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Analysis of the one-neutron transfer reaction in 18O + 76Se collisions at 275 MeV
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Background: Heavy-ion one-nucleon transfer reactions are promising tools to investigate single-particle config-
urations in nuclear states with and without the excitation of the core degrees of freedom. A careful determination
of the spectroscopic amplitudes of these configurations is essential for the accurate study of other direct reactions
as well as β decays. In nucleon transfer reactions core excitations, for both target and projectile systems, are best
approached via coupled-channels reaction schemes. Despite being notoriously demanding in terms of computing
resources, coupled-channels analyses are progressively becoming more affordable even within model spaces
large enough for tackling medium mass nuclei. In this context, the 76Se(18O, 17O) 77Se reaction, here under
study, gives a quantitative access to the relevant single-particle orbitals and core polarization configurations built
on 76Se. This is particularly relevant, since it provides data-driven information to constrain nuclear structure
models for 76Se, which is the daughter nucleus in the 76Ge ββ decay. This reaction is one of the systems studied
in the frame of the Nuclear Matrix Elements for Neutrinoless double beta decay project.
Purpose: We want to analyze transitions to low-lying excited states of the residual and ejectile nuclei in
the 76Se(18O, 17O) 77Se one-neutron stripping reaction at 275-MeV incident energy and determine the role of
single-particle and core excitation in the description of the measured cross sections. In addition, we explore the
sensitivity of the calculated cross section to different nuclear structure models.
Methods: The excitation energy spectrum and the differential cross-section angular distributions are measured
using the MAGNEX large acceptance magnetic spectrometer for the detection of the ejectiles and the missing
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mass technique for the reconstruction of the reaction kinematics. The data are compared with calculations based
on distorted-wave Born approximation, coupled-channels Born approximation, and coupled reaction channels
adopting spectroscopic amplitudes for the projectile and target overlaps derived by large-scale shell-model
calculations and interacting boson-fermion model.
Results: Peaks in the energy spectra corresponding to groups of unresolved transitions to 77Se and 17O are
identified. The experimental cross sections are extracted and compared to theoretical calculations. A remarkable
agreement is found, without using any scaling factors, demonstrating that the adopted models for nuclear
structure and reaction take into account the relevant aspects of the studied processes. The main transitions which
contribute to the cross section of each peak are identified.
Conclusions: The coupling with the inelastic channels feeding states in entrance and exit partitions is important
in the one-neutron transfer reaction and should be accounted for in future analyses of other direct reactions such
as single and double charge exchange processes involving 76Se isotope. The description of 77Se indicates the
need of a large model space, in the view of an accurate description of the low-lying states, a feature that should
be likely accounted even for ββ-decay studies of 76Ge.

DOI: 10.1103/PhysRevC.105.044607

I. INTRODUCTION

The Nuclear Matrix Elements for Neutrinoless double beta
decay (NUMEN) project [1,2] proposes an innovative ex-
perimental approach toward the determination of the nuclear
matrix elements entering in the expression of neutrinoless
ββ decay (0νββ) half-life for a large number of systems.
The project is focused on the study of heavy-ion-induced
double charge exchange (DCE) reactions, which are nuclear
processes showing interesting similarities with 0νββ, in par-
ticular because the initial and final nuclear states involved
are the same [3–5]. Furthermore, the simultaneous measure-
ment of other relevant reaction channels is useful to study the
competition of the direct DCE mechanism with multinucleon
transfer processes.

DCE reactions are expected to proceed via two main mech-
anisms. One is characterized by the exchange of charged
mesons and probes the nuclear response to first- and second-
order isospin operators, thus being directly connected to ββ

decay [4–6]. The other consists in the successive transfer of
nucleons between the projectile and the target. Such multinu-
cleon transfer component in DCE is connected to mean-field
dynamics and represents an unwanted complication that needs
to be precisely evaluated in DCE data analyses. Nevertheless,
recent studies of specific systems have shown that its contri-
bution to DCE cross section is negligible [7]. The study of
multinucleon transfer processes in similar dynamical condi-
tions as the explored DCE reactions is an important tool to get
selective information about the involved nuclear many-body
wave functions, including the mean-field dynamics and the
correlations between nucleons. In this context, the exploration
of one- and two-nucleon transfer reactions in the 18O + 76Se
collision at energies above the Coulomb barrier is particularly
relevant, since the 76Se nucleus is the daughter in the 76Ge
ββ decay and the nuclear matrix elements related to the
76Se → 76Ge and 76Ge → 76Se transitions are the same. Rel-
evant information about the ground-state (g.s.) wave functions
of these nuclei is given by Schiffer et al. [8,9], who made
precise cross-section measurements for both neutron-addition
and -removal reactions to determine the occupation of valence

orbits for neutrons which are involved in the transfer or β-
decay processes.

For a long time, heavy-ion multinucleon transfer reactions
have been extensively studied [10–16], revealing interesting
phenomena connected to single-particle, pairing correlations
and cluster degrees of freedom. Among these, heavy-ion di-
rect transfer reactions at energies above the Coulomb barrier
are useful tools for obtaining precise spectroscopic infor-
mation. However, in many studies, large scaling factors in
the calculated cross sections were needed in order to repro-
duce experimental data. Nowadays the impressive progress in
computational resources has allowed a deeper insight in the
application of nuclear reaction theory to data analysis, open-
ing new opportunities to adopt heavy-ion transfer reactions
as tools to investigate the nuclear structure and the reaction
mechanisms [17–23].

