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One-proton transfer reaction for the 30 + **Ti system at 275 MeV
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Single-nucleon transfer reactions are processes that selectively probe single-particle components of the
populated many-body nuclear states. In this context, recent efforts have been made to build a unified description
of the rich nuclear spectroscopy accessible in heavy-ion collisions. An example of this multichannel approach
is the study of the competition between successive nucleon transfer and charge exchange reactions, the latter
being of particular interest in the context of single and double beta decay studies. To this extent, the one-proton
pickup reaction ®Ti('3Q, 'F)*’Sc at 275 MeV was measured for the first time, under the NUMEN experimental
campaign. Differential cross-section angular distribution measurements for the '°F ejectiles were performed at
INFN-LNS in Catania by using the MAGNEX large acceptance magnetic spectrometer. The data were analyzed
within the distorted-wave and coupled-channels Born approximation frameworks. The initial and final-state
interactions were described adopting the Sdo Paulo potential, whereas the spectroscopic amplitudes for the
projectile and target overlaps were derived from shell-model calculations. The theoretical cross sections are
found to be in very good agreement with the experimental data, suggesting the validity of the optical potentials
and the shell-model description of the involved nuclear states within the adopted model space.

DOI: 10.1103/PhysRevC.104.034617

I. INTRODUCTION

In recent years, the interest of the physics community in
studying neutrinoless double beta decay (OvS S decay) [1-6]
has been intensified, although the aforementioned process has

*onoufrios.sgouros @Ins.infn.it

2469-9985/2021/104(3)/034617(12)

034617-1

not been experimentally observed yet. Several experimental
campaigns [7-12] have provided only lower limits on the
OvBB decay half-life for selected S8 decay isotopes. The
OvBB decay rate is governed by three factors, namely, the
phase-space factor Gy, related to the motion of the electrons
[13], the nuclear matrix elements (NMEs), and a term contain-
ing the effective neutrino mass [14]. If the Ov 8 8 decay were to
be experimentally observed, accurate knowledge of the NMEs

©2021 American Physical Society
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would be necessary in order to extract the effective neutrino
mass from the measured half-life [4,15]. To date, the evalua-
tion of the NMEs relies on state-of-art structure calculations
based on different methods which propose different truncation
schemes for the many-body nuclear states (see for example
Ref. [4] and references therein). However, the uncertainties
met in the predicted values for NMEs are large (approaching
even a factor of 4 [16]). Such discrepancies are not compatible
with an accurate determination of the effective neutrino mass,
considering that the decay rate of OvS 8 process depends on
the square modulus of the NMEs. This supports the need for
high quality experimental data providing constraints on the
nuclear structure calculations. Since the occupancy of protons
and neutrons in the valence orbits is a nuclear structure prop-
erty that may provide the desired constraints on the structure
calculations, a systematic work involving nuclei candidates
for OvBB decay was recently performed with light-ion in-
duced transfer reactions [17-20].

The NUMEN (NUclear Matrix Elements for Neutrinoless
double beta decay) project [21] was recently conceived at the
Istituto Nazionale di Fisica Nucleare-Laboratori Nazionali
del Sud (INFN-LNS) in Catania, Italy, aiming at accessing
information about the NMEs of Ov g 8 decay through the study
of the heavy-ion induced double charge exchange (DCE) reac-
tions on various 8 decay candidate targets. Among these, the
“8Ti nucleus is under investigation since it is the daughter nu-
cleus of “Ca in the Ov B8 decay process [22,23]. The choice
of DCE as surrogate reactions to study OvBB decay stems
from the fact that both processes have several features in com-
mon. Among these, the two processes probe the same initial
and final-state nuclear wave functions [21,24,25], while short-
range Fermi, Gamow-Teller, and rank-2 tensor components
are present in both transition operators [21]. However, in order
to extract meaningful information on the NMEs, contributions
in the DCE channel from reaction mechanisms populating the
same final nuclear states (based on direct meson exchange or
by sequential multinucleon transfer) should be quantitatively
determined.

The degree of competition between DCE and multinu-
cleon transfer is an important aspect for the description of
the DCE reaction mechanism [24-26]. Early studies on the
Nca(*c, 0)*Ar reaction at 51 MeV by Dasso and Vit-
turi showed an important contribution to the 40Arg,5,, at not
very forward angles, from the sequential transfer of proton
and neutron pairs [27]. Instead, the theoretical study of the
DCE mechanism based on a recent measurement for the
ca(’80, '8Ne) *Ar reaction at 275 MeV revealed that the
direct-meson exchange mechanism may play a leading role, at
least around zero degrees scattering angle [28,29]. However,
the theoretical analysis in Ref. [29] suggested the combina-
tion of single charge exchange (SCE) with one-proton and
one-neutron transfer reactions as the second process in the
leading order. Therefore, the contribution of the competi-
tive processes to the DCE channel should not be taken for
granted and measurements of all reaction channels under
the same experimental conditions as the DCE reaction are
necessary [30-32].

