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Multichannel experimental and theoretical approach to the >*C('*0Q, *F) ’B
single-charge-exchange reaction at 275 MeV. II. Competition between the meson
exchange and the sequential transfer in the reaction mechanism
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Background: Single-charge-exchange reactions are among the most appropriate nuclear tools to study the
response of nuclear systems to isovector interaction. Nowadays, the availability of powerful experimental setups
and advanced nuclear models bring the possibility of the complete study of the reaction mechanisms involved
in the nuclear reactions, also in the case of heavy projectiles. This new possibility allows one to access valuable
information on key nuclear structure aspects, including those embedded in the widely searched neutrinoless
double-g decay.

Purpose: We intend to elucidate the main nuclear structure and reaction features involved in the 0 + '>C
collision at 275 MeV beam incident energy. In this paper, the main focus is to quantify the competition between
the sequential two-step transfer and the direct meson-exchange reaction mechanisms.
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A. SPATAFORA et al.

Methods: The energy spectra and cross-section angular distributions for the 2C('%0, '8F) I’B single-charge-
exchange reaction are measured by the MAGNEX magnetic spectrometer in the same experimental setup
of the elastic and inelastic scattering and the one-nucleon transfer reaction channels. The cross sections for
the sequential two-step transfer and the direct meson-exchange single-charge-exchange reaction mechanisms
are evaluated in a single coherent theoretical calculation, using state-of-the-art nuclear structure and reaction
theories.

Results: The energy resolution achieved in the study of the 2C('®0, '*F) 2B single-charge-exchange reaction
allows one to separate the ground-to-ground-state transition and to identify other structures in the measured
energy spectra. The coherent sum of the distorted wave Born approximation cross sections of the direct and
sequential reaction mechanisms well describes the experimental cross-section angular distributions. The crucial
role of the optical model distortion in the scattering of the incoming and outgoing waves was taken into account
via the introduction of the coupled-channel local equivalent effective potential.

Conclusions: Advanced nuclear structure and reaction models turned out to be appropriate tools for the detailed
analysis of single-charge-exchange reactions originating in heavy-ion collisions. This is of particular relevance
in several fields of nuclear physics. Moreover, it is inherent to the challenging project to provide valuable
information on neutrinoless double-8 decay nuclear matrix elements from single- and double-charge-exchange
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cross-section measurements.

DOI: 10.1103/PhysRevC.110.064612

I. INTRODUCTION

Over the recent decades, nuclear isovector excitations
have been mainly investigated by the (n, p)/(p,n) and
the (*He,t)/(d, He) single-charge-exchange (SCE) reactions.
Considering their selectivity, they have provided key informa-
tion on nucleon-nucleon isovector interactions [1-6].

Complementary information comes from the use of heavy-
ion projectiles in SCE reactions, although their complex
many-body nature should be taken into account. The accurate
description of the projectile-target potential is needed for both
the entrance [initial state interaction (ISI)] and the exit [final
state interaction (FSI)] channels. In this case, the quasielastic
SCE reactions are localized in the nuclear surfaces of the
colliding systems, as a consequence of the strong absorption
of the incoming waves in the inner part of heavy nuclei.
This is a key aspect of the heavy-ion reaction mechanism
since it allows one to transform the full many-body reaction
problem into a much simpler one. Indeed, direct reactions
as SCE can be treated as small perturbations of the direct
elastic scattering, which is typically described by an aver-
age local nucleus-nucleus optical potential. For this purpose,
modern techniques to build ISI and FSI potentials by double
folding integrals of the nucleon-nucleon interaction with the
densities of the colliding systems can guarantee a relevant
level of accuracy [7-12], provided that the elastic scattering
data of the projectile-target system are available at the same
incident energy of the SCE reaction cross sections. In a more
advanced reaction formalism, the inelastic excitations of the
projectile or target can be introduced by solving a system
of coupled-channel equations, one for each excitation explic-
itly considered. The effect of the couplings among different
channels can be effectively taken into account via an average
local additional complex term to the ISI and FSI, through
the introduction of the coupled-channel equivalent potential
(CCEP), as suggested in Ref. [13]. The coupling of elastic
scattering with inelastic excitations of low-lying collective
states of both projectile and target systems has been proven
to be important for nucleon transfer reactions, although the
effect on SCE has been only partially explored [14].

Accurate knowledge of the ISI and FSI is an indis-
pensable prerequisite for any kind of spectroscopic re-
search on the quantitative level with heavy-ion beams. SCE
reactions require, in addition, the careful scrutiny of the re-
action mechanism. As discussed in detail, e.g., in [42] and
earlier work cited therein, a generic problem of SCE reac-
tions is the competition of collisional nucleon-nucleon (NN)
and mean-field-driven sequential proton-neutron transfer pro-
cesses. Since the two reaction mechanisms populate the same
final states, their amplitudes contribute coherently to SCE
cross sections. However, as known in principle for a long
time, collisional and transfer SCE depend differently on in-
cident energy and on multipolarity and excitation energies
of the final states. In particular, the transfer of a proton or
neutron from the projectile to the target (stripping process)
followed by the transfer to the projectile of a neutron or
proton from the target (pick-up process) is a two-step mech-
anism which populates the same outgoing channel as the
direct one-step SCE reaction induced by a two-body isovec-
tor nucleon-nucleon interaction. The two-step mechanism is
sensitive to the nucleon-nucleus mean field, thus probing,
in the first place, single-particle spectroscopy. In contrast,
the collisional reaction mechanism relies on isovector NN
interaction as mediated by the exchange of the m- and p-
meson. Since the isovector mesons couple to the nucleons
by the same kind of spin-isospin vertices as encountered in
weak interactions, the NN mechanism provides the proper
operator structures for probing spin-scalar Fermi-type (F) and
spin-vector Gamow-Teller-type (GT) nuclear excitations in
laboratory experiments under well-defined and reproducible
conditions. The properties of NN interactions require one to
sum up the NN scattering series to all orders, which is taken
care of by using the NN 7-matrix rather than elementary Born-
type meson-nucleon interactions. In general, the competition
of direct one-step and the sequential two-step mechanisms
in SCE reactions requires that the reaction amplitudes are
summed with their phases, thus generating a specific inter-
ference pattern in the differential cross sections. This is a
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complication that should be taken into account, especially in
heavy-ion-induced SCE reactions, and possibly minimized by
an appropriate choice of the experimental conditions. From
the theory point of view, this issue has been extensively
debated in the past [15-22], with major advances achieved
thanks to the development of microscopic approaches for the
data interpretation.

To our knowledge, the only reported case where a fully
consistent calculation includes one- and two-step routes is
found in Ref. [19], in which second-order distorted-wave Born
approximation (DWBA) theory and suitable shell-model wave
functions, used to provide all the necessary nuclear structure
inputs, were adopted to analyze the '2C(*2C, '*N) '’B SCE
reaction. As a general finding, the two-step mechanisms tend
to be small at incident energies far above the Coulomb barrier,
although the transition from one-step to two-step dynamics
as a function of the incident energy is very dependent on the
specific SCE reaction as well as on the particular states that are
considered. This has been reported in (12C, '?B), (>C, 1°N),
(¢, ¥N) [23,24], and ("Li, 'Be) reactions [21,25], and ex-
plored at different energies from 5 to 70 A MeV and on
different targets [26-31].

