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Background: A systematic exploration of one-nucleon transfer reactions induced by the ('*0,'°F) and
(180, '70) reactions on different targets (12C, '°0, ?’Al, *°Ca, *3Ti, ®Se, ''5Sn) is being performed at the Istituto
Nazionale di Fisica Nucleare—Laboratori Nazionali del Sud (INFN-LNS) at beam energies higher than Coulomb
barrier. A featured aspect is the adoption of a multichannel reaction approach, where several quasielastic
processes are studied consistently from both the experiment and theory sides. Resembling the case of light-ion
induced direct reactions, for which a large amount of data exists, the multichannel heavy-ion direct reaction is a
powerful tool to characterize nuclear mean field as well as few-nucleon correlations in low-lying nuclear states.
In this view, the study of different reaction mechanisms and nuclear structure models helps to characterize the
nuclear wave functions and accurately scrutinize the parameters that control the uncertainties in the calculations
of nuclear matrix elements (NMEs). In this context, special attention is recently paid to NMEs involved in
second-order isotensor processes such as double charge exchange (DCE) and neutrinoless double beta (Ov38)
decay.

Purpose: We perform the experiment and the data analysis based on theoretical models of one-nucleon transfer
reactions induced by the '80 + 7°Se collision at energies above the Coulomb barrier in a multichannel approach.
The "°Se nucleus attracts nowadays much interest since it is the daughter in the "*Ge 88 decay, and the nuclear
matrix elements involved in the 76Segls, — 76Geg,sl and 76Geg,sl — 7GSegls. transitions are the same for time
reversal symmetry. In particular, we intend to analyze transitions to low-lying excited states of the residual and
ejectile nuclei in the *Se(*¥0, '°F) > As one-proton pickup reaction at 275 MeV incident energy by measuring
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the cross section. An additional goal is to determine the role of the coupling channels in the measured cross
sections, testing different model descriptions of the involved nuclear states.

Methods: Nuclear reactions induced by the 0+ 7°Se collision were measured at INFN-LNS using the
MAGNEX large acceptance magnetic spectrometer for the detection of the ejectiles. The missing mass technique
was used for the reconstruction of the reaction kinematics. The excitation energy spectrum and the differential
cross section angular distributions were the key extracted observables. The experimental data were compared
with theoretical calculations based on the distorted wave Born approximation, the coupled-channels Born
approximation, and coupled reaction channels. The adopted spectroscopic amplitudes for the projectile and
target overlaps were derived by large-scale shell-model and interacting boson-fermion model calculations. In the
calculations the initial state interaction and the nuclear structure model inputs were the same as those adopted in
the study of elastic and inelastic scattering and (**Q, ’0) one-neutron stripping reaction, published elsewhere.
Results: Peaks in the cross section energy spectra corresponding to groups of transitions to >As and '"F
were identified and the experimental angular distributions were compared with theoretical calculations. A fair
agreement between theory and experiment both in cross section values and diffraction pattern is obtained, without
the need for any scaling factor, validating the adopted reaction and nuclear structure approaches.

Conclusions: Resembling the case of the (30, 70Q) one-neutron stripping reaction, the couplings to the inelastic
channels of projectile and target are significant for the one-proton pickup reaction and are likely to also play a
role in the single and double charge exchange reactions. The fair description of the data is remarkable since no
free parameter was used for this analysis, highlighting that the multichannel approach guarantees an accurate
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investigation of all the interesting reactions induced by the '*0 + 7*Se collision.

DOI: 10.1103/PhysRevC.109.024615

I. INTRODUCTION

Nowadays, outstanding experimental activity is ongoing to
observe the neutrinoless double beta (Ovg ) decay [1-3] for
the first time. This process is potentially the best resource
to probe if the neutrino and antineutrino are the same par-
ticle, one of the most important open questions of modern
physics. In the description of the Ov S decay one of the main
sources of uncertainties is due to the nuclear matrix elements
(NMEs)—entering the expression of the lifetime of the Ov S8
decay—which are calculated adopting different theoretical
nuclear structure models [4]. To date, different calculations
of NMEs provide results differing up to a factor 2 or 3 among
them.

