for
DWBA calculations, rising to about 0.7 for CCBA and CRC

TABLE VII. Comparison between the experimental and theoreti-
cal low-lying spectra obtained by large scale shell-model calculations
for the involved nuclei using the p-sd-mod interaction [73]. Energies
are in MeV.

Jπ Experimental Theoretical

18O 0+
1 0.000 0.000

2+
1 1.982 2.264

4+
1 3.554 3.620

0+
2 3.633 4.249

3−
1 5.097 4.929

12C 0+
1 0.000 0.000

2+
1 4.440 4.950

3−
1 9.641 8.127

17O 5
2

+
1

0.000 0.000
1
2

+
1

0.871 0.871
1
2

−
1

3.055 3.538
13C 1

2

−
1

0.000 0.000
1
2

+
1

3.089 1.830
3
2

−
1

3.684 3.509
5
2

+
1

3.854 2.418
5
2

+
2

6.864 6.164
7
2

+
1

7.492 6.535
5
2

−
1

7.547 7.537
3
2

+
1

7.686 6.706
19F 1

2

+
1

0.000 0.107
1
2

−
1

0.110 0.744
5
2

+
1

0.197 0.000
5
2

−
1

1.345 2.422
3
2

−
1

1.458 2.615
3
2

+
1

1.554 1.080
9
2

+
1

2.780 3.104
11B 3

2

−
1

0.000 0.000
1
2

−
1

2.124 1.689
5
2

−
1

4.444 4.666
3
2

−
2

5.020 4.654

ones, thus highlighting the actual improvements due to the
inclusion of coupled channels in the scattering equations. It
is interesting to notice that the quality factor presents similar
values for different reaction channels when the calculation
scheme is established, while significant changes are found
when it is changed, e.g., when moving from DWBA to CCBA.
This is not surprising, although quite significant, due to the
strong consistency of the multichannel technique adopted
here, which allows one to treat different reaction channels in
very similar experimental conditions and theoretical schemes
of approximations.

The multichannel approach discussed in this work is a
very promising method for accurate investigations of direct
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TABLE VIII. One-neutron spectroscopic amplitudes (SA) for the
projectile overlaps using the p-sd-mod interaction [73]. The symbols
n, l , and j correspond to the principal quantum number, the orbital,
and the total angular momentum of the transferred neutron orbitals,
respectively.

18O 17O

Ex (MeV) Jπ Ex (MeV) Jπ nl j SA

0.000 0+ 0.000 5
2

+
1d 5

2
1.2708

0.871 1
2

+
2s 1

2
−0.4345

3.055 1
2

−
1p 1

2
−0.8155

1.982 2+ 0.000 5
2

+
1d 5

2
−1.0734

0.000 5
2

+
2s 1

2
−0.5093

0.000 5
2

+
1d 3

2
−0.0799

0.871 1
2

+
1d 5

2
0.4994

0.871 1
2

+
1d 3

2
0.1737

5.097 3− 0.000 5
2

+
1p 1

2
−0.1135

0.000 5
2

+
1p 3

2
0.0988

0.871 1
2

+

3.055 1
2

−
1d 5

2
−0.2430

reactions stemming from heavy-ion collisions. The results
found here also give the chance for future investigation on the
quality of different nuclear structure models from heavy-ion
direct reactions. In the present article, we focused on the
nuclear reaction aspect of the multichannel approach, probing
it by a robust nuclear structure model. Investigating different
nuclear structure models is an interesting research program
that goes beyond the scope of this work and will be pursued
in the future. This perspective is quite appealing for high
precision nuclear spectroscopy of heavy nuclei as recently
proposed in many areas of nuclear physics. An example is the
NUMEN project with its challenging goal to provide valuable
information on nuclear states involved in neutrino-less double
beta decay from single- and double-charge-exchange cross
sections. What we do in the present work is quite different
from what is typically found in literature for the analyses
of heavy-ion direct nuclear reactions. The multichannel ap-
proach puts a strong interconnection among a wide set of data,
stemming from the same collision. The novelty here is in the
significant widening of the model space explored consistently
both in the experiment and in the theoretical analysis. In
general, the more channels, the harder is the challenge and
the safer is the result in case of successful description of the
data. For example, studying only neutron transfer reactions
probes mostly the neutron shell structure, giving almost no in-
formation on the proton side. Studying transitions in different
excitation energy regions and reaction channels could require
the activation of different orbits in the model space. In this
way, the multichannel approach has the advantage to probe
consistently various aspects of the nuclear many-body states.
We believe that such multichannel approach is mandatory