An interesting aspect of heavy-ion-induced SCE reactions
is that a significant amount of linear momentum is transferred
to the final asymptotic state, even at forward angles. This
feature is considered a drawback of heavy-ion-induced SCE
reactions, when the typical focus is to characterize the L = 0
modes, namely, the GT one. However, this property is inter-
esting to probe the nuclear response to the higher multipoles
of the isospin (F-like) and spin-isospin (GT-like) operators,
since neither B-decay nor light-ion-induced SCE reactions
effectively access such high multipolarities. Nowadays, much
interest is given to this aspect of nuclear response for its
implications in neutrinoless double-8 (OvBB) decay matrix
elements [32,33], where high-order multipoles are considered
to contribute the most [34]. Thus, the exploration of heavy-
ion-induced SCE reactions has recently regained interest, with
the consequent need to develop suitable experimental tech-
niques and advanced theoretical analysis [35,36] for a detailed
description of the data. A recent review on the field is found
in Ref. [35].

Among the heavy-ion-induced SCE reactions, a promising
one is the (80, '8F). The 8F (Z = 9, N = 9) nucleus is the
intermediate system between the mirror 130 (Z = 8, N = 10)
and '®Ne (Z = 10, N = 8) nuclei. In terms of spin-isospin
symmetry, the 80 J™ = 0% ground state (T =1; T, = 1),
the J© = 0+ '®Ne ground state (T = 1; T, = —1), and the
J™ = 0% excited state of 8F (T = 1; T, = 0) at 1.042 MeV
are isobaric analog states (IASs) of the T = 1 isospin-triplet
S = 0 spin-singlet state, while the J* = 1% ground state of
BE (T =0; T, = 0) is the T = 0 isospin-singlet S = 1 spin-
triplet state. The strong shell closure of the (Z =8, N = 8)
160 doubly magic nucleus emphasizes the role of the two-
valence nucleons in the determination of such a symmetric
scheme. Thus, one can expect that the symmetry of the nuclear
interaction between free pairs of nucleons is directly reflected
in the spin-isospin multiplets of '30, '®F, and '®Ne. Hints of
this dynamics come from the super-allowed B-decay Gamow-
Teller transitions from the J* = 17 ground state of '*F to

the 30 ground state (logft = 3.570), and from the J* = 0%
ground state of '®Ne to the '8F ground state (logft = 3.091)
[37]. Experimentally, one can access the pure spin-isospin
o1~ (GT-like) response of the target nucleus by selecting
the (80, ®F, ) transition in the energy spectra. Here, 7~
indicates the isospin lowering operator. Similarly, the pure
isospin 7~ (F-like) response is selected by gating on the
(80, Ff gyamey) transition in the spectra. Such interesting
properties were recognized long ago in the first attempts to
explore the 2Si('80, 1®F) 2 Al reaction at the Saclay [38] and
the HHIRF Oak Ridge [39] facilities and the *°S('80, '*F) 3°p
reaction at the ANU Canberra [40] laboratory. The selectivity
of the reaction and the competition between one- and two-
step reaction mechanisms were discussed in such articles.
However, due to the limitations in the computing power and
theoretical approaches adopted for the data analyses, large
scaling factors were necessary to reproduce the magnitude of
the measured cross sections, thus preventing the reaching of
firm conclusions. In addition, the typically high level density
in SCE reaction data, which often does not allow one to isolate
transitions to individual states of the residual nucleus, has,
for a long time, hindered the actual use of the (80, '®F) as
a spectroscopic tool for nuclear structure studies.

Recently, a renewed interest for ("0, '8F) SCE reaction
is growing by the systematic use of the 'Q beam for the
NUMEN project [41,42]. The main goal is the study of the
(180, '®Ne) double-charge-exchange (DCE) reactions for their
link with OvB8 decay [41,43]. Nonetheless, the multichannel
approach proposed in order to extract constrained nuclear
structure information requires that all the direct quasielastic
reactions stemming from the collision of the 80 beam with
the target are consistently studied. In particular, the ('80, *F)
should be described with an unprecedented level of accu-
racy. In fact, both the one- and two-step reaction mechanisms
feeding the (80, '®F) provide important information about
the meson exchange and the mean-field dynamics, respec-
tively, which are then used for the analysis of the (*0, 18Ne)
reaction data. New studies on the (30, '8F) have been per-
formed in recent years in Refs. [14,44]. In particular, the
Ca('30, '8F) *0K reaction at 270 MeV beam incident energy
is analyzed in terms of the one-step contribution to the cross
section in Ref. [14] using nuclear structure inputs, namely,
transition densities, from quasiparticle random phase approxi-
mation (QRPA). The same reaction is investigated in Ref. [44]
within a pure two-step approach, adopting spectroscopic am-
plitudes (SAs) from a large-scale shell model. Although the
conclusions of the two complementary studies fairly match
each other, it is uncomfortable that the nuclear structure inputs
come from different sources and that the two reaction mecha-
nisms are studied in separate calculations, thus ignoring their
interference.

For the sake of investigating the (80, '®F) reaction dy-
namics, keeping the uncertainties from the nuclear structure
model as small as possible, we decided to explore the
20130, 18F) 12B reaction at 275 MeV. Indeed, the '2C —
12B SCE transitions have been investigated through several
probes [18-21] and the nuclear shell model provides quite
accurate results for such nuclei. The reliability of the nuclear

064612-3



A. SPATAFORA et al.

PHYSICAL REVIEW C 110, 064612 (2024)

structure inputs allows us to do a more refined job with the
reaction model, where one- and two-step mechanisms are con-
sistently calculated and their reaction amplitudes, including
the phases, are coherently summed in the cross-section de-
termination. In addition, the role of couplings in the ISI is
estimated in average in a complete SCE analysis by the CCEP
approach.

Here we report about the main achievements of this study.
In particular, we analyze recent differential cross-section data
from the NUMEN project [41] within the aforementioned
multichannel approach [43]. It should be mentioned that the
elastic and inelastic scattering, the neutron stripping and the
proton pick-up reactions analyses were published in Ref. [45],
which we refer to for details of the experimental setup and
theoretical analysis, which, in the spirit of the multichannel
methodology, are largely in common with this article.

The article is organized as follows: The experiment and
the measured energy spectra are presented in Sec. II, the
theoretical framework is described in detail in Sec. III, and the
comparison of the calculated and measured cross sections is
discussed in Sec. IV, followed, in Sec. V, by the conclusions.

II. EXPERIMENTAL SETUP AND RESULTS

The experiment was performed at the Istituto Nazionale di
Fisica Nucleare, Laboratori Nazionali del Sud (INFN-LNS)
in Catania, using the '8Q ion beam accelerated by the K800
Superconducting Cyclotron at 275 MeV (15.3 AMeV) bom-
barding energy and the MAGNEX large acceptance magnetic
spectrometer [46]. The magnetic fields of the MAGNEX
dipole and quadrupole magnets were set in order to trans-
port the 'F’* ions, corresponding to the ejectiles of the
SCE reaction channel, in the domain of momenta covered
by the MAGNEX focal plane detector (FPD) [47]. The two
self-supporting '2C targets used during the measurements (60
+3 ug/cm? and 200 £10 ug/cm? thick) were located at the
object point of the magnetic spectrometer whose optical axis
was oriented, compared to the beam direction, at oy = 7.5°,
8°, and 13.5°. The details of the experimental setup and data
reduction have been previously described in Ref. [45]. It is
worth emphasizing that all the reaction channels therein pre-
sented were measured in the same experimental conditions
and that the evaluation of the absolute cross sections was
conducted adopting the multichannel approach that allows one
to minimize the sources of systematic uncertainty.