Heavy-ion induced transfer reactions may provide valu-
able information on the nuclear structure and the reaction

mechanism [33-40]. Due to their high selectivity in pop-
ulating specific degrees of freedom in the residual nuclei,
single-nucleon transfer is a well established tool for probing
single-particle configurations, while two-nucleon transfer of-
fers an insight into pairing correlations [41-44]. Heavy-ion
induced one-proton transfer reactions have been extensively
used for decades, aiming at determining the spectroscopic
factors. Experimentally, these quantities were traditionally
determined by renormalizing the calculated cross sections,
provided by a reaction model, to the measured ones (e.g.,
[42,45-49]). However, to date there has been substantial
progress on reaction theory and in the computational and nu-
merical sciences. The distortion of the incoming and outgoing
scattering waves is under control by adopting double-folding
optical potentials (OP) like the Sdo Paulo potential (SPP)
[50-53]. The available computational resources allow one to
perform exact finite-range calculations rather easily. In ad-
dition, with the unprecedented growth in computing power,
detailed nuclear structure calculations like large-scale shell-
model ones are increasingly adopted for the determination of
spectroscopic factors. Into this context, it has been demon-
strated that it is possible to obtain reliable spectroscopic
information from heavy-ion induced transfer reactions with-
out the need for any arbitrary scaling factor [54-62].

One of the most useful reaction models for the analysis of
experimental data on transfer reactions is the distorted-wave
Born approximation (DWBA) formalism [63,64]. The main
ingredients of the distorted-wave theory are the OP, which
describe the elastic scattering at the entrance and exit chan-
nels, and the overlap functions which contain information on
the nuclear structure and angular momentum of the involved
nuclei. At energies above the Coulomb barrier, the DWBA
calculation is rather sensitive on the choice of the OP param-
eters [46,65]. On the other hand, the overlap functions are
usually determined as single-particle solutions of a Woods-
Saxon potential weighted by the corresponding spectroscopic
amplitudes provided by many-body shell-model calculations.
In a recent publication of our group, the importance of these
model dependencies for the description of two-nucleon trans-
fer reactions for the 2°Ne + ''°Cd system was addressed [30].

The success of the DWBA to describe heavy-ion induced
one-nucleon transfer data is well established in the literature
[54,60,66,67] but in some cases, when coupling effects among
the various reaction channels are strong, it fails to reproduce
the experimental data. In particular, projectile and/or target
excitation could play a deep role in the reaction mechanism
and thus should be included in the theoretical description by
means of the coupled-channels Born approximation (CCBA)
method [68-70].

The '30 has been frequently used as projectile in several
studies, primarily involving two-neutron transfer reactions
[54-59,71-73]. This stems from the fact that the neutron pair
out of the 'Q core can be transferred to another nucleus
during a nuclear collision, thus giving the opportunity to study
neutron pairing correlations in the final nuclear states. On the
other hand, proton transfer reactions induced by '#0 have not
been thoroughly investigated. The ('30, '°F) reaction on “°Ca
and >*Fe was studied in Ref. [74] yielding poor results in
the description of the angular distributions. In a more recent
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publication [61] the same reaction was considered in a sys-
tematic study together with one-neutron, two-neutron, and
a-particle transfer for the system '*0+ %Cu, in order to
investigate the effect of transfer reactions on the quasielastic
barrier distribution.

In the present work, the one-proton pickup reaction for the
system 30 + “Ti at 275 MeV incident energy is investigated
for the first time, under the NUMEN experimental campaign.
The measured differential cross-section angular distribution
data are analyzed within the DWBA framework in order to
validate the adopted optical potentials for the description of
the initial and final-state interactions as well as to access in-
formation on the single-particle components of nuclear wave
functions of the involved nuclei. In addition, the coupling
influence of projectile and target excitations is investigated,
adopting the CCBA formalism. The data analysis is also ac-
companied by the study of the same reaction on '°Q and >’ Al
targets, measured under the same experimental conditions, in
order to estimate the background arising from the different
target components (TiO, + 2’ Al) as well as to strengthen the
conclusions of our analysis. As a result of this work we high-
light the importance of studying heavy-ion induced transfer
reactions, since they provide the ground for testing the validity
of the initial and final-state interactions and the spectroscopic
information provided by the nuclear structure models, which
should be under control for the proper description of the SCE
and DCE mechanisms [24].

This paper is organized as follows: the experimental setup
and data reduction procedure are reported in Secs. II and III,
respectively; a brief description of the theoretical formalism
used for the calculation of the one-proton transfer cross sec-
tions is given in Sec. IV; our results are discussed in Sec. V
and the conclusions are presented in Sec. VI.