Over the past few years, a systematic study on heavy-ion-
induced one- and two-neutron transfer reactions on different
target nuclei was pursued at the Istituto Nazionale di Fisica
Nucleare-Laboratori Nazionali del Sud (INFN-LNS) (Italy)
by the (18O, 17O) and (18O, 16O) reactions at incident energies
ranging from 84 to 275 MeV [17–21,24–27]. Many nuclear
systems were explored using 9Be, 11B, 12C, 13C, 16O, 28Si, and
64Ni targets and the MAGNEX magnetic spectrometer [28,29]
to detect the ejectiles. Thanks to the high resolution and
large acceptance of the spectrometer, high-quality inclusive
spectra were obtained. In this perspective, the 18O beam is an
interesting tool to probe neutron-neutron pairing correlation
in target nuclei due to the pronounced 16O core + 2n pairing
configuration in its ground state. In these studies, effects due
to the 2n-pairing correlation have been clearly observed in the
ejectiles mass distribution [30], in the spectral shapes for (18O,
16O) reaction [17,24,31,32], and in the cross-section angular
distributions [18,21,33,34]. In addition, the exploration of
(18O, 17O) reaction has revealed an important competition of
the feeding of single-particle and core polarization configura-
tions in the populated nuclear states [17,20,35]. In the present
context, core polarization means that the neutron is transferred
onto or from an excited state via excited core configurations.
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In heavy-ion-induced transfer nuclear reactions the theoret-
ical scenario is also challenging from the reaction mechanism
point of view. It has been found that an accurate description
of the distortion of the incoming and outcoming relative wave
functions due to the initial- and final-state interactions is
mandatory. This task is well accomplished if parameter-free
double folding potentials are adopted. Distorted-wave Born
approximation (DWBA) calculations, performed within these
potential models have shown a reasonable, though not always
satisfactory, description of transfer cross sections. In partic-
ular, projectile-target excitation preceding and/or following
the transfer of nucleons can play a central role and, in such
cases, must be taken into account properly [36]. A consistent
way to describe such effects is to explicitly include excited
states in the theoretical framework through coupled-channels
Born approximation (CCBA) or coupled reaction channel
(CRC) formalisms [37–39]. In Ref. [20] comparisons between
experimental, DWBA, and CRC angle-integrated cross sec-
tions suggest that excitations before or after the transfer of a
neutron are relevant in the 18O + 16O and 18O + 64Ni systems.
It is also known that the effects due to core excitation both
for 18O projectile and 76Se target are not negligible for the
correct description of the reaction mechanism [8,9,20,38] and
influence the nucleon transfer process.

To our knowledge, no studies about the 76Se(18O, 17O) 77Se
one-neutron transfer reaction are available in the literature.
Although 18O was adopted as a nuclear probe in the study of
many reactions [40–44] and in others the 76Se target was used
[45–47], in all of them the experimental conditions were very
different from the physical case of interest for NUMEN.

Here we report, for the first time, an experimental and the-
oretical study of the 76Se(18O, 17O) 77Se reaction at 275-MeV
incident energy. Energy spectra and cross-section angular dis-
tributions for the transitions to the ground- and low-lying
excited states are presented. Shell-model and interacting bo-
son fermion model calculations are performed to derive the
spectroscopic amplitudes for the projectile and target over-
laps. For the reaction modeling DWBA, CCBA, and CRC
approaches are adopted. Special attention is paid to explore
the role of core polarization on the populated low-lying states.
This work is part of the network of reactions studied at
INFN-LNS within the NUMEN and NUclear REactions for
neutrinoless double beta decay (NURE) [48] projects with the
goal to extract the cross section of the 76Se(18O, 18Ne) 76Ge
DCE reaction.

The experimental setup and the data reduction technique
are described in Sec. II. Section III describes the theoretical
approaches used in the data analysis and the comparison of the
calculations with the experimental data. The obtained results
are discussed in Sec. IV and final conclusions and outlooks
are given in Sec. V.

II. EXPERIMENT AND DATA REDUCTION

The experiment was performed at INFN-LNS in Cata-
nia where a 275-MeV 18O8+ beam was delivered by the
Superconducting Cyclotron. A thin film of 76Se (thickness
270 ± 14 μg/cm2) evaporated on a natural carbon backing
(thickness 80 ± 4 μg/cm2) was used as target. In order to es-
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FIG. 1. Excitation energy spectrum for the 76Se(18O, 17O) 77Se
(solid black line) and 12C(18O, 17O) 13C (dotted red line) reactions at
275-MeV incident energy in the angular range 5◦ < θlab < 5.5◦.

timate and subtract the contribution in the collected data from
the interaction of the beam with the backing, a supplemen-
tary measurement was performed in the same experimental
conditions using a natural carbon target (thickness 400 ±
20 μg/cm2). The targets were produced at INFN-LNS chem-
ical laboratory. A copper Faraday cup was used to stop the
beam and measure the integrated electric charge.

The 17O8+ reaction ejectiles were momentum analyzed by
the MAGNEX magnetic spectrometer [28]. The parameters
of the ions trajectories (i.e., vertical and horizontal positions
and incident angles at the focal plane) were measured by the
focal plane detector [49], allowing for particle identification
[50,51]. Trajectory reconstruction of the 17O ejectiles was
performed solving the equation of motion for each detected
particle [52] to obtain scattering parameters at the target point.
Further details of the data reduction technique can be found
in Refs. [33,53,54]. The Q value and the excitation energy
Ex were obtained by missing mass calculations based on
relativistic energy and momentum conservation laws: Ex =
Q0 − Q (where Q0 is the ground-to-ground–state reaction Q
value). For the 76Se(18O, 17O) 77Se reaction, one angular set-
ting was explored with the spectrometer optical axis centered
at 8◦. Due to the large angular acceptance of MAGNEX,
this angular setting corresponds to a total covered range of
scattering angles 3◦ < θlab < 14◦.

An example of excitation energy spectrum is shown in
Fig. 1. The peak close to 9 MeV, originated from the re-
action on carbon contaminant, was used as a reference for
the background subtraction. Figure 1 demonstrates that the
background contribution, indicated by the red line, is not
negligible at excitation energies higher than 5 MeV. Thus,
only the spectrum region at lower excitation energy is studied
in the present analysis.