The excitation energy E, was calculated as the difference
Qo — O, where Qy is the ground-to-ground-state Q value, and
Q is the Q value obtained by the missing mass technique based
on relativistic kinematic transformations. The E, spectrum for
the 2C('?0, '3F) ’B charge-exchange reaction at 275 MeV
beam incident energy in the angular region 8° < 6, < 10° is
shown in Fig. 1. Heavy-ion charge-exchange reactions popu-
lating odd-odd systems both in the ejectile and residual nuclei
typically produce energy spectra characterized by high level
density. This is the case of the a8, 8F)“K [14] and
the ''Cd(**Ne, 2°F) ''®In [48] reactions, recently studied in
similar experimental conditions. In these cases, it was not
possible to identify transitions towards isolated states in the

%ZZ i 120180, 18F)12B
® 1sof S;Zildm s P
i e 12 E,... =275 MeV
- f
105 9 peaks I? ’HH’H H
120: g | HH ’ *
- | R
60 }W
i
20? Imwmwmwm
! ’ 8 E, (IIS/IeV)

FIG. 1. 2C(**0, '3F) °Be single-charge-exchange energy spec-
trum at 275 MeV beam incident energy and 8° < 6, < 10°.
Hatched areas indicate the regions of interest for the study of the
cross-section angular distributions as labeled in the legend. Dashed
green line indicates the S, one-neutron emission threshold.

spectra, often appearing as poorly structured and mainly dom-
inated by the rapid growth in the final nuclei level density. In
the present case, in which the lighter '?B residual nucleus is
under study, the level density of nuclei at the exit channel is
still manageable, allowing one to identify several structures
in the spectra. Despite the fact that the combination of the
states for the ejectile and residual nuclei generates hundreds
of transitions in the first MeVs of the spectrum, five peaks
are clearly visible and three of them are below the '>B one-
neutron emission threshold §,, at 3.370 MeV.

The first peak in Fig. 1 corresponds to the 07 — 1%
ground-to-ground-state transition undertaken in both the tar-
getlike and projectilelike nuclei. The energy resolution §E, ~
0.6 MeV was enough to separate this transition from the ones
populating the first excited states, expected to be at about
1 MeV, where a second peak appears in the spectrum. In this
second peak, contributions to the overall yield are expected to
come from the transitions to the 370.937, 071.042, 0~ 1.080,
and 571.121 MeV states of the '®F ejectile, and the 2%0.953
MeV state of the '?B residual nucleus. In the region of the
third peak, at about 2 MeV, contributions could come from
the simultaneous excitation of the '>B 2+ state at 0.953 MeV
and the 31, 01, 0—, and 5 !3F states at 0.937, 1.042, 1.080,
and 1.121 MeV, respectively. Other contributions could also
come from the population of the B 2~ state at 1.674 MeV,
although the centroid of this structure suggests a minor role
for this last transition. The two most prominent peaks are
located above S, overlying the continuous spectrum in the
12B unbound states region. The fourth peak located at E, ~
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4.5 MeV was already observed in other charge-exchange ex-
periments on the '2C target [20,49] and it was interpreted
as the excitation of the 2~ and 4~ unnatural parity states of
2B at 4.460 and 4.524 MeV, respectively. The distance of
about 1 MeV among peaks 4 and 5 suggests that the latter
is a satellite of the former, simultaneously populating the '8F
states at ~1 MeV.

The absolute cross-section angular distributions are shown
in Fig. 2. These were extracted for the transitions to the five
peaks without any renormalization factor applied to the data
[45]. The yield was integrated in the hatched regions high-
lighted in Fig. 1 in angular slices from 0.3° to 1.2°, moving
from forward to backward angles in the 3.5° < 6y, < 14.3°
angular range. In SCE, it would have been interesting to
measure the experimental cross sections at very small angles,
where most of the reaction strength is concentrated. However,
from the experimental side, this task is quite demanding in
(80, '8F) SCE due to the hydrogen contamination commonly
present in the targets. In fact, the large cross section of the
p(*80, 8F)n nuclear reaction is an unavoidable background
source and makes it prohibitive to extract reliable energy spec-
tra for the '2C('80, '8F) >B reaction at angles smaller than
the 6,5 = 3.13° that is the maximum angle in the p('*Q, '®F)n
inverse kinematics. Experimental points in the angular regions
in overlap between different setups were estimated by the
weighted average of the different measured values. The error
bars in Fig. 2 include uncertainties coming from the statistical
contribution and solid angle estimation. An overall systematic
uncertainty of about 10%, due to the determination of charge
collection and target thickness, is common to all data points
in the angular distributions and is not included in the error
bars. The angular resolution is 6. ,, = 0.8°, allowing one to
bring to light the eventual diffracting oscillation pattern in the
angular distributions [45].

III. THEORETICAL ANALYSIS
The SCE nuclear reaction considered in this work can be
described according to the scheme

Ya+5A — ,.%b +, 1B, 1))

which maintains the distribution of masses, but changes the
charge partition by a balanced redistribution of protons and
neutrons. For such a process, the cross section is defined as

donn — myimg k_,g 1
P Q) kg 2, + D24+ 1)

x D IMapke, kp)d2,  (2)

M, .Ma€a;My,Mpep

where k,, (kg) and m, (mg) denote the relative 3-momentum
and reduced mass in the entrance (exit) « = a, A (8 = b, B)
channel, respectively.

As discussed, SCE reactions can proceed through two dif-
ferent paths consisting in the sequential two-step transfer of
nucleons and in a direct meson-exchange process, mediated
by the isovector parts of the nucleon-nucleon interaction.

T T T T

10
20("%0,'*F)2B - peak 1

~
—
©n
S
£
=
G -2 RN
Q 10 Exp. data T
..8 e " direct -
——— sequential
1074 total

120("%0,'3F)2B - peak 4
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~. o
(.
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1041 e b e b e e e e
10 15 20 25 30 35 40

W

FIG. 2. Experimental cross-section angular distribution of the
2c(180, ®F) 1’B single-charge exchange at 275 MeV beam incident
energy associated with the five peaks indicated in the spectrum of
Fig. 1. DWBA theoretical calculations obtained adopting the CCEP
are shown for the direct meson exchange (green dashed line), the
two-step sequential nucleon transfer (blue dot-dashed line), and the
coherent sum of both kinds of reaction amplitudes (red continuous
line). All the theoretical curves are folded with the experimental
angular resolution.
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The full SCE is expressed by the sum of the two reaction
amplitudes,

Map (Ko kp) = M2y(ko, Kg) + M5 (K, kp),  (3)

where both ./\/lgﬁ(ka, ks) and /\/liﬁ(ko,, kg), i.e., the direct
and sequential reaction amplitudes, have both real and imag-
inary components. In this framework, the proper treatment
of the interference between the two reaction mechanisms re-
quires accurate tests of its consistency [36,43].