In this context, the NUMEN (NUclear Matrix Elements
for Neutrinoless double beta decay) project [5] aims at ac-
cessing information about the NME of neutrinoless double
beta decay through an innovative technique. This is based
on the measurement of the heavy-ion induced double charge
exchange (HI-DCE) reaction cross sections on targets made of
various Qv B8 decay candidates. HI-DCE reactions are nuclear
processes showing interesting analogies with OvB8 decay, in
particular the initial and final nuclear states involved are the
same [6-9].

In DCE reactions, as well as in all direct reactions, the
cross sections critically depend on the ion-ion initial and final
state interaction, which in leading order (optical model) deter-
mines the cross section for elastic scattering. In addition, the
nuclear structure inputs significantly impact on the estimation
of the reaction cross sections. Also, the coupling of different
reaction channels could play an important role for accurate
studies of the reaction cross sections and should be studied in
detail. The coupling between a specific direct reaction channel
with the elastic and other quasielastic processes makes it
necessary to study such processes in a common approach,
where different reaction channels are explored at the same
time and the data are consistently analyzed. A multichannel

approach [10-12] was recently proposed to explore the com-
plete network of nuclear reaction data and extract information
on the relevant ingredients involved in DCE reactions. The
implementation of the multichannel approach for the study of
heavy-ion induced reactions shows a wide degree of complex-
ity from both the experimental and theoretical points of view.
Experimentally, different reaction cross sections should be
measured under the same laboratory conditions. Theoretically,
a high degree of consistency is required in order to simul-
taneously treat the different degrees of freedom selectively
activated by the various direct reactions within a common
framework.

Moreover, the simultaneous measurement of different pro-
ton and neutron transfer channels is essential to study the
involved DCE reaction mechanism. In fact, recent works sug-
gest that DCE processes might be a combination of three
different kinds of reaction dynamics sharing the same initial
and final states [8,13]: the Majorana double charge exchange
(MDCE), the double single charge exchange (DSCE), and the
sequential multinucleon transfer (TDCE). The first two mech-
anisms are characterized by the exchange of charged isovector
mesons, typical of nucleon-nucleon interaction. They probe
the nuclear response to rank-2 isotensor operators, thus being
in principle connected to Ov S8 and 2v S8 decays, respectively
[7-9,13]. On the other hand, TDCE consists of the successive
transfer of nucleons between the projectile and the target. It
is triggered by the mean field action of the colliding nuclei,
which does not play a role in double beta decay. Thus, TDCE
represents an unwanted competing mechanism that needs to
be precisely evaluated in DCE data analyses.

Recently, studies of specific systems have shown that the
TDCE contribution to DCE cross section is negligible in the
16Cd(*Ne, 2°0) ''Sn reaction at 306 MeV incident energy
[13,14] and in the “°Ca('®0, '®Ne)*’Ar reaction at 270 MeV
incident energy [6]. However, a critical dependence of transfer
yields on kinematical conditions and on structure and multipo-
larities of the reacting nuclei was discussed in previous works
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[11,15]. As a result, only a fully comprehensive study of
heavy-ion induced transfer reactions may allow one to assess
which model space, configurations, orbitals, and correlations
have to be included in a nuclear structure model capable of
describing experimental data.

In this view, the study of different reaction mechanisms
and nuclear structure models gives important data-driven con-
straints on the nuclear wave functions, which are helpful for
characterizing a priori the “ingredients” that can reduce un-
certainties in the direct calculations of Ov8 8 decay NMEs. In
this context, the experimental and theoretical analysis of one-
and two-nucleon transfer reactions induced by the 80 + 7°Se
collision at energies above the Coulomb barrier is particularly
relevant, since the "°Se nucleus is the daughter in the "°Ge
BB decay and the NMEs related to the "*Se, ;. — "°Ge, s and
"Gey. — "°Se, . transitions are the same for time reversal
symmetry.

In the past, heavy-ion direct transfer reactions at energies
above the Coulomb barrier have been widely investigated
[15-25]. A common feature in reported studies is the use
of large arbitrary scaling factors in the calculated cross
sections in order to reproduce experimental data. Nowa-
days, substantial progress in the computational and numerical
sciences has opened new opportunities to adopt heavy-ion
transfer reactions as tools to investigate the nuclear structure
and the reaction mechanisms [12,26-31]. In this perspective,
different systems have been systematically studied at the Isti-
tuto Nazionale di Fisica Nucleare—Laboratori Nazionali del
Sud (INFN-LNS) (Italy) by the (%0, 70), (80, “F) and
(80, '°Q) reactions at incident energies ranging from 84 to
275 MeV [10,26-30,32-39]. Thanks to the MAGNEX large
acceptance magnetic spectrometer [40,41], used to detect the
ejectiles, many nuclear systems were explored, yielding high
quality inclusive spectra. In this framework, the 80 beam has
been demonstrated to be an interesting tool to probe neutron-
neutron pairing correlation in target nuclei [26,27,30,32,42—
45].