The absolute cross sections are extracted according to
the technique described in Ref. [33], taking into account
the overall MAGNEX efficiency [54]. The energy differen-
tial cross-section spectrum for one-neutron stripping reaction,
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FIG. 2. (a) Differential cross-section spectrum obtained for the
76Se(18O, 17O) 77Se one-neutron stripping reaction at 275 MeV in
the angular range 4◦ < θlab < 8◦. (b) Zoomed view at low excitation
energy for 4◦ < θlab < 12.5◦. The three regions of interest (ROI) for
the extraction of angular distributions are defined by the dashed red
lines.

after the carbon background subtraction, is shown in Figs. 2(a)
and 2(b). The error bars included in the spectrum indicate
the statistical uncertainty. An overall uncertainty of about
10%, not shown in the figures, is common to all the points
in the spectrum, originated from the target thickness and the
Faraday cup charge collection measurement. In the present
experimental conditions, the achieved angular resolution is
δθlab [full width at half maximum (FWHM)] ≈0.5◦. The
energy resolution is δE (FWHM) ≈310 keV. The observed
structures correspond to the superposition of peaks associated
to different transitions, which were not resolved due to the
high level density of the residual nucleus.

Transfer reaction cross sections between heavy ions at
energies well above the Coulomb barrier are maximized
around optimal values of the Q value (Qopt) and transferred
angular momentum (Lopt) as described in Ref. [55]. The
Qopt = −5 MeV estimated for the examined reaction results
in the decreasing of the cross section at increasing excitation
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FIG. 3. Comparison between the theoretical curves and exper-
imental points for one-neutron transfer angular distribution. The
angular distributions related to the contribution of the unresolved
excited states of the first, second, and third ROIs in Fig. 2(b) is
shown. The DWBA (dashed blue line), CCBA (continuous red line),
and CRC (dotted cyan line) calculations obtained using shell-model
spectroscopic amplitudes (SM) are shown together with DWBA
(dotted-dashed green line) calculations obtained using spectroscopic
amplitudes from the interacting boson-fermion model (IBFM) for the
target and from shell-model for the projectile (see text).

energies as evident in the spectrum in Fig. 2(a) and, conse-
quently, a typically larger cross section for transitions to the
first low-lying states.

In Fig. 2(b) the energy differential cross section for
the 76Se(18O, 17O) 77Se reaction at low excitation energy is
shown. Although the limited resolution and the high level
density do not allow to isolate single transitions, three main
structures are visible. Three regions of interest (ROI) are con-
sidered at −0.5 < Ex < 0.4 MeV, 0.4 < Ex < 0.9 MeV, and
0.9 < Ex < 1.6 MeV in correspondence to the three structures.

In Fig. 3 the experimental angular distributions for the
three energy regions are plotted. Error bars include the statisti-
cal error and the uncertainties coming from the solid angle and
the efficiency correction. The three extracted angular distribu-
tions are characterized by a characteristic decrease for angles
larger than the grazing one (θc.m. ≈ 9◦).
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TABLE I. Proton and neutron single-particle energies adopted in
the calculation.

π (nlj) επ (MeV) εν (MeV)

0 f5/2 1.0 0.8
1p3/2 0.0 0.0
1p1/2 1.1 1.1
0g9/2 3.7 3.7

III. THEORETICAL ANALYSIS

Shell-model and interacting boson fermion model calcula-
tions are performed to derive the spectroscopic amplitudes for
the projectile and target overlaps. For the reaction modeling
DWBA, CCBA, and CRC approaches are adopted.

A. Shell-model calculations

To obtain the spectroscopic amplitudes for both projectiles
and target overlaps within the shell-model framework, the
KSHELL [56] code was used.

For the projectile overlaps we have performed shell-model
calculations adopting the Zuker-Buck-McGrory effective in-
teraction [57] where the 12C is considered as a closed inert
core and the model space is spanned by 0p1/2, 0d5/2, and
1s1/2 orbits for both protons and neutrons. This phenomeno-
logical potential, already adopted in many previous studies
[17–20,22,27], allows to describe successfully low-lying pos-
itive as well as negative parity states for A = 16–18. Very
similar results have been obtained employing the psdmod [58]
interaction, adopted in recent works [21,26,59].

Regarding the target overlaps, instead, the shell-model cal-
culations were performed considering 56Ni as closed inert
core with protons and neutrons in the valence space made
up of 0 f5/2, 1p3/2, 1p1/2, and 0g9/2 orbitals. The effective
Hamiltonian, already adopted in some recent studies [60,61],
was derived within the framework of many-body perturba-
tion theory from the CD-Bonn nucleon-nucleon potential [62]
renormalized by way of the Vlow−k approach [63] with the
addition of the Coulomb potential for protons. In particular,
the two-body matrix elements have been calculated within the
Q̂-box folded-diagram approach [64], including in the pertur-
bative expansion of the Q̂-box one- and two-body diagrams
up to the third order in the interaction.

The single-neutron and single-proton energies were taken,
where possible, from the experimental energy spectra of 57Ni
[65] and 57Cu [65], respectively, and are reported in Table I.
The energy of the proton in the 0g9/2 orbital, which is not
available, was chosen to be the same as that of the neutron.
The effective charges adopted for determining the B(E2) have
been calculated consistently with the Hamiltonian by employ-
ing the Suzuki-Okamoto formalism [66]. All details about the
procedure can be found in Ref. [60].

The theoretical excitation energies of all the states of
17O, 18O, 76Se, and 77Se nuclei involved in the calculation
of the cross sections are reported in Table VI (Appendix)
and compared with the experimental values. The calculated
spectroscopic amplitudes are listed in Tables VII (Appendix).

TABLE II. IBM-2 model parameters for the 76Se from
Refs. [4,71]. εd , κ , χπ , χν , and ξ3 are the Hamiltonian terms related to
proton and neutron boson energy, pairing, quadrupole, and symmetry
energy. The parameters ξ1, ξ2, c(0)

ν , c(2)
ν , and c(4)

ν not shown here are
set to zero.

Nucleus εd (MeV) κ (MeV) χπ χν ξ3 (MeV)

76Se 0.96 −0.16 −0.9 0.5 −0.1

From Table VI, we see that the first excited states in 17O, 18O,
and 76Se are well reproduced by theory, while a less-good
agreement is obtained for the more complex spectrum of the
odd 77Se isotope. In fact, we predict the ground-state state
spin to be 9/2+ instead of 1/2− and most of the excited
states significantly above the experimental energies. These
discrepancies may reflect the need of an enlargement of the
adopted model space as discussed in Sec. IV, as well as
some inaccuracy in the matrix elements of the shell-model
Hamiltonian. As a matter of fact, the employed Hamiltonian
(see Ref. [61]) is developed for systems with two valence
particles, while in the 77Se case we are considering 21 va-
lence nucleons. This means that one should take into account
the filling of the model space orbitals, as it was done for
instance in Refs. [67,68] by deriving density-dependent effec-
tive Hamiltonians. Based on our previous calculations [60,61]
we expect the limitations of the present calculations to affect
more significantly the energy spectra than the wave functions.