TABLE IX. One-neutron spectroscopic amplitudes (SA) for the
target overlaps using the p-sd-mod interaction [73]. The symbols n,
l , and j correspond to the principal quantum number, the orbital,
and the total angular momentum of the transferred neutron orbitals,
respectively.

12C 13C

Ex (MeV) Jπ Ex (MeV) Jπ nl j SA

0.000 0+ 0.000 1
2

−
1p 1

2
0.8025

3.089 1
2

+
2s 1

2
0.8962

3.684 3
2

−
1p 3

2
−0.3601

3.854 5
2

+
1d 5

2
−0.9099

4.440 2+ 0.000 1
2

−
1p 3

2
−0.9948

3.089 1
2

+
1d 3

2
−0.0393

3.089 1
2

+
1d 5

2
0.3112

3.684 3
2

−
1p 1

2
−0.8205

3.684 3
2

−
1p 3

2
0.5404

3.854 5
2

+
1d 3

2
0.0588

3.854 5
2

+
1d 5

2
−0.1982

3.854 5
2

+
2s 1

2
−0.1105

6.864 5
2

+
1d 3

2
−0.0414

6.864 5
2

+
1d 5

2
−0.6310

6.864 5
2

+
2s 1

2
0.7015

7.492 7
2

+
1d 3

2
−0.0040

7.492 7
2

+
1d 5

2
−0.8570

7.547 5
2

−
1p 1

2
−0.5441

7.547 5
2

−
1p 3

2
−0.2146

7.686 3
2

+
1d 3

2
−0.2283

7.686 3
2

+
1d 5

2
−0.5145

7.686 3
2

+
2s 1

2
0.1059

9.641 3− 0.000 1
2

−
1d 5

2
0.1371

3.089 1
2

+

3.684 3
2

−
1d 3

2
−0.0085

3.684 3
2

−
1d 5

2
0.2771

3.854 5
2

+
1p 1

2
0.0222

3.854 5
2

+
1p 3

2
−0.5466

6.864 5
2

+
1p 1

2
0.0718

6.864 5
2

+
1p 3

2
−0.1230

7.492 7
2

+
1p 1

2
−0.4395

7.492 7
2

+
1p 3

2
0.5076

7.547 5
2

−
1d 3

2
0.0284

7.547 5
2

−
1d 5

2
−0.1507

7.547 5
2

−
2s 1

2
0.0288

7.686 3
2

+
1p 3

2
−0.4286

for the purposes of studying the DCE reactions and that, in
general, it is a powerful approach to keep under control all the
degrees of freedom in the theoretical data analysis.
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TABLE X. One-proton spectroscopic amplitudes (SA) for the
projectile overlaps using the p-sd-mod interaction [73]. The symbols
n, l , and j correspond to the principal quantum number, the orbital,
and the total angular momentum of the transferred neutron orbitals,
respectively.