Furthermore, the study of the complete reaction mech-
anism also implies a data analysis in a consistent nuclear
structure framework. In the present work, the nuclear struc-
ture information for the projectilelike and targetlike nuclei
are treated in the large-scale shell-model framework, used to
provide the required SAs and one-body transition densities
(OBTDs).

The calculations were performed making use of the FRESCO
code [50]. Both contributions to the process under study were
computed, as is customary, through partial wave decomposi-
tion of the reaction amplitudes and multipole expansion of the
relevant form factors [51]. The meson-exchange and sequen-
tial transfer calculations were performed for a large number of
transitions, to analyze the cross-section angular distributions
shown in Fig. 2. In order to consistently treat the interference
between the two reaction mechanisms in the framework of
a full comprehensive calculation, the two calculations were
performed simultaneously.

A. Two-step transfer reaction mechanism

The two-step SCE reaction mechanism is a two-nucleon
sequential transfer process populating the SCE final partition.
Two different sequences of neutron and proton transfer com-
pete to populate the same SCE partition and, in the case of
our >C(*®0, '8F) '?B reaction, the t* direction in the target
selects the neutron stripping and the proton pick-up as inter-
mediate steps for the two possible reaction patterns. We will
refer to them using the np-sce and the pn-sce acronyms. This
scenario is described by the following expressions:

a A a+1 A-1 a A
pn — sce A+tzA—> Tic+5,,C— ib+, B,

a A a—1 A+1 a A
np — sce A+ zA—> " ,d+",D— b+, 9B,

“

where partitions o« = {a,A}, 8 = {b,B}, y ={c,C}, and § =
{d, D} are involved. In the reaction under study, the 1’0 + 13C
and the 'F + ''B systems are involved as intermediate parti-
tions. For such systems, a finite model space has been defined
according to the analysis described in Ref. [45].

The p-sd-mod interaction [53] is adopted for the shell-
model calculations for both projectile and target nuclei. It
assumes “He as the inert core with the valence protons and
neutrons in the 1p2sld orbits, where 1 refers to the lowest
possible principal or radial quantum number. The comparison
between theoretical and experimental excitation energies of
the low-lying states for the '®F and '>B nuclei is shown in
Table I of Ref. [52], while the same comparison for the other
nuclei involved in the complete network of nuclear reactions is
included in Table VII of Ref. [45]. The SAs for the first step of

the one-nucleon transfer calculations are those listed in Tables
VIII- XI of Ref. [45]. The SAs related to the (!”0|'8F) and
(13C|'?B) overlaps involved in the second step of the np-sce
nuclear reaction are listed in Tables II and III in Ref. [52],
respectively, while those related to the ('°F|'8F) and (''B|!*B)
overlaps, involved in the pn-sce path, are listed in Tables IV
and V of Ref. [52], respectively. As a compromise between the
computation time and reliability of the calculations, not all of
the listed SAs have been included in the reaction calculations.
The selection of the included states has been done considering
the dominant transitions in the first step, according to the
measured cross sections, as shown in Fig. 3. For the second
step, only the couplings with SAs larger than 0.1 were taken
into account. The coupling schemes for the pn-sce and np-sce
paths are shown in Fig. 3, where the couplings in the first
and second steps are indicated and are assumed to be one-way
only.

Single-particle wave functions were calculated consider-
ing the transferred particle bound to the core by means of
a Woods-Saxon potential. The depth of the potential was
adjusted to reproduce the separation energy of the trans-
ferred particle, whereas the radius and the diffuseness were
set to typical values [54], recently adopted in other '30-
induced transfer reactions [55-59]. The assumptions for the
the first step of the sequential transfers were presented in
Ref. [45] and they remained unchanged in this case. For
the second step, the reduced radii and diffuseness of 1.26
and 0.7 fm, respectively, were assumed both for the pro-
jectilelike 7O +p, and '8F +n systems. In the case of the
targetlike '>B +p and ''B +n systems, the 1.25 and 0.65 fm
values were adopted for the radii and diffuseness parameters,
respectively.

All of the mentioned ingredients were introduced in a sin-
gle full complex remnant calculation including, in addition to
the SCE reaction channel, the elastic and inelastic scattering
within the initial partition, and the one-neutron and one-
proton transfer within the intermediate ones. The prior-post
representation, where the second-order DWBA nonorthogo-
nality term is exactly zero [60], was adopted for the sequential
transfer calculations.

Examples of the pn and np sequential transfer SCE cal-
culations, obtained within the second-order DWBA approach
described here, are shown together with their coherent sum in
Fig. 4. The states shown therein are those having the largest
cross section from the sequential transfer reaction mechanism
and are related to the '>C('%0, "®F(.937(37)) *Bg..(17) and
the 2C(*20, "®Fy.037(3%)) *Bg9s3(2T) transitions. The two
states, as described in Sec. IV, contribute the most in the yield
of peak 2 and peak 3 of the spectrum.

B. One-step meson-exchange reaction mechanism

The collisional NN mechanism is described sufficiently
well as a one-step process by DWBA theory. The finite-range
character of meson-exchange interactions is taken into ac-
count. An antisymmetrized NN 7T-matrix is used, as discussed
in Ref. [61]. Knock-on exchange processes are treated as usual
by local pseudopotentials. In Refs. [36,61], the theoretical
formalism was presented and extensively discussed. For the
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FIG. 3. Coupling scheme adopted for the pn, np sequential transfer and meson-exchange paths in the >C(**0, '®F) '>’B SCE reaction
calculation for the projectilelike and targetlike nuclei. Couplings considered in the first and second steps of the DWBA calculations are
indicated by the dash-dotted green and dotted blue arrows, respectively. Gray arrows, connecting the intermediate to the final partitions,
correspond to transitions with SAs smaller than 0.1 (see tables in Ref. [52]) and were neglected in the present calculations. Excitation energies

in MeV and J” of eac

h of the involved states are indicated.

sake of completeness, in the following section, the relevant
formulas are collected and summarized.

In SCE, it is useful to express the nuclear scattering am-
plitude for the direct meson exchange AM? s in the momentum
space, to separate for the projectile and target coordinates,

MDy Ky kp) =

(JaM (I My,|J1 M)

2

JiMy, .My LM

X (JaMpJpMp| oMy )(J1 M1 oMo | LM)

x / d’pNy g (kg Kg, p)i-

X Yo (PIM " (p7), )

where

M) =Y s [V DR (o)
ST

+os1Vy P (PHHT ()] 6)
and N, g(ke, kg, p) is the distortion factor, i.e., the Fourier
transform of the distorted waves product in the initial and
final partitions, accounting for the reaction dynamics of the
process. The M EJJ“]JJ"Z’J”JB)(pZ) reduced matrix element includes
both the central (C) and the tensor (Tn) components of the
nucleon-nucleon interaction, the latter being relevant only in
the case of spin-flip (S = 1) transitions. The FLJS‘J2 (p?) and
HLJ‘lj2 (p?) are the reduced multipole form factors defined by
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FIG. 4. Theoretical angular distributions of differential
cross sections for the (a) ">C("0, ®F037(3%)) ?Bys.(17) and
(b) 2C("0, ®F937(37)) *Boos3(2T) SCE reactions at 275 MeV
beam incident energy. The curves are evaluated within the two-step
DWBA calculations of the sequential transfer SCE reaction
mechanism adopting the CCEP. The pn (dashed lines) and np
(dotted lines) paths and their coherent sum (continuous line) are
shown separately for each transition.

the expressions

Fl (07 =) AusLiLa. W) £ (P feh (D). (D
L1 L2

HLJJIJZ(PZ) = ZBLL'(Lle,Jlfz) L(ffj)l (Pz)fL(?fj)z(Pz)- (8)
LiLL

The total angular momentum transfer in the projectile (tar-
get) system is given by J; (J,), defining the set of multiple
components contributing to the reaction in which the initial
Ja..4 and final J,, p states are involved. These multipoles carry
the substructures given by the coupling of the orbital L; (L,)
and spin S (S,) angular momentum in the projectile (target).