B. Interacting boson-fermion model

Spectroscopic amplitudes for target overlaps between 76Se
and 77Se nuclei have been calculated also by using the
formalism of the interacting boson model (IBM-2) and
neutron-proton interacting boson-fermion model (IBFM-2),
respectively.

The IBM-2 deals with even-even nuclei, where valence nu-
cleon pairs are replaced with bosons with angular momentum
0 or 2 [69]. The IBM-2 can be extended to study odd-A nuclei
in the IBFM-2 by coupling an extra fermion to the boson
system [70]. The IBM-2 and IBFM-2 were previously used
in similar calculations in Refs. [26,27].

The even-even 76Se nucleus is studied in the context of the
IBM-2 in Ref. [4,71]. The model parameters used in IBM-2
for the 76Se nucleus are fitted to reproduce its energy levels
[71]. The used parameters are reported in Table II.

77Se is built by coupling one neutron to the core 76Se and
considering the four orbitals (0 f5/2, 1p3/2, 1p1/2, and 0g9/2),
as in the shell-model calculations. The odd-fermion Hamilto-
nian [70,72] and the quasiparticle energy of the odd particle
are calculated in the Bardeen-Cooper-Schrieffer (BCS) ap-
proximation [73–77]. The neutron quasiparticle energies and
occupation probabilities are calculated by solving the BCS
equations and displayed in Table III. The unperturbed neutron
single-particle energies of the 77Se isotope, Ejν , required by
BCS calculation are estimated by diagonalization of a Wood-
Saxon potential and are also shown in Table III. The IBFM-2
model parameters used are reported in Table IV.
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TABLE III. Neutron single-particle energies Ejν , quasiparticle
energies Qspe, and occupation probabilities v2 of 77Se used in the
present IBFM-2 model calculations.

Orbit jν Ejν (MeV) Qspe (MeV) v2

0 f5/2 2.1980 1.3678 0.4907
0g9/2 1.6380 1.4683 0.6820
1p3/2 0.8510 1.9017 0.8474
1p1/2 0.0000 2.5670 0.9231

A comparison between the calculated and experimental
energy spectra for the 76Se and 77Se nuclei is shown in
Table VI (Appendix) and spectroscopic amplitudes are listed
in Table VII (Appendix). The IBFM excitation energies are
overall in a better agreement with the experimental ones as
compared to shell-model predictions, signaling that more cor-
relations are effectively accounted for in the fitting procedure
performed to define the adopted Hamiltonian.

C. Reaction calculations

We performed calculations using the FRESCO code
[78,79] in the 76Se(18O, 17O) 77Se one-neutron transfer reac-
tion considering DWBA, CCBA, and CRC approaches.

The states included in the coupling scheme are sketched in
Fig. 4 where the couplings between 77Se states are omitted for
better readability.

The optical potentials for the ingoing and outgoing
partitions were chosen according to the elastic- and inelastic-
scattering analysis of the 18O + 76Se collision at the same
energy described in Ref. [80]. The distorted waves at the
entrance and exit channels were generated adopting the
double-folding São Paulo potential for the description of both
the real and imaginary parts of the optical potential. For the
imaginary part a typical choice is to use the same geometry as
for the real one, with a scaling factor properly determined. For
DWBA calculations the scaling factor is equal to 0.78 which is
a standard choice [81–83] for both initial and final partition.
For CCBA and CRC calculations, the normalization coeffi-
cient is equal to 0.6, as typically done in order to account for
all the channels not explicitly included in the system of cou-
pled equations, like fusion and coupling to higher excitation
energy bound and continuum states [84]. Such prescriptions
for the optical potentials have been successfully used in the
analyses of several scattering, transfer, and charge exchange
data [7,17–23,26–28,34,39,59,80,85–90]. A study of the sen-
sitivity of the results here presented to the scaling factor of
the imaginary part has been performed. It shows that the cross
sections are not significantly affected if the scaling factor

TABLE IV. IBFM-2 model parameters for 77Se. A, �, and
� are the boson-fermion Hamiltonian coefficients for describing
monopole, quadrupole, and exchange interaction.

Nucleus A (MeV) � (MeV) � (MeV)

77Se −1.0 2.5 0.4

FIG. 4. Coupling schemes for the projectile and target overlap
considered in the one-neutron transfer calculations. The blue arrows
correspond to the couplings adopted in DWBA calculations. CCBA
also includes the couplings represented by red and black arrows.
CRC includes the same couplings as CCBA but at infinite order. The
(black) couplings between the 77Se excited states are not explicitly
indicated for better readability.

is varied within 20% of the standard values with a superior
agreement achieved when no arbitrary variation is applied.
The transfer operator was calculated in the postrepresentation
including full complex remnant terms, as done in Ref. [59].

The single-particle wave functions are generated adopting,
as core effective interactions, Woods-Saxon potentials having
a reduced radius r0 = 1.26 fm and a diffuseness a0 = 0.70 fm
[21]. For the heavier targetlike system r0 = 1.20 fm and a0

= 0.60 fm were adopted, as typically done when consider-
ing similar medium-mass nuclei [22,26,59,90]. The depths of
such Wood-Saxon potentials were adjusted in order to repro-
duce the experimental one-neutron separation energies.

Couplings between the states are considered both for the
initial and the final partition. For the initial partition, the
Coulomb and nuclear deformations for 18O and 76Se are ob-
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TABLE V. B(E2; 0+ → 2+) values for 18O and 76Se taken from
experimental data (Expt.) of Ref. [91] and from shell-model (SM)
calculations.