II. EXPERIMENTAL SETUP

The experiment was carried out at INFN-LNS in Catania.
The 808" ion beam, delivered by the K800 Superconducting
Cyclotron at the energy of 275 MeV, was directed onto a
510 pg/cm? thick TiO, target which was evaporated on a
216 pg/cm? thick aluminum foil. Measurements using a WO;
target (284 p1g/cm?) evaporated on an aluminum foil and a
226 pg/cm? thick 2’ Al one were performed, to estimate the
background arising from the different target components. The
use of a collimation system composed of a 2 mm diameter col-
limator followed by a 4 mm diameter antiscatterer, mounted
125 and 20 mm upstream from the target respectively, limited
the beam spot size to ~ 3 mm at the target position and
the beam angular divergence to 3 mrad. The beam charge
was collected by a Faraday cup located 150 mm downstream
from the target position. The error in the measurement of the
beam charge was reduced by placing at the entrance of the
Faraday cup an electron suppression ring biased at —200 V,
minimizing the escape of the secondary produced electrons.

The various reaction products were momentum analyzed
by the MAGNEX large acceptance magnetic spectrometer
[75], whose optical axis was set at 6o, = 9° with respect to
the beam direction. MAGNEX was operated in full horizontal
acceptance covering an angular range between 3° and 15° in
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FIG. 1. Typical identification spectra for “*Ti('*0, '°F)*’Sc re-
action at the energy of 275 MeV. (a) AE-E,.q correlation plot for
the ions energy loss inside the gas tracker, AE, as a function the
of residual energy, E..sq, measured by one silicon detector of the
FPD. A graphical selection in the contour of the fluorine ion events
is illustrated by the solid red line. (b) The horizontal position at the
MAGNEX focal plane as a function of the residual energy for the
selected fluorine ions of panel (a). The different loci correspond to
ions with different ratio /m/q. A graphical selection on the ""F°*
events is shown by the solid red line.

the laboratory reference frame but with a reduced vertical one
(£2°), in order to avoid the high ion counting rate at the Focal
Plane Detector (FPD) [76-78]. The latter was used in order
to identify the ions of interest among the various reaction
products, by means of the conventional AE-E method for the
Z separation and a technique for the determination of the mass
number based on the correlation between the ions’ kinetic
energy and the measured horizontal position at the focal plane.
An example of identification spectra is presented in Fig. 1,
while a detailed description of the identification technique is
given in Ref. [79].

III. DATA REDUCTION

Once the '°F ejectiles were identified in the spectra, a
high-order software ray reconstruction technique was ap-
plied to the data by solving the equation of motion for the
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ejectile particles, based on a fully differential algebraic
method. Hence, it was possible to reconstruct the ion
momentum vector at the target position [80]. The recon-
struction procedure was performed separately for each of
the reactions under study, namely, the 48Ti(lgo, 19 478c,
160(180, 1F) I°N, and ?’Al("*0, '°F) *°Mg reactions corre-
sponding to the measurements with the TiO,, WO3, and 2’ Al
targets, respectively.

A. The 77A1(*30, F) Mg and *0 (130, 1F) 1N reactions

The first part of the data reduction is referred to the analysis
of the one-proton transfer events obtained with the aluminum
target, since the aluminum backing was present in both mea-
surements performed with the TiO, and WOs3 targets. The
absolute cross sections were determined after correcting the
experimental yields for the overall efficiency of the MAGNEX
spectrometer [81]. In Fig. 2(a) the absolute differential cross
section is shown as a function of the excitation energy for the
2TA1(180, 19F) Mg reaction, corresponding to the angular
range between 3.5° and 14° in the laboratory reference frame.
The excitation energy E, was obtained from the missing mass
method [75] as

Ec =00 -0, ey

where Qp is the ground state (g.s.) to g.s. Q value for the
TA1(130, YF) Mg reaction, and Q is a term containing the
masses of the nuclei at the entrance and exit channels, and
the reconstructed kinetic energy and angle of the °F ions.
The obtained energy resolution in the current measurement
was approximately 500 keV in full width at half maximum
(FWHM). Looking at Fig. 2(a), various states are popu-
lated up to the a-particle emission threshold of **Mg (S, ~
10.6 MeV), while a rather continuous shape is observed be-
yond that threshold. In order to describe the excitation energy
spectrum in terms of the well-known states of the '°F and
Mg nuclei a fit procedure was performed, where the shape of
each state was described by a Gaussian function. The results
of the fit procedure are presented in Fig. 2(b). It should be
pointed out that the output of the fit is the overall contribution
of the Gaussian peaks, rather than the individual contribution
of each transition. Therefore, the experimental yields of the
unresolved states corresponding to three different excitation
energy regions, namely, —1.0 < E, < 1.0 MeV, 1.0 < E, <
3.0MeV,and 3.5 < E, < 5.5MeV, were deduced from the fits
considering an angular step between 0.5° and 4° depending
on the statistics. The differential cross-section angular distri-
butions were extracted and are presented in Fig. 3. The error
bars include the statistical uncertainty and to a lesser extent
a contribution due to the uncertainty in the determination of
the solid angle. A systematic error of about 10% due to the
uncertainty in the target thickness and the integrated value
of the beam charge, common to all the data points, is not
included in the error bars.