The fL(‘llé’}] (p?) and fL(?sBJ)z (p?) are the Fourier-Bessel transform

of the radial transition densities ,02‘1’1;}[ (r) and pgjgj)z (r) for the

projectile and target, respectively.

The evaluation of transition densities requires the knowl-
edge of the structure of the initial and final nuclear states,
establishing the connection to nuclear structure theory, and
for this reason they are the elements of central importance
for the spectroscopy of the charge-exchange process. In the
present work, transition densities have been calculated using
the formalism adopted in Refs. [18,19,62], in which the radial
transition densities were expanded in terms of the OBTDs. In
the case of the projectile,

P, (r) =Y Cl I (ab)gl (r)et, (1), ©)
&ibr

where &; (§;) is the complete set of quantum numbers n;, I;, j;
(ng, I, ji) identifying the neutron or proton single-particle
state involved in the particle (hole) excitation and gog(rl)
[(pgk(rl )] is the related single-particle wave function. The

C illSJJk] b (ab) factors are defined as follows:
Y ab) = /6(2ji + 1) (jil TS 11 i)
X +/2J1 + 1 OBTD(abj ji, J1). (10)

The tensors TX5/1 are defined by

TS = 3" itYiyog, (LMSMs|IM, ), (11
MMg

while the OBTD is defined by
(allla), ® a;]" || b)
V25 +1 '

where a@;, ,, is related to the annihilation operator aj, ,,, by
djom, = (—)tmg; . and ® is the tensor product.

The radial form factors defined in Eq. (5) were calculated
by the computer code FOFA [63] by folding the isovector NN
T-matrix with the projectile and target transition densities.
In the present analysis, the OBTDs were calculated within
the framework of the nuclear shell model using the code
KSHELL [64]. Similarly to the case of the sequential trans-
fer, the p — sd-mod interaction [53] was adopted for both
the 80 — '8F and '2C — '?B transitions. The values of the
OBTDs adopted for the '*0 — '8F and >C — '°B unnatu-
ral parity transitions are listed in the Supplemental Material
(see Ref. [52]) in Tables VI and VII, while the values for
the natural parity transitions are listed there in Tables VIII
and IX.

The single-particle radial wave functions, entering in the
transition densities of Eq. (9), were calculated considering the
single particles (or single holes) bound to the core by means
of a Woods-Saxon potential. For 30 + (7, j) and Bp 4
(v j)_l, the 1.26 fm reduced radius and 0.7 fm diffuseness
were adopted, while for 2C + (v,;) and ?B + ()7},
the 1.25 fm reduced radius and 0.65 fm diffuseness were
adopted. The depth of the potential was adjusted to reproduce
the proton and neutron separation energies of the considered
particle or hole. These choices are consistent with those of
the two-step transfer reaction mechanism and, in general, are
compatible with the typically adopted values [54] for such
kind of nuclei.

The effective local nucleon-nucleon interaction potential
contains both direct and exchange components, and both
central and tensor components parameterized by the sum of
three Yukawa functions (M3Y). The M3Y parameters come
from a proper interpolation procedure between two differ-
ent parametrizations, as discussed in Ref. [15] and recently
updated in Ref. [43]: (i) the G-matrix calculated by solv-
ing the Bethe-Salpeter equation with Paris nucleon-nucleon
potential for E/A < 10 MeV [65], and (ii) the Franey-Love
parametrization of the effective nucleon-nucleon 7-matrix
for E/A > 100 MeV [66]. In recently published works
(Refs. [35,67]), it was shown how the schematic treatment of
the interplay between nuclear structure and hadronic effects

OBTD(abj; ji, J1) =

12)
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FIG. 5. Angular distribution of differential cross sections for
the () 2C("*0, *Fes.(17)) *Bgs.(11) and (b) *C(**0, "*Foo37(31))
12B,460(27) SCE reactions. The theoretical curves are evaluated
within DWBA calculations of the direct meson-exchange reaction
mechanism adopting the CCEP. The calculations with the central
(dashed line), tensor (dotted line), and complete (continuous line)
nucleon-nucleon interaction are shown separately for each transition.

determines the well-known missing GT strength in the Ikeda
sum rule. This quenching can be deduced from the compar-
ison with the experimental data, as done, for example, in
Refs. [68,69], or can be obtained from a microscopic theory
able to consistently calculate the Hamiltonian and operators
as realistic shell-model [70-72] and ab initio [ 73] approaches.
Here, we use the empirical average quenching factor extracted
from the comparison with the experimental data (=0.7) to
rescale the spin-isospin § = 1, T =1 central direct compo-
nent of the nucleon-nucleon interaction.

Examples of the direct meson-exchange SCE cal-
culations obtained considering the central, tensor, and
full nucleon-nucleon interaction are shown in Fig. 5
for the ">C("*0, ®Fys. (1)) *Bg..(17) and the "*C('*0,
1800 937(31)) 1?B4.460(27) transitions. The role of the central
and tensor components of the nucleon-nucleon interaction
depends on the specific transition, as discussed in detail in
Sec. IV.

C. DWBA calculations

The DWBA calculations were performed using the double-
folding Sao Paulo potential (SPP) Vspp(r) [74], both for the
real and imaginary parts of the optical potential U (r) = (Ng +
iN;)Vspp(r) assuming the N = 1 and N; = 0.78 values. The
ISI for the '80 4 '2C partition and the interactions for the 70
+ 3C and '°F + "B systems were introduced and tested in a
previously published work [45]. The same approach was used
to describe the final state interaction (FSI) of the ! + 1°B

SCE partition. The choice of these parameters was constrained
to the robust systematic ones derived from the application of
the SPP to the analysis of a wide set of scattering and fusion
cross-section data [75]. In this way, no free parameters are
available in the choice of optical potentials.

In Ref. [45], it was shown how the introduction of the high-
order effects due to the coupling with the first strongly excited
inelastic states is crucial to properly describe the elastic scat-
tering cross section in the explored transferred momentum
range. This evidence, together with the study of the one-
neutron stripping and one-proton pick-up reaction channels,
indicated that the ISI needed for the description of all the other
quasielastic reaction channels should account for these cou-
plings. In the coupled-channel Born approximation (CCBA)
and coupled reaction channel (CRC) calculations presented
therein, the sequential transfer SCE reaction mechanism was
also included in the calculation, even though only a small
number of '?B and '8F levels was considered, compatibly with
the available computing power.