B(E2; 0+ → 2+) Expt. (e2 b2) SM (e2 b2)

18O 0.0043 0.0030
76Se 0.4320 0.3722

tained from reduced transition probabilities B(E2) taken from
experimental data [91], as described in Ref. [80]. They are
similar to those obtained from shell-model calculations, as
given in Table V. The signs of M(E2) are obtained from
shell-model calculations, according to the phase convention
of the wave functions used to determine the spectroscopic
amplitudes. For the final partition, experimental data, when
available, are often not accurate. Thus, the couplings to inelas-
tic states are introduced through the reduced matrix elements
M(E2) together with the corresponding deformation lengths
δ2 defined in Refs. [23,80,85], calculated by shell model and
listed in Table VIII (Appendix). Final partition couplings are
introduced only for the transitions characterized by the largest
cross section. We found that the effect on the calculated cross
sections of the final partition couplings is much smaller than
the initial one.

In Fig. 3 the comparison between the theoretical and exper-
imental angular distributions for the different energy regions
corresponding to the above-mentioned ROIs of Fig. 2(b)
is shown. No arbitrary scaling factors are used in the
calculations. The DWBA, CCBA, and CRC calculations ob-
tained using shell-model spectroscopic amplitudes are shown
together with the DWBA calculations obtained using spectro-
scopic amplitudes from the interacting boson-fermion model
for the target and shell model for the projectile.

For the sake of a direct comparison of the theoretical cross
sections to the experimental data, the calculated energies are
adjusted to the experimental ones and the obtained spectral
distribution is folded with the experimental resolution [δE
(FWHM) ≈310 keV] and integrated in ROIs 1, 2, and 3.

The nuclear transitions which contribute more (see
Table IX Appendix) in ROI 1 are those feeding the 17Og.s.

with the 77Se ground state, the first 9/2+ state at Ex =
0.175 MeV, and the first 5/2− state at Ex = 0.249 MeV.
The dominant contributions in ROI 2 are given by the tran-
sition to the 17Og.s. with the 3/2−(0.520 MeV) and the
5/2+(0.680 MeV) states of 77Se and to 17O0.870 with the 77Se
ground state. In the region of the spectrum corresponding to
ROI 3, the contribution of the population of various excited
states is expected. The strongest channels are those populat-
ing the 17O0.870(1/2+) + 77Se0.175(9/2+), 17O0.870(1/2+) +
77Se0.249(5/2+), and 17O0.870(1/2+) + 77Se0.520(3/2−) states.

IV. DISCUSSION

Comparing in Fig. 3 shell-model DWBA and CCBA or
CRC calculations, the role of the inclusion of inelastic excita-
tions of projectile and target is evident. A global information
is obtained by considering the cross section integrated in the

angular range [4Â°–12.5Â°] of the laboratory system, which
are listed in Table IX (Appendix). By summing these cross
sections separately for each of the three ROIs, we get an
enhancement in CCBA calculations with respect to DWBA
of 30% in ROI 1, 57% in ROI 2, and 27% in ROI 3. On
the other hand, the curves related to CRC calculations are
always practically superimposed to the ones corresponding to
the CCBA results. An explanation is that the importance of
the back-coupling of the transfer on the elastic channel turns
out to be rather small, when focusing in the angular window
we are considering.

To gain more insight, we have analyzed in detail the an-
gular distributions shown in Fig. 3. In Fig. 3(a) the angular
distribution obtained integrating ROI 1 is shown. Although
the shell-model curves are above the experimental points,
the slope is very similar, especially for the CCBA and CRC
calculations. In Fig. 3(b) the angular distribution obtained
integrating ROI 2 is shown. In this case the experimental ab-
solute cross section is well reproduced by shell-model CCBA
and CRC calculations. The inclusion of the coupled channels
improves the agreement with the diffraction pattern of the
data. In Fig. 3(c) the angular distribution obtained integrating
ROI 3 is shown. Also, in this case shell-model-based calcula-
tions and experimental data show an excellent agreement both
in the shape and in the cross-section values, especially when
coupled channels are considered (CCBA and CRC).

In general, CCBA results give a larger cross section and
a slightly different diffraction pattern compared to DWBA.
The inclusion of inelastic excitations of projectile and tar-
get, respectively through 18O2+ and 76Se2+, in the coupling
scheme improves the agreement with the experimental data.
This is particularly true in the case of ROIs 2 and 3 where the
CCBA prediction shows an excellent agreement with the ex-
perimental cross section. Although in the case of ROI 1 CCBA
calculation slightly overestimates the experimental cross sec-
tion, the inclusion of inelastic excitations produces a better
agreement between theory and experiment. For example, the
transition to the 17Og.s. with the the 5/2+(0.680 MeV) state of
77Se is a dominant contribution in ROI 2.

As noticed above, calculations using shell-model spectro-
scopic amplitudes slightly overestimate the experimental ROI
1 cross section. This finding may indicate some inaccuracy in
our predictions of the spectroscopic amplitudes.

As a test, we have compared the theoretical summed spec-
troscopic strengths for 76Se to 77Se with the measured ones
reported in Ref. [8] for l = 1, 3, 4 transitions, which give in-
formation on the vacancies of the orbitals in the target nucleus.
Note that we have included in the calculations 15 states for
each angular momentum in order to reduce the contribution of
missing states to only 3%. We predict a vacancy for the 9/2+
state 20% larger than that determined for the l = 4 transfers,
while the measured l = 3 strength, corresponding essentially
to transitions to 5/2− states, is quite well reproduced. On
the other hand, theory underestimates the measured l = 1
strength (0.70 versus 1.63), which results from the combina-
tion of transitions to the 1/2− and 3/2− states and therefore
cannot provide separate information for each angular momen-
tum. In other words, it turns out that within our shell-model
calculations 1.3 neutrons are missed in the occupation of the
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0g9/2 orbital of the 76Segs, which are, instead, allocated in the
1p3/2 and 1p1/2 orbitals.

The above comparison, as well as the discrepancies we find
between the experimental and theoretical excitation energies
(see Table VI Appendix), may evidence the incompleteness
of our adopted model space, which does not include the
neutron 1d5/2 and the proton 0 f7/2 orbitals. No shell-model
calculations are available for Se isotopes in such a large model
space. However, clear indications about the role of excitations
outside the 0 f5/2 1p, and 0g9/2 model space are available for
Zn isotopes [92–94], with only four protons less with respect
to Se.