As stated above, to study the 160(180, '9F) 15N reaction, a
compound target of WOj; evaporated onto a thin aluminum
foil was used. Therefore, the background due to the pres-
ence of the two contaminants should be identified in order to
isolate the '°F and >N spectra. The reconstructed excitation
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FIG. 2. (a) Reconstructed excitation energy spectrum for the
T A1(*%0, F) Mg reaction at 275 MeV. The « emission threshold
of the Mg nucleus is indicated by the vertical red dashed line.
(b) Same as in panel (a), but with a zoom of the first 5 MeV of
the excitation energy spectrum. The experimental data are compared
to the result of a fit procedure where for the description of each
known state a Gaussian function was used. The dashed magenta
curve corresponds to the ground state to ground state transition,
the dotted-dashed blue lines indicate the excited states of the 'F
nucleus, the dotted brown lines correspond to the excited states of
Mg keeping the '°F in its ground state, and the long-dashed green
lines correspond to transitions where both ejectile and residual nuclei
are excited. The red line corresponds to sum of the Gaussian curves.

energy spectrum measured in the angular range between 4°
and 14° in the laboratory reference frame is shown in Fig. 4.
The excitation energy was determined using Eq. (1) with Qg
being the g.s. to g.s Q value of the '°0('%0, '°F) I°N reac-
tion. The pronounced peaks at E, & —5 and —3 MeV were
identified through the reaction kinematics with the one-proton
transfer reaction on 2’ Al. Thus, by using the data obtained
with the pure aluminum target it was possible to subtract the
aluminum contribution, appropriately normalized, from the
spectrum. A small remnant of events located at E, < —8 MeV
was attributed to the tungsten component of the target. In
the absence of a measurement with a pure tungsten target,
a uniform distribution for the tungsten contamination was
assumed throughout the whole energy range (see Fig. 4).
Subsequently, the tungsten contribution was subtracted and
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FIG. 3. Comparison between experimental and theoretical angu-
lar distribution data for the 2’ Al('*0, '°F)**Mg reaction measured
at 275 MeV. The experimental data, denoted with the black circles,
were obtained by integrating the yields of the unresolved states, re-
ferred to as (a) first peak, (b) second peak, and (c) third peak in Fig. 2.
Theoretical cross-sections for the transitions to the involved states of
the ejectile and the residual nuclei were calculated within the DWBA
framework and are presented with the colored curves. In the legend,
each curve is labeled by the corresponding excitation energy of '°F
for transitions to 26Mgg.34 and by a symbol in cases where Mg is
excited. The curves marked with an asterisk correspond to transitions
to the 2f (1.809 MeV) state of 26Mg, while those marked with an
open circle, a filled circle, and a triangle correspond to transitions to
the 4] (4.319 MeV), 21 (4.333 MeV), and 37 (4.350 MeV) states of
Mg, respectively. The sum of all transitions is illustrated by the red
solid line. The sum of a CCBA calculation considering the same final
states as the DWBA one is indicated with the dashed black curve.
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FIG. 4. Decomposition of the excitation energy spectrum ob-
tained with the WO53 + ?7Al target. The total spectrum is presented
with the dashed black line. The red-hatched area corresponds to the
normalized background originating from the >’ Al backing material,
while the dotted blue area corresponds to the background arising
from the tungsten component of the target. For reasons of clarity,
the latter is multiplied by a factor of 3. The histogram illustrated by
the solid green line is the obtained excitation energy spectrum for the
190(180, 1°F) 1N reaction, after subtracting from the total spectrum
the background contributions.

the excitation energy spectrum for the 80 + '°Q reaction was
deduced. Following the same procedure as the one adopted for

e 80+ %Al reaction, energy and angle differential cross
sections were deduced and are presented in Figs. 5 and 6,
respectively. The error in both spectra includes the contri-
bution from the statistical and the background subtraction
uncertainties. From an inspection of the energy spectrum of
Fig. 5, it is seen that the first excited state of the I5N nucleus

1
F Peak 3 i0.8

0.8~ 180(*%0,'°F)'SN i
s L N o 106
S [ 40°<0,<14 1 %
£06 1 e
2F 1 3
E i —o4 €
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.g L