The analysis presented in this paper focuses on the SCE
reaction channel, and requires (i) the extension of the cou-
pling scheme in terms of '’B and '8F levels, as shown in
Fig. 3, and (ii) the treatment of the meson-exchange reaction
mechanism consistently included in the cross-section calcu-
lation. Although it is among the ambitions of our research
project, an extensive inclusion of entrance channel couplings
in SCE calculations is a very demanding task, both from the
theoretical and computational sides. From the theoretical side,
the description of the sequential reaction mechanism in a
CCBA or CRC approach requires specific developments for
the proper treatment of the nonorthogonality terms, while,
for the meson-exchange mechanism, further developments are
needed to properly define the form factors. Furthermore, the
dimension of the coupling scheme in the case of coupled-
channel SCE calculations is beyond the computational limit
of typically available servers, even for light and low-density-
of-state nuclei, such as those studied in this paper. Devel-
opments aimed at parallelizing the calculations on server
clusters and minimizing the required computing power are
underway.

In this framework, the effect of the channel couplings can
be effectively incorporated in the optical potential by means
of an effective polarization term, as discussed by the authors
of Ref. [13], thus obtaining a coupled-channel equivalent
potential (CCEP). This approach was used to describe the
80 + !2C elastic and inelastic scattering data in Ref. [76].
In Fig. 6, the cross-section angular distribution extracted for
peak 1 is compared to the C(**0, ¥F, (11)) By (1) full
reaction mechanism SCE calculations, adopting the SPP and
the CCEP.

The cross-section angular distributions have been calcu-
lated in DWBA both for the direct and sequential reaction
mechanisms and are shown in Fig. 2 for the five regions
of interest (ROIs) highlighted in Fig. 1, adopting the cou-
pling scheme shown in Fig. 3. The theoretical curves for
each peak (i) were obtained by the weighted sum of each

angular distribution (%) calculated for all the transitions (j)

included in the coupling scheme (CS), using the following
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FIG. 6. Experimental cross-section angular distribution of the
2C("80, 18,5 ) *Bys. single-charge-exchange reaction at 275 MeV
beam incident energy. Theoretical calculations for the full reaction
mechanism performed adopting the SPP and the CCEP are shown by
the green dashed and orange continuous lines, respectively.

formula:

do, peakl

Oem.) = Zwl,dg(ecm (13)

jeCS

The w;; weights were calculated by the following integral:

Emx 1 _ in)-
w[j :/ e % dEX, (14)

min J2mo;j

calculated in the E, ranges of each peak i assuming for the
spectral distribution a normal Gaussian distribution centered
at the Ej experimental excitation energy for the transition
J and the width o; assigned as the achieved experimental
resolution, also taking into account the Doppler broadening

effect, where present. The da"“k’ (6c.m.) were finally folded
with the experimental angular resolutlon 80..m. ~ 0.8° to be
properly compared to the data.

Another way to compare the measured cross sections with
the theoretical calculations is presented in Fig. 7, where the
spectral distributions of differential cross section do /dE are
plotted as a function of the E, excitation energy. The cross-
section distribution for the measured experimental data is
compared to the direct, sequential, and full reaction mech-
anism theoretical cross sections. The theoretical spectra are
obtained by summing Gaussian spectral distributions for all
the possible transitions included within the CS. The param-
eters of the Gaussian distributions were set in the same
way as described in Eq. (14). The theoretical cross sections,
integrated in the same angular range of the experimental spec-
trum, are used to define the heights. Above the S, threshold,
an additional component is added to the spectrum in Fig. 7.
It includes the nonresonant one-neutron breakup continuum
and the resonant contribution from the spin-dipole resonance
(7.6 MeV), giant dipole resonance (7.8 MeV), and the giant
quadrupole resonance (12.8 MeV). All of them are combined
to the states of the '3F ejectile included in the CS. This part of
the spectrum was fitted through a x> minimization procedure
on the experimental data, in the energy region E, > 6 MeV,

,;0.147
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FIG. 7. Spectral distribution of the differential cross section for
e 2C(*®0, '8F) B SCE reaction at 275 MeV beam incident en-
ergy and 3.5° < 6, < 5.0°. Red and blue hatched areas refer to
the meson-exchange and sequential transfer theoretical distributions,
respectively; yellow hatched area corresponds to the fit of the res-
onant and nonresonant contributions above the S, threshold (see
text); green hatched area is the sum of the full reaction mechanism
calculation and the fitted yellow spectrum.

and, subsequently, summed to the full reaction mechanism
theoretical spectrum.

IV. DISCUSSION

Experimental angular distributions for the five mentioned
peaks are shown in Fig. 2 in comparison with the DWBA
calculations described in the previous section. The compe-
tition among the direct meson exchange and the sequential
nucleon transfer reaction mechanisms is visible therein, to-
gether with the coherent sum of the two mechanisms. The
good agreement between the theoretical and experimental
cross sections is notable, considering the high degree of com-
plexity of the complete reaction mechanism and the fact that
no arbitrary scaling factor is applied to the calculations. The
diffraction pattern of the theoretical curves fairly well re-
produces the experimental data, although some differences
could be noticed from a detailed comparison. In the case of
peak 1 populating the ground state of the '8F + '°B system,
the calculations predict strong oscillations out of phase with
respect to the data. This discrepancy suggests the possible
role of alternative reaction paths interfering with the dominant
ground-to-ground-state one considered in the present DWBA
calculations. Contributions are expected from the meson-
exchange reaction mechanism involving the 2% and 3~ excited
states in the entrance partition, as core-excited intermediate
states. The exact treatment of these contributions, although it
is among the ambitions of our research project, is nowadays
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FIG. 8. Composition of the five peaks based on the total coherent sum of all possible SCE reaction mechanisms and calculations described
in the present paper. Cross sections are integrated in the angular range 3.5° < 6, < 13.4° and in the excitation energy ranges shown in Fig. 1.

not feasible and requires some developments that are still
ongoing.

Among the large number of transitions included in the
adopted CS, it would be interesting to investigate to what
extent each of them contributes to the calculated cross section.
To this purpose, the composition of the peaks is shown in
terms of the populated ejectile and residual nuclear states in
Fig. 8. Peak composition comes from the relative theoretical
weight of each transition in the five peaks of the theoretical
spectrum of Fig. 1, including both the meson-exchange and
the sequential transfer components, evaluated in the full an-
gular range 3.5° < 6, < 14.3°. From this analysis, it appears
that the bulk of the spectrum for the >C('%0, '*F) '>’B SCE
reaction up to E, =7 MeV can be described in terms of 15
transitions, involving 4 states of the ejectile and 5 states of
the residual nucleus. In particular, the unnatural parity states
of the '3F ejectile (17 at E, = 0.000 MeV, 3" at E, = 0.937
MeV, and 5% at E, = 1.121 MeV) and the '’B residual nu-
cleus (17 at E, = 0.000 MeV, 2~ at E, = 1.674 MeV, 2~
at £, = 4.460 MeV, and 4~ at E, = 4.524 MeV) dominate
the SCE reaction spectrum. This is a general property of the
SCE reactions, as commonly observed in other systems [35].
Among such unnatural parity states, further enhancement cor-
responds to the higher spin states, provided that the angular
momentum transferred in the projectile-to-ejectile transition
matches the one of the target-to-residual transition. An exam-
ple of this effect is visible in the composition of peak 5 (see
Fig. 8), in which the population of the '8F 3% state slightly
enhances in 2B the 2 at 4.460 MeV with respect to the 4~ at
4.524 MeV, while in the case of the population of the 'F 5+
state, the 4~ state is largely favored. On the same footing, in
peak 1, when the 0T — 1% ground-to-ground-state transition
occurs in the '?B nucleus, the population of the 3* state of
18F is enhanced at the expense of the 5T one. In general, the
dominance of the 3" states at 0.937 MeV among the states
of the '3F ejectile is clearly evident and was also observed at
the same incident energy in the “°Ca('%0, '®F)*°K reaction
analyzed in Refs. [14] and [44].