From an extension of our model space, we should expect
a decrease in the vacancy of the 0g9/2 orbital inducing a re-
duction in the related spectroscopic amplitudes and therefore
a reduction of the theoretical cross section.

It is worth mentioning that the importance of the neutron
1d5/2 orbital has been shown also to reproduce the spec-
troscopy of N � 40 neutron-rich nuclei in the region of heavy
Fe (Z = 26) and Cr (Z = 24) isotopes (see, for instance,
Ref. [95]).

In order to probe the cross-section sensitivity to differ-
ent theoretical models of nuclear structure when the reaction
mechanism is set, we have performed exploratory calcula-
tions. In particular, we have calculated the DWBA cross
sections by using spectroscopic amplitudes from IBFM for
the target and from shell model for the projectile. It was
not possible to perform CCBA calculations with the IBFM
because spectroscopic amplitudes have been calculated (see
Table VII Appendix) only for states coming from the 0+ boson
coupled to the the five orbitals 0 f5/2, 1p3/2, 1p1/2, and 0g9/2

orbitals, and not for states arising from the coupling with
the 2+ boson. The complete calculation will be the subject
of another paper in preparation. As can be seen in Fig. 3,
the experimental cross section, at variance with shell-model
results, is underestimated by the calculations using IBFM in
ROI 1, while in ROIs 2 and 3 is overestimated.

These differences between shell-model and IBFM results
can be understood by comparing the corresponding spectro-
scopic amplitudes for 76Se g.s.(0+) → 77Se transitions listed
in Table VII (Appendix). The strength is distributed between
the two 9/2+ states for IBFM, whereas it is almost entirely
attributed to the first 9/2+ state for shell model. Similar
distributions can be noticed in the case of 1/2−, 3/2−, and
5/2− states. Although a general rule could not be found,
it seems that IBFM model distributes almost equally the
strength among all the states of the same orbital, whereas shell
model almost entirely attributes the strength to only one of
these states.

V. CONCLUSIONS

In the present work, the 76Se(18O, 17O) 77Se one-neutron
stripping reaction at 275-MeV incident energy was studied for
the first time. The experiment was performed at the INFN-
LNS laboratory in Catania in the context of the NUMEN
experimental campaign.

Energy spectra and cross-section angular distributions for
transitions to low-lying states were extracted. Due to the high

level density for the residual odd nucleus and the finite energy
resolution, it was not possible to disentangle transitions to
isolated states but angular distributions for transitions to group
of states were explored.

The experimental angular distributions were compared to
theoretical calculations based on DWBA, CCBA, and CRC
approaches. The optical potentials for the ingoing partition
was chosen according to the elastic- and inelastic-scattering
analysis of the 18O + 76Se collision. The one-neutron spec-
troscopic amplitudes for the projectile and target overlaps
were derived by shell-model and interacting boson-fermion
model calculations with the 0 f5/2 1p, 0g9/2 model space. An
overall good agreement with the experimental cross sections is
obtained for the analyzed transitions considering that no arbi-
trary scaling factors have been used in the calculations. For
the shell-model results the inclusion of the 1d5/2 neutron and
0 f7/2 proton orbitals in the adopted model space is envisaged
for an improved description of the transitions to 9/2+ and
5/2− states of 77Se.

From the comparison between the experimental cross sec-
tions and the theoretical ones calculated with shell-model
spectroscopic amplitudes, it emerges that discrepancies ob-
served in ROI 1 may be related to the incompleteness of the
adopted model space. Indeed, it does not include Z = 28 and
N = 50 cross-shell excitations. By enlarging the model space,
we expect an increase in the predicted occupation number
of the 0g9/2 orbital and a depletion of the a 1p orbitals, that
would improve the agreement with the experimental data. Ac-
tually, within the present calculations, the occupation numbers
of these single-particle states are, respectively, underestimated
and overestimated by 20% respect to the experimental values
reported in Ref. [8].

We found that all the adopted models allow for a rea-
sonable description of the data, supporting the validity of
the nuclear structure and optical model inputs. However, a
better agreement is obtained when the coupling to inelastic
vibrational states is explicitly introduced in coupled-channels
calculations. This suggests a relevant role of core polarization
in the 17O and 77Se odd nuclei. Instead, a negligible effect
in the results was found when considering the CRC approach
with respect to the CCBA one indicating a minor role for the
coupling to the scattering channels of the transfer ones.

We expect that the mentioned couplings to inelastic states
are likely to play a role in all quasielastic reactions originating
from 18O + 76Se collision, including single and double charge
exchange reactions of interest for NUMEN. Coupled-channels
analysis are thus envisaged for this purpose.
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APPENDIX

See Table VI for excitation energies, Table VII for spectro-
scopic amplitudes, Table VIII for reduced matrix elements and
deformation lengths, Table IX for theoretical cross sections.

TABLE VI. Comparison between calculated and experimental low-lying excitation energies for
the 18O, 17O, 76Se, and 77Se nuclei. Energies are in MeV.

Nucleus Jπ Eexpt. ESM EIBFM

18O 0+ 0 0 —
2+ 1.982 2.045 —

17O 5/2+ 0 0 —
1/2+ 0.870 0.957 —

76Se 0+ 0 0
2+ 0.559 0.722

ROI 1
1/2− 0 0.584 0
7/2+ 0.161 0.141 —

77Se 9/2+ 0.175 0 1.726
3/2− 0.238 0.953 0.200
5/2− 0.249 0.441 0.211
5/2+ 0.301 0.302 —

ROI 2
5/2− 0.439 1.190 0.686
3/2− 0.520 1.220 0.508
7/2− 0.581 1.227 —

77Se 5/2+ 0.680 0.784 —
7/2+ 0.796 1.269 —
7/2− 0.808 1.787 —
1/2− 0.817 1.087 0.930
5/2− 0.824 1.437 1.152

ROI 3
11/2+ 0.970 0.835 —
9/2− 0.978 1.238 —
3/2− 1.005 1.651 1.116

13/2+ 1.024 0.738 —
11/2+ 1.126 1.337 —
9/2− 1.172 1.941 —

77Se 5/2− 1.179 1.803 1.936
3/2− 1.186 1.890 1.284
9/2+ 1.193 1.123 2.342
5/2− 1.230 1.896 1.952
5/2+ 1.252 1.710 —
7/2− 1.282 2.194 —
3/2− 1.364 2.157 2.289
5/2− 1.529 2.357 —
5/2+ 1.607 2.052 —
1/2− 1.623 1.743 2.291
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TABLE VII. Shell-model (SM) spectroscopic amplitudes (SA) used in DWBA and CCBA calculations. Interacting boson-fermion model
(IBFM-2) spectroscopic amplitudes (SA) used in DWBA calculations.