0.2[- 0.2

%2

FIG. 5. Excitation energy spectrum for the '°0('0, '°F) '°N re-
action at the energy of 275 MeV compared to the results of the
fit procedure, where for the description of each state a Gaussian
function was used. The adopted colors and line styles are the same
as those presented in Fig. 2. In addition to Fig. 2, in the case of
several nearby states a single Gaussian function, depicted with the
double-dotted-dashed curve, was considered in the fit procedure with
the centroid fixed to the mean value of the excited states. Moreover,
the continuum background above the proton emission threshold of
5N is indicated with the purple line.
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FIG. 6. Comparison between experimental and theoretical angu-
lar distribution data for the '°O(**0Q, 1°F) °N reaction measured at
275 MeV. The experimental data, denoted with the black circles,
were obtained by integrating the yields of the unresolved states re-
ferred to as (a) first peak, (b) second peak, and (c) third peak in Fig. 5.
Theoretical angular distributions for the transitions to the involved
states of the ejectile and the residual nuclei were calculated within
the DWBA framework and are presented with the colored curves.
In the legend, each curve is labeled by the corresponding excitation
energy of '°F for transitions to '*N,. and a by symbol in cases where
I5N is excited. The curves marked with an asterisk, an open circle,
and a triangle correspond to transitions to the %T (5.27 MeV), %T
(5.299 MeV), and %1_ (6.324 MeV) states of '°N, respectively. The
sum of all transitions is illustrated by the red solid line. The sum of
a CCBA calculation considering the same final states as the DWBA
one is indicated with the dashed black curve.
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FIG. 7. (a) Decomposition of the excitation energy spectrum
obtained with the TiO, + 2’Al target. The total spectrum is pre-
sented with the solid black line. The red-hatched area corresponds
to the normalized background originating from the *’Al backing
material, while the dotted green area corresponds to the back-
ground arising from oxygen. The blue vertically hatched area is
the obtained excitation energy spectrum for the “*Ti('80, '"F)*’Sc
reaction, after subtracting from the total spectrum the background
contributions. (b) Reconstructed excitation energy spectrum for the
BTi('30, F) *’Sc reaction at 275 MeV. The proton emission thresh-
old of ¥’Sc nucleus is indicated with the vertical red dashed line.

is found at E, = 5.27 MeV. So, the observed structure at the
first & 5 MeV of the spectrum in Fig. 5 is the fingerprint of
the population of '°F low-lying states. This offers the unique
possibility for validating the spectroscopic information for the
19F states provided by our shell-model calculations and thus
to optimize the overall data interpretation. Further details are
given in the following section.

B. The ®Ti(**0Q, F)¥’Sc reaction

The reconstructed excitation energy spectrum obtained
with the TiO, + 2 Al target is shown in Fig. 7. The excitation
energy was obtained through Eq. (1) with Qg being the g.s.
to g.s Q value of the ®®Ti('80, '°F) *’Sc reaction. In the same
figure, the contributions from the 2’ Al backing and '°0 com-
ponent of the target, appropriately normalized, are also shown.
The background spectra were subtracted from the total one
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FIG. 8. Comparison between experimental and theoretical cross
sections for the ®Ti('80, "YF)¥'Sc reaction measured at 275 MeV.
The experimental data, denoted with the black circles, were obtained
by integrating the spectrum of Fig. 7 in the range 0 < E, < 3.5 MeV.
Theoretical angular distributions for the transitions to the involved
states of the ejectile and the residual nuclei were calculated within the
DWBA framework and are presented with the colored curves. Due to
the large number of states introduced in the calculation, for reasons
of clarity only the five stronger transitions are shown in the graph.
In the legend, each curve is labeled by the corresponding excitation
energy of '°F for transitions to 47ch.s' and by a symbol in cases where
47S¢ is excited. The curves marked with an asterisk, an open circle,
and a triangle correspond to excitation in the %T (0.767 MeV), %1_
(0.808 MeV), and %T (1.391 MeV) states of *'Sc respectively. The
contribution of all other transitions is indicated with the blue dotted-
dashed line under the notation “sum rest”. The sum of all transitions
is illustrated by the red solid line. The sum of a CCBA calculation
considering the same final states as the DWBA one is indicated with
the dashed black curve.

and the excitation energy spectrum for the *Ti('0, '°F)*’Sc
reaction was deduced. Unlike spectra in Figs. 2 and 5, this
one has a rather continuum shape, reflecting the high level
density of the populated *’Sc nucleus and the limited energy
resolution. Therefore, angular distributions were determined
by integrating the events in a wide energy range correspond-
ing to 0 < E, < 3.5 MeV, including thus the contribution of
various excited states of '°F and *'Sc nuclei. The obtained
angular distribution data are presented in Fig. 8.

IV. THEORETICAL ANALYSIS

The experimental angular distribution data were analyzed
within the DWBA and CCBA frameworks using FRESCO code
[82]. Considering a reaction of the form a + A — b+ B, the
transition amplitude in the DWBA model is given by the
following expression:

T = / diedrpxs " (W WpVIW W) P (@)

where x, and xg are the distorted waves describing the rela-
tive motion of the involved nuclei at the entrance («) and exit
(B) channels, respectively and (W, Wp|V |W,W,) is the matrix
element describing the interaction between the internal states

of the colliding pairs. The transfer operator V was calculated
in the post-representation including full complex remnant
terms. In the present analysis, for all reactions under study
the distorted waves at the entrance and exit channels were
generated adopting the double-folding Sdo Paulo potential for
the description of both the real and imaginary parts of the
optical potential, but with two different normalization factors
N and Ny, respectively. The real part of the optical potential
accounts for the refraction, while the imaginary part for the
loss of flux in the elastic channel through other nonelastic
processes. For the DWBA calculations, the adopted values
for the normalization factors were Np = 1.0 and N; = 0.78.
Based on a systematic study, it was found that with this pre-
scription the SPP is able to describe adequately well the elastic
scattering data for heavy-ion reactions involving light [83,84],
medium [85,86], and heavy [87,88] mass targets over a wide
energy range. In the CCBA approach where couplings to the
relevant projectile and target excitations are explicitly taken
into account, the normalization factor of the imaginary part of
the OP at the entrance channel was reduced to N; = 0.60. The
same prescription has been also adopted in previous studies
for the description of heavy-ion induced one- and two-neutron
transfer reactions [53,54,56-58,60]. It should be noted that
for the 2’ Al("*0, '°F) 2Mg reaction we considered only cou-
plings to the 2 state of '*O and thus an intermediate value
for the normalization factor N; = 0.70 was chosen.