Regarding the natural parity transitions, the only '3F state
appearing in the spectrum is the 0™ isobaric analog state of

the '80 ground state at 1.042 MeV. However, its population is
suppressed both in the meson exchange, since a natural parity
transition is required to also occur in the target-residual side,
and in the sequential reaction mechanism, where larger spin
transfers are typically favored. For this reason, this 0% state
of '8F relevantly appears in the SCE spectrum at E, = 1.995
MeV, corresponding to the simultaneous excitation of the
12B 27 natural parity state at 0.953 MeV. From the target side,
the most relevant natural parity states are the 2% and the 3~ at
0.953 and 3.389 MeV, respectively. Being their population is
enhanced by the large spin transfer, those states are mostly
fed by the sequential nucleon transfer reaction mechanism in
composition with the 37 and 5* '8F unnatural parity states
appearing in peaks 3 and 4.

The comparison between the experimental and theoretical
integrated cross sections for the sum of all the states belonging
to each peak is listed in Table I. Discrepancies lower than
30% between the measured and the theoretical cross sec-
tions are obtained for the first three peaks, lying below the
one-neutron emission threshold. For these peaks, almost all
of the states observed for both the ejectile and the residual
nuclei (Ref. [37]) were included in the CS. In the case of
peaks 4 and 5, the comparison between the theoretical and
the experimental integrated cross sections is slightly worse.
This can be explained by the fact that the CS does not include
all the possible states at such excitation energies. Moreover,

TABLE I. Experimental and theoretical cross sections integrated
in the angular range 3.5° < 0, < 13.4° and in the excitation energy
ranges shown in Fig. 1. Quality factors (QF) evaluated for the total
reaction mechanism calculations obtained with the SPP and CCEP.

Ot (WD) O'meo. (CCEP)(ub)  QF(SPP)  QF(CCEP)
Peak 1 18+1 24 0.48 0.66
Peak 2 43+£1 42 0.47 0.59
Peak 3 47+ 1 36 0.42 0.51
Peak4 114 £2 68 0.37 0.45
Peak 5 216 £3 174 0.45 0.52
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contributions above S, are also expected from the nonresonant
one-neutron emission continuum and from the spin-dipole
(Ex =7.6 MeV), giant dipole (E, = 7.8 MeV), and giant
quadrupole (E, = 12.8 MeV) resonances with widths of 2.1,
4.0, and 3.5 MeV, respectively. These contributions were
not included in the calculations since the adopted nuclear
structure and reaction theories are not the proper frameworks
to describe these collective phenomena. All of these states,
properly coupled to the ejectile excitations, were included in
the yellow spectrum in Fig. 7 resulting from a fitting pro-
cedure that was applied to the experimental data at E, > 6
MeV. From this study, it is clear that the role of these contri-
butions in peaks 4 and 5 is substantial, although the overall
good agreement in the comparison between the experimental
data and the theoretical calculations suggests a dominance
of the 27 and 4~ states that were explicitly included in
the CS.

The most relevant topic treated in the present study refers
to the competition among the meson-exchange and the se-
quential transfer mechanisms in the >2C('*0, '®F) 1B SCE
reaction at 275 MeV. Comparative analysis of these two re-
action mechanisms can be carried on looking at the angular
distributions do /d2 or at the spectral distributions do /dE,
shown in Figs. 2 and 7. From these analyses, it is clear
that peaks 1, 4, and 5 are dominated by the direct meson-
exchange reaction mechanism, while the sequential transfer
contributes the most in the case of peaks 2 and 3. Therefore,
it is concluded that at 15 A MeV incident energy, both reac-
tion mechanisms significantly contribute to the SCE reaction
channel. The weight of the two reaction mechanisms for each
transition depends on the microscopic nature of the transition
itself.

The role of the nucleon-nucleon interaction central and
tensor components and their competition is an interest-
ing aspect to investigate, especially in the case of the
transitions lying in peaks 1, 4, and 5 in which the meson-
exchange reaction mechanism is the most relevant. The central
part of the nucleon-nucleon interaction results contributes
the most in the 07 — 17 ground-to-ground-state transition,
as visible in Fig. 5(a). In the case of peaks 4 and 5,
dominated by the '>C('%0, '®Fy (1*)) ?B4s0(27) and the
20180, BFp.037(37)) ?B4.460(27) transitions, respectively, a
major role is instead played by the tensor part [see Fig. 5(b)].
These results can be interpreted by the typically observed
phenomenology, in which the role of the tensor interaction is
enhanced in the case of spin-flip transitions involving larger
transferred total angular momenta.

In the case of the transitions below peaks 2 and 3, in
which the sequential nucleon transfer reaction mechanism
is the most relevant, it is interesting to study the relative
weight of the pmn-sce and np-sce reaction paths. Figure 4
shows that the np path, compared to the pn one, gives a larger
contribution to the sequential transfer SCE cross section,
both in the case of the 2C("80, "¥Fy.937(37)) *B,s.(11) and
the 2C('30, BF.037(3")) ®Bo.053(2") transitions dominating
peaks 2 and 3, respectively.

A quantitative approach to evaluate the agreement of the
obtained theoretical results with the experimental data con-
sists in the quality factor analysis introduced in Ref. [45]. Here

this analysis is extended to the case of the SCE reaction data
and calculations. The QF (see Eq. (5) in Ref. [45]) was calcu-
lated for each measured angular distribution in comparison to
the values of the theoretical DWBA calculations adopting the
SPP and CCEP, and the obtained values are listed in Table 1.

A quantitative approach to evaluate the agreement of the
obtained theoretical results with the experimental data con-
sists in the quality factor analysis introduced in Ref. [45].
The quality factor is calculated for each cross-section exper-
imental data point using Eq. (4) in Ref. [45], in comparison
to the theoretical DWBA value calculated adopting the SPP
and the CCEP optical potentials. The proposed quality factor
has the advantage to equally weigh 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-section angular distribu-
tions. The values of the quality factor range between 0 and
1, corresponding to the worst and best agreements between
the calculations and the experimental data, respectively. Small
discrepancies around oeyp = Ogneo imply large changes in the
QF. As an example, from 0cxp/0Otheo = 1.2 t0 Gexp/Otheo = 2,
the quality factor moves from 0.85 to 0.59. On the contrary,
for large discrepancies (Oexp/0iheo from 1000 to 10 000), vari-
ations in the QF are smaller (0.12 to 0.10). This property
allows one to amplify the scale of the quality factor in the case
of descriptions that are close to the experimental data and to
relax it in the case of calculations that are very distant from
the experimental data. The quality factors are averaged on the
entire angular distribution (see QF definition from Eq. (5) in
Ref. [45]) and then on the entire reaction channel (see (QF)
definition from Eq. (6) in Ref. [45]).