18O 19F

Ex (MeV) Jπ Ex (MeV) Jπ nl j SA

0.000 0+ 0.000 1
2

+
2s 1

2
−0.5539

0.110 1
2

−
1p 1

2
−0.2444

0.197 5
2

+
1d 5

2
0.6644

1.345 5
2

−

1.458 3
2

−
1p 3

2
−0.0106

1.554 3
2

+
1d 3

2
−0.4238

2.780 9
2

+

1.982 2+ 0.000 1
2

+
1d 5

2
0.5864

0.000 1
2

+
1d 3

2
−0.2806

0.110 1
2

−
1p 3

2
−0.0301

0.197 5
2

+
1d 5

2
−0.4265

0.197 5
2

+
2s 1

2
−0.3113

0.197 5
2

+
1d 3

2
0.1563

1.345 5
2

−
1p 3

2
0.0186

1.345 5
2

−
1p 1

2
0.1366

1.458 3
2

−
1p 3

2
−0.0022

1.458 3
2

−
1p 1

2
0.1639

1.554 3
2

+
1d 5

2
0.3146

1.554 3
2

+
2s 1

2
0.3539

1.554 3
2

+
1d 3

2
0.3185

2.780 9
2

+
1d 5

2
0.7872

5.097 3− 0.000 1
2

+

0.110 1
2

−
1d 5

2
−0.4906

0.197 5
2

+
1p 1

2
0.5849

0.197 5
2

+
1p 3

2
−0.0900

1.345 5
2

−
1d 3

2
−0.0268

1.345 5
2

−
1d 5

2
−0.4864

1.345 5
2

−
2s 1

2
−0.3768

1.458 3
2

−
1d 3

2
0.0486

1.458 3
2

−
1d 5

2
0.2614

1.554 3
2

+
1p 3

2
0.1675

2.780 9
2

+
1p 3

2
−0.0787

In a forthcoming publication, all the methods presented
and discussed here will be used for the analysis of the
12C(18O, 18F)12B single-charge-exchange reaction, where the
meson exchange mechanism will be consistently introduced
for the first time in the same coupled channel framework, to-
gether with the nucleon transfer charge-exchange mechanism
discussed here.

TABLE XI. One-proton spectroscopic amplitudes (SA) for the
target overlaps using the p-sd-mod interaction [73]. The symbols n,
l , and j correspond to the principal quantum number, the orbital,
and the total angular momentum of the transferred neutron orbitals,
respectively.

12C 11B

Ex (MeV) Jπ Ex (MeV) Jπ nl j SA

0.000 0+ 0.000 3
2

−
1p 3

2
1.7239

2.124 1
2

−
1p 1

2
0.6520

4.444 5
2

−

5.020 3
2

−
1p 3

2
0.5131

4.440 2+ 0.000 3
2

−
1p 1

2
0.6607

0.000 3
2

−
1p 3

2
−0.0733

2.124 1
2

−
1p 3

2
−0.5802

4.444 5
2

−
1p 1

2
0.3768

4.444 5
2

−
1p 3

2
1.0979

5.020 3
2

−
1p 1

2
−0.2434

5.020 3
2

−
1p 3

2
0.7902

9.641 3− 0.000 3
2

−
1d 3

2
−0.2374

0.000 3
2

−
1d 5

2
−0.4559

2.124 1
2

−
1d 5

2
0.2820

4.444 5
2

−
1d 3

2
0.1858

4.444 5
2

−
1d 5

2
0.2286

4.444 5
2

−
2s 1

2
0.0022

5.020 3
2

−
1d 3

2
−0.2697

5.020 3
2

−
1d 5

2
0.0500

ACKNOWLEDGMENTS

The authors would like to thank all the staff of the LNS Ac-
celerator for the support during the experiments. This project
received funding from the European Research Council (ERC)
under the European Union’s Horizon 2020 research and inno-
vation program (Grant Agreement No. 714625). The NUMEN
project is mainly funded by INFN. Support from the Brazil-
ian funding agencies FAPESP, Proc. No. 2019/07767-1,
and INCT-FNA, Proc. No. 464898/2014-5, is acknowledged.
The Mexican authors received funding from DGAPA-UNAM
IN107820, IG101120 and CONACYT315839 projects.

APPENDIX: TABLES OF SPECTROSCOPIC AMPLITUDES

In Tables VII–XI, the comparisons between the experi-
mental and theoretical spectra obtained by the large scale
shell-model calculations are reported. The spectroscopic am-
plitudes used in the performed reaction calculations for the
involved nuclei are also listed. The values of the theoreti-
cal excitation energies and the spectroscopic amplitudes are
obtained by the KSHELL [48] software using the p-sd-mod
interaction [73] (see Sec. III B).
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