The single-particle wave functions were calculated assum-
ing that the transferred proton is bound to the core by an
effective potential of a Woods-Saxon form factor with a radius
R = roAi1 / 3, where A; is the mass number of the core nucleus.
For the "0 core the reduced radius (ry) and diffuseness were
set to 1.26 and 0.70 fm, respectively, whereas the reduced
radii and the diffusenesses were set to 1.20 and 0.60 fm,
respectively, for the heavier nuclei [30,31]. For the potential
that binds the valence proton in the I5N core, since °N has
an excess of one neutron with respect to protons, the adopted
geometry of the binding potential was the same as for the
80 neutron rich core. Tests adopting different values for the
reduced radius (1.20-1.26) fm and diffuseness (0.60-0.70) fm
of this potential were performed showing that the theoretical
cross sections for one-proton transfer do not vary significantly.
In all cases, the depth of the potential was adjusted such as to
reproduce the separation energy of the transferred particle.

In the CCBA calculation, inelastic excitations to the low-
lying states of the projectile and target nuclei were taken into
account adopting the rotational model. Coulomb deformations
were introduced in terms of the reduced transition probabil-
ities B(E) ), where A is the multipolarity of the excitation. In
more detail, for the 80 projectile the excitation to the 2} state
was considered in the coupling scheme using B(E,; 0" —
21) = 0.0043 ¢?b?* as reported in [89]. For the '°0 and *3Ti
targets, inelastic excitations to the 3] and ZT states, respec-
tively, were introduced in the calculation adopting the values
of B(E3;07 — 37) = 0.0015 ¢?b° from Ref. [90] and B(E5;
0%t — 27) = 0.072 ¢*b? from Ref.[91]. The nuclear coupling
potentials were derived following the same procedure as de-
scribed in Ref. [86].

The spectroscopic amplitudes for the projectile and target
overlaps were computed within the framework of shell model
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TABLE I. List of the one-proton spectroscopic amplitudes for
the projectile overlaps used in the DWBA and CCBA calculations.
The symbols n, 1, and j correspond to the principal quantum number,
the orbital, and the total angular momentum of the transferred proton
orbitals, respectively.

TABLE II. List of the one-proton spectroscopic amplitudes for
the target overlaps used in the DWBA and CCBA calculations for
the reactions with the '°0 and ?’Al targets. The symbols n, 1, and j
correspond to the principal quantum number, the orbital, and the total
angular momentum of the transferred proton orbitals, respectively.

Initial state nlj Final state Spectroscopic amplitude
251/ PR, (1/27) —0.554
Ipiz “Foro (1/27) —0.244

80,5 (07) lds,  "Foi97 (5/27) 0.664
Ipsp YFraso 3/27) —0.011
ldsp,  Fisse 3/27) —0.424
lds,  MF,,. (1/2%) —0.586
Ids,  MF,, (1/2%) 0.281
1psp, PFoao (1/27) 0.030
Ids,  “Foa07 (5/2%) 0.427
ldsp,  “Foae7 (5/2%) —0.156

80105 (21) 2512 YFo.197 (5/27) 0.311
Ipsp YFraso 3/27) 0.002
Ipi; YFraso 3/27) —0.164
Ids;,  “Fisss (3/27) —0.315
Ids, “Fisss (3/27) —0.319
251 YFissa 3/21) —0.354

[92,93] using the code KSHELL [94]. In particular, we have
adopted two different effective Hamiltonians, namely the p-
sd-mod [95] and the SDPF-MU [96] interactions, both defined
in a model space encompassing two major shells. The first
one is a modified version of the PSDWBT interaction [97]
and is defined in a model space including the 1p and 2s-1d
orbitals for both protons and neutrons with “*He as closed
core. It has been adopted in many of our previous studies
(e.g., [40,57,60]) and is now used to compute the one-proton
spectroscopic amplitudes involved in reactions with the '°0
and ?’Al targets. The second interaction, employed to calcu-
late the spectroscopic amplitudes for the (*Sc|*3Ti) overlaps,
is constructed in a model space spanned by the proton and
neutron 2s-1d and 1 f-2p orbitals on top of the doubly magic
160 core. It is based on the Vi potential [98] and has been
widely adopted to study the effects of excitations across the
sd-pf major shells as well as to compute the spectroscopic
factors of nuclei in Ca region [99-102]. However, in this case
complete calculations are unfeasible due to the very large ca-
pacity of the adopted model space and, therefore, a truncation
of the shell-model basis is required. In particular, we have
considered only one-particle—one-hole cross-shell excitations,
while all possible configurations within the 2s-1d and 1f-2p
shells are taken into account. A list with the spectroscopic
amplitudes, used in the reaction calculations, is presented in
Tables I, II and III.