Initial state nl j Final state SASM SAIBFM

18Og.s.(0+) 1d5/2
17Og.s.(5/2+) 1.3039 —

2s1/2
17O0.870(1/2+) −0.5606 —

1d5/2
17Og.s.(5/2+) −0.9283 —

18O1.982(2+) 2s1/2
17Og.s.(5/2+) −0.6661 —

1d5/2
17O0.870(1/2+) 0.6514 —

ROI 1
1p1/2

77Seg.s.(1/2−) −0.4113 0.1566
76Seg.s.(0+) 0g9/2

77Se0.175(9/2+) −0.6916 0.3463
1p3/2

77Se0.238(3/2−) 0.0401 0.2044
0 f5/2

77Se0.249(5/2−) −0.5294 0.2348
ROI 2

0 f5/2
77Se0.439(5/2−) −0.0029 −0.0221

76Seg.s.(0+) 1p3/2
77Se0.520(3/2−) 0.2449 −0.1901

1p1/2
77Se0.817(1/2−) 0.1097 −0.0101

0 f5/2
77Se0.824(5/2−) 0.0120 −0.4967

ROI 3
1p3/2

77Se1.005(3/2−) 0.0232 0.2646
0 f5/2

77Se1.179(5/2−) 0.0291 −0.3385
1p3/2

77Se1.186(3/2−) 0.0071 0.0004
76Seg.s.(0+) 0g9/2

77Se1.193(9/2+) −0.0401 −0.3192
0 f5/2

77Se1.230(5/2−) 0.0541 −0.3040
1p3/2

77Se1.364(3/2−) 0.0502 0.0681
0 f5/2

77Se1.529(5/2−) 0.0306 —
1p1/2

77Se1.623(1/2−) −0.0455 0.1648
ROI 1

1p3/2
77Seg.s.(1/2−) −0.3605 —

0 f5/2
77Seg.s.(1/2−) −0.4787 —

0g9/2
77Se0.161(7/2+) −0.7549 —

0g9/2
77Se0.175(9/2+) −0.4447 —

76Se0.559(2+) 1p1/2
77Se0.238(3/2−) −0.0614 —

1p3/2
77Se0.238(3/2−) 0.0717 —

0 f5/2
77Se0.238(3/2−) 0.3690 —

1p1/2
77Se0.249(5/2−) −0.3111 —

1p3/2
77Se0.249(5/2−) −0.0963 —

0 f5/2
77Se0.249(5/2−) −0.5023 —

0g9/2
77Se0.301(5/2+) −0.6450 —

ROI 2
1p1/2

77Se0.439(5/2−) −0.2528 —
1p3/2

77Se0.439(5/2−) −0.0584 —
0 f5/2

77Se0.439(5/2−) 0.0502 —
1p1/2

77Se0.520(3/2−) −0.3671 —
Initial state nl j Final state SASM SAIBFM

1p3/2
77Se0.520(3/2−) 0.2143 —

0 f5/2
77Se0.520(3/2−) −0.2596 —

76Se0.559(2+) 1p3/2
77Se0.581(7/2−) 0.0057 —

0 f5/2
77Se0.581(7/2−) 0.3163 —

0g9/2
77Se0.680(5/2+) −0.4774 —

0g9/2
77Se0.796(7/2+) 0.0736 —

1p3/2
77Se0.808(7/2−) 0.0550 —

0 f5/2
77Se0.808(7/2−) −0.0225 —

1p3/2
77Se0.817(1/2−) 0.0243 —

0 f5/2
77Se0.817(1/2−) 0.6685 —

1p1/2
77Se0.824(5/2−) 0.1957 —

1p3/2
77Se0.824(5/2−) 0.0229 —

0 f5/2
77Se0.824(5/2−) 0.2239 —
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TABLE VII. (Continued.)

Initial state nl j Final state SASM SAIBFM

ROI 3
0g9/2

77Se0.970(11/2+) −0.4719 —
0 f5/2

77Se0.978(9/2−) 0.5210 —
1p1/2

77Se1.005(3/2−) 0.1451 —
1p3/2

77Se1.005(3/2−) 0.0672 —
0 f5/2

77Se1.005(3/2−) 0.1507 —
0g9/2

77Se1.024(13/2+) −0.7689 —
0g9/2

77Se1.126(11/2+) −0.2260 —
0 f5/2

77Se1.172(9/2−) 0.0677 —
1p1/2

77Se1.179(5/2−) 0.0833 —
1p3/2

77Se1.179(5/2−) 0.0869 —
0 f5/2

77Se1.179(5/2−) 0.0490 —
1p1/2

77Se1.186(3/2−) −0.1499 —
1p3/2

77Se1.186(3/2−) 0.1241 —
76Se0.559(2+) 0 f5/2

77Se1.186(3/2−) 0.0063 —
0g9/2

77Se1.193(9/2+) −0.2213 —
0 f5/2

77Se1.230(5/2−) 0.0580 —
0 f5/2

77Se1.230(5/2−) −0.0475 —
0 f5/2

77Se1.230(5/2−) 0.1143 —
0g9/2

77Se1.252(5/2+) 0.3737 —
1p3/2

77Se1.282(7/2−) 0.0920 —
0 f5/2

77Se1.282(7/2−) −0.0848 —
1p1/2

77Se1.364(3/2−) −0.0969 —
1p3/2

77Se1.364(3/2−) 0.0704 —
0 f5/2

77Se1.364(3/2−) −0.0024 —
1p1/2

77Se1.529(5/2−) −0.0634 —
1p3/2

77Se1.529(5/2−) −0.0091 —
0 f5/2

77Se1.529(5/2−) −0.0740 —
0g9/2

77Se1.607(5/2+) −0.0439 —
1p3/2

77Se1.623(1/2−) −0.1692 —
0 f5/2

77Se1.623(1/2−) −0.0053 —

TABLE VIII. Adopted reduced matrix elements M(E2) and deformation lengths δ2 in the final partition.