In Fig. 1 the network of the nuclear reactions explored in
the multichannel study of the system '®Q +7°Se is shown.
The analysis of the elastic, inelastic, and one-neutron stripping
reactions was recently completed [37,46]. Experimentally,
the reaction cross sections were measured under the same
experimental conditions. The same optical potential and nu-
clear structure model were adopted to guarantee the reaction
calculations consistency. As a result, the coupling with the
inelastic channel feeding states in entrance and exit partitions
was found to be important and should be accounted for in the
analyses of other direct reactions such as single and double
charge exchange processes involving the "°Se isotope.

Very recent studies on light systems underline the im-
portance of the coupled-channels calculations in studying
nucleon transfer reactions [47—49]. Keeley et al. [47] con-
firmed that a relatively complete coupled reaction channel
(CRC) calculation, including multistep reaction paths in a
consistent way, should be used for a reliable extraction of the
asymptotic normalization coefficients for astrophysics from
heavy-ion reaction data. In addition, Wamers et al. [48] high-
lighted that effects of target excitations are important in proton
knock-out reactions from '’Ne at 500 MeV /u incident energy,

76 = 78
€ b 77Qe Se
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FIG. 1. Network of the nuclear reactions explored in the mul-
tichannel study of the system '3Q 4 7°Se. The elastic, inelastic,
one-neutron stripping, and one-proton pickup reactions are indicated
with blue, green, and red arrows. The analysis of the other reaction
channels (single and double charge exchange, two-proton and two-
neutron transfer in grey arrows) is under way.

arguing that the interaction between nucleons in the beam
and target can perturb the reliability of structure information.
Pohl et al. [49] concluded that multiple reaction mechanisms,
including the quasifree knockout, inelastic scattering, and nu-
cleon transfer processes, should be considered in analyses
of inclusive one-nucleon removal cross sections measured at
intermediate energies for quantitative investigation of single-
particle strengths and correlations in atomic nuclei.

The experimental and theoretical study of the
76Se(180, 19F) PAs reaction at 275 MeV incident energy
is presented here for the first time. This work is a
part of a systematic study at INFN-LNS aiming to
investigate a network of reactions within the NUMEN
and NURE [50] projects, with the final goal of studying the
765e(180, '®Ne) °Ge DCE reaction. The explorations of the
6Se and ®Ge targets are highly complementary, allowing a
detailed characterization of the parent and daughter systems
of the °Ge BB emitter. The multiparametric experimental
data reduction together with advanced theoretical calculations
allow an accurate analysis of the transfer reaction channels.
In particular, excitation energy spectra are shown together
with cross section angular distributions for the transitions to
the ground and low-lying excited states. The spectroscopic
amplitudes for the projectile and target overlaps are obtained
from large-scale shell-model and interacting boson-fermion
model calculations. Nuclear reaction calculations are
performed to an increasing level of sophistication, adopting
the distorted wave Born approximation (DWBA), the
coupled-channels Born approximation (CCBA), and coupled
reaction channel (CRC) approaches [13].

The paper is organized as follows. Sec. II describes the ex-
perimental setup and the data reduction technique. In Sec. III
the theoretical approaches used in the data analysis and the
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comparison of the calculations with the experimental data are
presented. The obtained results are discussed in Sec. IV, and
final conclusions and outlooks are given in Sec. V.

II. EXPERIMENTAL SETUP AND DATA REDUCTION

The experiment was carried out at Istituto Nazionale di
Fisica Nucleare-Laboratori Nazionali del Sud (INFN-LNS)
in Catania. The '*0%* ion beam was accelerated by the Super-
conducting Cyclotron at the energy of 275 MeV and impinged
on a 270 ug/cm?® "®Se target, evaporated on a natural carbon
foil 80 ug/cm? thick. Measurements using a natural carbon
target (thickness 400 ug/cm?) were performed to estimate and
subtract the background contribution from the interaction of
the beam with the target backing. The targets were produced
at the LNS chemical laboratory. The thickness values were
obtained by energy-loss measurements using an «-radioactive
source with uncertainties of about £5%. A Faraday cup was
used to stop the beam and measure the integrated electric
charge.