V. RESULTS AND DISCUSSION

Considering the case of the 1°0('%0, '°F) N reaction, as
stated above, the excitation energy spectrum up to &~ 5 MeV

Initial state nlj Final state Spectroscopic amplitude
1ds %Mggj, (%) 0.525
ldsjy Mg, go9 21) 0.915
2512 Mg, g0 27) —0.140
Iy Mgy g0 (21) 0.028
1ds ), 26M§4.313 4% 1.069
YAl (5/2%)  ldsp Mgy (47) 0.120
ldsy 26Mg44332 2% 0.209
lds) Mg, 35, (21) 0.056
2512 26Mg44332 2% 0.129
Ldsy 26Mg4.350 (3% 0.062
ldsy Mg, 550 31) 0.138
2510 Mgya50 31 0.195
Ipip PNgs (1/27) —1.253
16045, (07) lds;y  BNsa (5/2%) 0.493
2512 Nsag (1/21) 0.141
1psp BNz 3/27) 1.753
1ds;, ISNN 1/27) 0.617
Ipsp Nsam (5/21) 0.062
106130 37) 1pip BNs.270 (5/2) —0.834
lds;,  "Nesa (3/27) 0.160
lds,  "Nesa (3/27) 0.268

underlines the fingerprint of the '°F nucleus. The ground
state of "N is mainly described as a 1p; > hole coupled to
the '°0 ground state and, thus, the Qg5 — "N, tran-
sition proceeds via a proton removal from the 1p;,, shell
[103-105]. The 1p;,, shell of 160 is fully occupied and the
one-proton pickup proceeds via the removal of one of the
two indistinguishable valence protons. Thus, it is expected
that the absolute value of the spectroscopic amplitude for the
(ISNg,5,|16Og,SA) overlap should be close to /2. Indeed, the
absolute value for the spectroscopic amplitude predicted by
our shell-model calculation is equal to 1.2532, in agreement
with those reported in Ref. [105] from (d, 3He) experiments.
As a result, a comparison between experimental and theoret-
ical angular distribution data corresponding to the first two
peaks of Fig. 5 provides the ground for testing the accuracy
of the calculated spectroscopic amplitudes for the projectile
overlaps. To this direction, DWBA and CCBA calculations
for the one-proton transfer reaction populating SN in its
ground state and the low-lying states of '°F (see Table I)
were performed and the results are presented in Fig. 6. In
all cases, the agreement between experimental and theoreti-
cal angular distribution data is very good. The inclusion of
inelastic excitations of projectile and target in the coupling
scheme improves in most of the cases the agreement with
the experimental data, except the case of the ground state
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TABLE III. List of the one-proton spectroscopic amplitudes for
the target overlaps used in the DWBA and CCBA calculations for
the ®Ti("*0, '°F)*’Sc reaction. The symbols n, 1, and j correspond
to the principal quantum number, the orbital and the total angular
momentum of the transferred proton orbitals, respectively.

Initial state nlj Final state Spectroscopic amplitude
Ifip Y7Sces (7/27) —1.325
Ids,  “"Score7 (3/2%) —1.536
2p3)2 *Scos0s (3/27) —0.306
1fsp ¥Scia97 (5/27) 0.043

BTi,, (01 2510 YScize (1/27) —1.094
lds) *Scy 404 (5/27) 0.122
2512 *Scy 708 (1/27) 0.332
Ids, “"Scoon (3/21) —0.039
lds,  “'Scyss1 (5/2%) 0.422
2512 7S¢ .529 (1/27) —0.050
Ui Y18y, (7/27) —0.793
Usp Y18y, (7/27) —0.003
2p3n VSces (7/27) —0.253
1ds)» *Sco767 (3/2F) 0.377
lds,  “"Scoze7 (3/2%) —0.083
2512 Sco.767 (3/27) —0.247
2psp “"Scosos (3/27) —0.113
112 ¥'Scosos (3/27) —0.612
1fsp ¥'Scosos (3/27) —0.025
2pip “Scosos (3/27) 0.004
112 ¥Scia97 (5/27) —0.281
1fsp ¥Sciae7 (5/27) 0.008
2p3p 7Scia97 (5/27) —0.129
2pip 7Scia97 (5/27) —0.014