Here the quality factor analysis is applied to the case
of the SCE reaction channel and the obtained values are
listed in Table I. From the values of QF reported therein,
it appears evident that the role played by the ISI in SCE
reactions is crucial. In fact, for all peaks, the introduction of
the CCEP leads to a significant improvement in the quality
factor. As one would expect based on the completeness of
the adopted CS, the description of the data is better in the
case of peaks with smaller excitation energy, where the level
density is lower, only bound states could be populated, and
core-excitation configurations are expected to give a smaller
contribution. The role of CCEP in improving the description
of the experimental data up to large scattering angles was
already evident in Fig. 6. This feature is typical in the elastic
scattering analysis, where the effects due to couplings with
the inelastic scattering states and, consequently, the changes
in the distortion factor are more evident at larger transferred
momenta.

The (QF) was calculated as the average of the several
values obtained from all the angular distributions competing
to a specific reaction channel. The values of (QF) obtained
for the elastic scattering, one-neutron stripping, one proton
pick-up, and SCE are shown in Fig. 9, as resulted from the
DWBA analysis adopting the SPP and the CCEP. In the case
of SCE, peaks 4 and 5 on the unbound region of the spec-
trum were not included in the (QF) evaluation due to the
lack of treatment of the resonant and nonresonant continuous
components. From the comparison of the (QF)s obtained
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FIG. 9. Average quality factors extracted according to Eq. (5) of
Ref. [45] in the experimentally explored angular range for the elastic
scattering, one-neutron stripping, one-proton pick-up, and single-
charge-exchange reaction channels, and for the DWBA calculations
obtained with the two adopted SPP and CCEP. The total value related
to the complete network of nuclear reactions is also shown (see text).

for the four reaction channels, we observe how the descrip-
tion of the SCE reaction channel is as good as the others.
This is a very important result, taking into account the much
higher complexity of the SCE reaction mechanism compared
to the other reaction channels. However, this result can be
obtained in DWBA when considering the CCEP. Reaction
channels other than the elastic scattering and the SCE are only
slightly affected by the introduction of the CCEP. This result
underlines how the features of the SCE reaction channel are
more similar to those of the elastic scattering than to the
transfer ones and requires the appropriate treatment of the
distortion factor.

In Fig. 9, the (QF) value corresponding to the whole net-
work of nuclear reactions and data analysis is reported and
labeled as total.

V. CONCLUSIONS

The >C(*30, '8F) "?B SCE reaction at 275 MeV beam
incident energy was studied in a consistent multichan-
nel approach both from the experimental and theoretical
sides, with emphasis on the competition between the direct
meson-exchange and the sequential nucleon transfer reaction
mechanisms. The 2C(*30, '80) '2C elastic and inelastic scat-
tering, the '2C('30, '70) 13C one-neutron stripping, and the
2c(130, F) !B one-proton pick-up reactions were explored
under the same experimental conditions and the results were
previously published in Ref. [45].

The absolute cross-section angular and spectral distribu-
tions were measured in a wide range at forward scattering an-
gles and up to 10 MeV in excitation energy. The achieved en-
ergy (8Ey ~ 0.6 MeV) and angular (66, =~ 0.8°) resolution
allowed one to isolate the ground-to-ground-state transition
and to map the diffraction patterns in the angular distributions.
Three structures have been observed in the spectrum below
the neutron emission threshold at 3.370 MeV, while the most

prominent peaks are above that threshold, at about 4.5 and
5.5 MeV.

The experimental data were analyzed with state-of-the-art
methods of quantum scattering theory in the DWBA approxi-
mation, coherently treating both the meson-exchange and the
sequential transfer reaction mechanisms. The initial (ISI) and
final (FSI) state nucleus-nucleus interactions, as well as the
one for the intermediate partitions, adopted in the calcula-
tions, were treated in a double-folding approach adopting the
SPP both for the real and the imaginary parts. The coupled-
channel effects in the initial partition were effectively taken
into account, adopting a properly derived coupled-channel
equivalent potential from the elastic scattering data analysis.
Nuclear structure inputs, for both the meson exchange and
the sequential transfer, were extracted from large-scale shell-
model calculations adopting the p — sd — mod interaction,
while keeping a high degree of consistency in the multichan-
nel analysis.

Despite the large amount of linear momentum avail-
able, giving access to a wide range of multipolarities, the
20180, 18F) 2B SCE reaction at 275 MeV turned out to be a
very selective nuclear process. In general, the direct meson-
exchange reaction mechanism favors the unnatural parity
transitions, while in the sequential transfer, the higher mul-
tipolarities are typically enhanced. Further selectivity comes
from parity conservation and from the matching among the
transferred orbital angular momentum between the projectile-
like and the targetlike nuclei. Indeed, in spite of the large
number of available nuclear states of both ejectile and residual
nucleus included in the coupling scheme, only 15 transitions
are sufficient to obtain an appreciably good description of the
spectrum up to E, = 7 MeV.

The quality factor analysis allows one to obtain a quanti-
tative evaluation of the agreement between the experimental
data and the adopted theory. A decline of the agreement
is observed above the neutron emission threshold, where
the adopted theory does not allow one to treat the con-
tinuum components of the spectrum. As one would have
expected, restrictions on the model space become relevant
with the increasing density of states, and their impact is
reflected on the comparison between the theoretical model
and the experimental data. However, the QF obtained for
the entire reaction channel in the bound state region is
comparable with what is obtained for the elastic scatter-
ing and nucleon transfer reaction channels. This result, in
light of the high degree of complexity of the study given
by the manifold nature of the SCE reaction mechanism, is
encouraging.

Besides the data provided here, the main contribution of
this manuscript is the consistent microscopic analysis of the
SCE reaction, which includes both the sequential nucleon
transfer routes as well as the meson-exchange mechanism in a
quantum scattering theoretical approach. We found that at the
incident energy of the present experiment (15 A MeV), the
three individual components to the SCE cross section are typ-
ically relevant, so that it is essential to treat them altogether.
Going to finer details, we observe a pronounced state depen-
dence on the relative weight of the three reaction mechanisms,
with some transitions more favorably fed by meson exchange
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and other by two-step nucleon transfer, making heavy-ion
SCE reactions a useful tool for testing nuclear structure mod-
els. The agreement of the calculations with the data presented
in the manuscript is significantly better than traditional ap-
proaches to SCE, where the different reaction mechanisms
were either treated separately or one or the other just ignored.
Nonetheless, room is left for further improvements, which
calls for the extension of the present approach, where coupled-
channel effects are treated in average by CCEP, to a full CCBA
and/or CRC. This program is still hindered by theoretical
issues as well as by limitations in calculation resources, but
we are committed to make an attempt along this direction in
the near future.

The application of advanced nuclear structure and reac-
tion theories in the multichannel view proposed in this paper
results in a promising method for accurate investigations 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 the OvBS nuclear matrix elements
from single- and double-charge-exchange cross-section mea-
surements.
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