Nucleus Transition Initial state Final state M(E2) δ2 Bth (E2) Bexp (E2)
Jπ ←→ J ′π (MeV) (MeV) (e fm2) (fm) W.u. W.u.

17O 5/2+ ←→ 1/2+ 0 0.870 3.77 0.42 2.74 2.39
1/2− ←→ 5/2− 0.000 0.249 26.25 0.69 5.90 1.98 (5)
1/2− ←→ 3/2− 0.000 0.520 43.63 1.14 24.46 42.2 (25)
7/2+ ←→ 9/2+ 0.161 0.175 −95.50 −2.50 46.87 —
9/2+ ←→ 11/2+ 0.175 0.970 69.13 1.81 20.47 —

77Se 9/2+ ←→ 13/2+ 0.175 1.024 109.50 2.87 44.01 1.9 E2 (8)
9/2+ ←→ 5/2+ 0.175 1.252 50.26 1.32 21.64 —
5/2− ←→ 3/2− 0.249 0.520 −27.67 −0.73 9.84 5.3 (+57 -25)
5/2− ←→ 7/2− 0.249 0.581 −63.18 −1.66 25.64 74 (23)
5/2− ←→ 1/2− 0.249 0.817 −33.41 −0.88 28.68 —
5/2− ←→ 9/2− 0.249 0.978 −79.37 −2.08 32.37 1.3 E2 (7)
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TABLE IX. One-neutron transfer theoretical cross sections (in μb) integrated in the angular range [4Â°–12.5Â°] of the laboratory system
and for all the combination of projectile and target states lying within the three ROI in Fig. 2.

Final DWBA CCBA DWBA
channel SM SM IBFM

ROI 1
17Og.s.(5/2+) + 77Seg.s.(1/2−) 109.49 172.55 15.87
17Og.s.(5/2+) + 77Se0.161(7/2+) — 22.00 —
17Og.s.(5/2+) + 77Se0.175(9/2+) 1316.63 1591.79 330.11
17Og.s.(5/2+) + 77Se0.238(3/2−) 3.28 5.53 85.33
17Og.s.(5/2+) + 77Se0.249(5/2−) 447.74 634.77 88.08
17Og.s.(5/2+) + 77Se0.301(5/2+) — 73.43 —

ROI 2
17Og.s.(5/2+) + 77Se0.439(5/2−) 0.01 5.24 0.79
17Og.s.(5/2+) + 77Se0.520(3/2−) 118.79 117.53 71.58
17Og.s.(5/2+) + 77Se0.581(7/2−) — 8.79 —
17Og.s.(5/2+) + 77Se0.680(5/2+) — 54.20 —
17Og.s.(5/2+) + 77Se0.796(7/2+) — 0.04 —
17Og.s.(5/2+) + 77Se0.808(7/2−) — 0.08 —
17Og.s.(5/2+) + 77Se0.817(1/2−) 7.07 19.93 0.06
17Og.s.(5/2+) + 77Se0.824(5/2−) 0.17 5.59 411.47
17O0.870(1/2+) + 77Seg.s.(1/2−) 55.21 83.29 8.00

ROI 3
17Og.s.(5/2+) + 77Se0.970(11/2+) — 7.17 —
17Og.s.(5/2+) + 77Se0.978(9/2−) — 45.31 —
17Og.s.(5/2+) + 77Se1.005(3/2−) 1.00 12.36 130.60
17Og.s.(5/2+) + 77Se1.024(13/2+ — 83.83 —
17O0.870(1/2+)+77Se0.161(7/2+) — 5.55 —
17O0.870(1/2+)+77Se0.175(9/2+) 377.72 370.20 94.70
17O0.870(1/2+) + 77Se0.238(3/2−) 1.05 1.79 27.33
17O0.870(1/2+) + 77Se0.249(5/2−) 191.11 232.12 37.59
17Og.s.(5/2+) + 77Se1.126(11/2+) — 0.55 —
17O0.870(1/2+) + 77Se0.301(5/2+) — 14.08 —
17Og.s.(5/2+) + 77Se1.172(9/2−) — 0.22 —
17Og.s.(5/2+) + 77Se1.179(5/2−) 1.45 4.17 195.79
17Og.s.(5/2+) + 77Se1.186(3/2−) 0.09 1.11 0.00
17Og.s.(5/2+) + 77Se1.193(9/2+) 4.97 10.71 314.90
17Og.s.(5/2+) + 77Se1.230(5/2−) 5.02 1.68 158.46
17Og.s.(5/2+) + 77Se1.252(5/2+) — 6.36 —
17Og.s.(5/2+) + 77Se1.282(7/2−) — 1.44 —
17O0.870(1/2+) + 77Se0.439(5/2−) 0.01 1.27 0.34
17Og.s.(5/2+) + 77Se1.364(3/2−) 0.17 0.82 8.22
17O0.870(1/2+) + 77Se0.520(3/2−) 39.23 33.55 25.52
17O0.870(1/2+) + 77Se0.581(7/2−) — 2.63 —
17Og.s.(5/2+) + 77Se1.529(5/2−) 1.62 0.16 —
17O0.870(1/2+) + 77Se0.680(5/2+) — 11.06 —
Final DWBA CCBA DWBA
channel SM SM IBFM
17Og.s.(5/2+) + 77Se1.607(5/2+) — 0.18 —
17Og.s.(5/2+) + 77Se1.623(1/2−) 1.08 1.67 14.20
17O0.870(1/2+) + 77Se0.796(7/2+) — 0.01 —
17O0.870(1/2+) + 77Se0.808(7/2−) — 0.02 —
17O0.870(1/2+) + 77Se0.817(1/2−) 2.93 0.86 2.36
17O0.870(1/2+) + 77Se0.824(5/2−) 0.11 1.68 187.29
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