®Tiggss 27)  1dspp  *Scizer (1/27) 0.108
Ids,  “'Sciz01 (1/27) 0.297
lds;y *1Scia0a (5/27) —0.031
Ids, ¥Scia04 (5/27) —0.913
2512 Y1S¢y 404 (5/27F) 0.316
lds,  *'Sci708 (1/27) —0.067
Ids, ¥Scyq95 (1/27) 0.072
ldsp 7Sca.000 (3/27) —0.473
lds /> Y7Sca000 (3/27) 0.114
251 *Sc2002 (3/27) —0.600
1ds, 7Sca 81 (5/27) 0.072
1ds, 41Scya81 (5/27%) —0.248
2512 4Scy 381 (5/27) —0.786
lds) *Sc529 (1/27) —0.031
lds ) 8¢ 529 (1/27) —0.014

region where the CCBA prediction slightly overestimates the
experimental cross sections. The striking example of the im-
portance of projectile and target excitations is demonstrated
in Fig. 6(b). Although both DWBA and CCBA calculations
are in quantitative agreement with the experimental data, it is

evident that only the latter is able to reproduce the oscillatory
pattern of the angular distribution. This result points also to
a small, yet significant, contribution from core excitation con-
figurations in the population of the 3~ and 3 states of '°F. At
this point, it should be mentioned that additional calculations

by introducing the 3~ 1.346 MeV state of '°F in the coupling
scheme were performed. However, due to the small values in
the spectroscopic amplitudes for this transition the theoretical
cross sections presented deviations of about 1%. Therefore,
this state was no longer considered in the calculations. In
general, both calculations reproduce adequately well the ex-
perimental data without need for any additional normalization
factor [49,106-109]. The good agreement between experi-
mental and theoretical cross section gives further support to
the validity of the calculated spectroscopic amplitudes as well
as the adopted optical potentials for the description of the
initial and final-state interactions.

Once the spectroscopic amplitudes for the ('°F|'80)
overlaps were established, similar calculations for the
ZTA1(1%0, UF) 26Mg and ®Ti(**0, YF)*Sc reactions were
performed and the results are compared to the experimental
data in Figs. 3 and 8§, respectively. Starting from the case of
27Al, the theoretical angular distributions are in very good
agreement with the experimental data but with a tendency
to slightly underestimate the magnitude of the experimental
cross sections at the high excited states. The coupling to the
2;“ state of '3Q is found to be weak but its inclusion improves
the description of the angular distribution data. The shape
of the measured angular distribution is rather structureless,
reflecting the strong contribution from the 1ds/, transfer to
the §+ state of '°F. This is consistent with the findings from
(o, t) experiments [110]. The theoretical calculation for the
BTi(80, F)*Sc reaction was more demanding, since a
large number of nuclear states of *’Sc was introduced, thus
presenting a good test for adopted spectroscopic amplitudes.
Despite that, once more the predicted angular distribution
compares very well with the experimental data, as seen in
Fig. 8.

Having completed the analysis for the three reactions under
study, it is worthwhile to notice that the leading role in the
projectile transitions for the excitation energy range under in-

vestigation is always provided by the transition to the %+ state

at 0.197 MeV of '°F, regardless of the transition undertaken
from the target.

VI. SUMMARY AND CONCLUSIONS

Cross-section measurements for the one-proton pickup re-
actions induced by '30 on '°0, ?’Al, and “®Ti targets were
performed at INFN-LNS. The '°F ejectiles were detected by
the MAGNEX magnetic spectrometer spanning an angular
range between 3° and 15° in the laboratory reference frame.
It has been demonstrated that, adopting the DWBA and/or
CCBA formalism, we are able to describe very accurately the
(80, '°F) one-proton transfer angular distribution data, with-
out the need for any renormalization factor of the theoretical
curves. The couplings to the low-lying states of the projectile
and target nuclei were found to be weak, but in most of the
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cases they improve the description of the experimental data.
It should be pointed out that these couplings were not appro-
priately constrained, since elastic and inelastic scattering data
were not available, but is our intention to perform elastic and
inelastic scattering measurements for the same system in the
near future. Considering that the transition amplitudes in the
DWBA approach are strongly dependent on the spectroscopic
factors, being also rather sensitive to the spatial distribution of
the projectile-target interaction, the good agreement observed
between the experimental and theoretical cross sections sup-
ports the validity of the adopted optical potentials as well
as the accuracy of the spectroscopic amplitudes which were
derived from shell-model calculations. This result is very im-
portant for the NUMEN project. In the quantum mechanical
description of the DCE mechanism, the wave functions which
enter in the expression of the transition amplitude are the
distorted waves at the entrance and exit channels and the
transition densities. As in the case of transfer reactions, these
distorted waves are the solution of the Schroedinger equa-
tion using the optical potentials, while the calculation of the
transition densities relies on nuclear structure models. There-
fore, transfer reactions induced by heavy ions can provide the
testing ground for the reaction and structure models, before
moving on to the description of more complicated reaction
mechanisms like the SCE and DCE ones. Finally, the results
of the present analysis together with those from the (80, 170)

one in the 'O+ *Ti reaction will clarify the degree of
competition between the direct SCE mechanism (%0, '*F)
and the sequential nucleon transfer, with the former being par-
ticularly important in order to constrain the DCE sequential
mechanism in the 80 — 'F — ®Ne transition.
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