The '°F reaction ejectiles were analyzed in momentum
by the MAGNEX large acceptance magnetic spectrometer
[40]. The optical axis was centered at 6oy = 8° correspond-
ing to an horizontal acceptance between 3° and 14° in the
laboratory reference frame. The vertical acceptance was set
to +1.75°. The parameters of the ion trajectories (i.e., ver-
tical and horizontal positions and incident angles at the focal
plane) were measured by the focal plane detector [51]. Thanks
to the high angular, mass, and energy resolution of the ap-
paratus and to the adopted particle identification technique
[52-55], the ?F°* ions were unambiguously selected. Trajec-
tory reconstruction of the ejectiles was performed solving the
equation of motion for each detected particle [56] to extract
scattering parameters at the target point. Further details of
the data reduction technique can be found in Refs. [44,57—
59]. The excitation energy E, was calculated as the difference
Qo — Q. Qg is the ground to ground state reaction Q-value and
Q is the Q-value obtained by the missing mass calculations
based on relativistic kinematic transformations.

The excitation energy spectrum of the °Se('*0, '°F) 7° As
reaction in the angular range between 4° and 4.5° is shown
in Fig. 2. The background contribution, originating from the
reaction '>C('*0, '°F) ''B in the "°Se target backing, is indi-
cated by the dotted red line. The contribution due to the carbon
contaminant is not negligible at excitation energies higher
than 10 MeV. Therefore, it was subtracted after a proper
normalization, which accounts for the peak at 10 MeV as a
reference.

The energy differential cross section spectrum for the
one-proton pickup reaction, after the carbon background sub-
traction, is shown in Figs. 3(a) and 3(b). The cross section is
extracted taking into account the overall MAGNEX efficiency
[58] following the technique described in Ref. [44]. The sta-
tistical uncertainty is included in the spectrum error bars in
Fig. 3(b). A systematic error of about 10%, due to the determi-
nation of the beam collected charge and the target thickness,
is common to all data points and it is not displayed in the
figures. The achieved resolutions are §E(FWHM) = 350 keV
in energy and 86;,,(FWHM) = 0.5° in angle, similar to the
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FIG. 2. Excitation energy spectrum for the "°Se('*0, "F) ° As
(solid black line) and >C('*0, F) ''B (dotted red line) reactions
at 275 MeV incident energy, in the angular range 4° < 6, < 4.5°.

one-neutron stripping reaction studied in Ref. [37]. Despite
the good energy resolution, the structures observed in the
spectrum do not coincide with isolated transitions because of
the high level density of the residual nucleus.

Transfer reaction cross sections between heavy ions at en-
ergies well above the Coulomb barrier are maximized around
optimal values of the Q-value (Qop) and transferred angular
momentum (Lo ), as described in Ref. [60]. For the examined
reaction the Qo value is —2.2 MeV while Ly, is 2. As a
consequence of the negative Qqp, the cross section decreases
at increasing excitation energies, resulting in a larger cross
section for transitions to the first low-lying states, as typical in
these experimental conditions [37,38].

In Fig. 3(b) the energy differential cross section for the
76Se(30, 'F) 7> As one-proton reaction at low excitation en-
ergy is shown. Two main peaks are visible, centered around
0.0 and 1.9 MeV. In this work two regions of interest (ROIs)
are considered in the energy ranges —0.6 < E, < 0.8 and
0.8 < E, < 2.2 MeV. The regions of the spectrum at higher
excitation energies need further investigations to clarify which
are the relevant states populated in the ejectile and residual
nucleus.

The cross section angular distributions for the two energy
regions of interest are plotted in Fig. 4. The uncertainties
originating from the solid angle, the efficiency correction, and
the statistical error are included in the error bars. The extracted
angular distributions show the typical exponential decrease for
angles larger than the grazing one (6&,. ~ 9°).!

lggr = 2arcsin (%), where  is the reduced mass of the

colliding system; Ej,, is the projectile incident energy in the lab-
2

oratory reference frame; Ve = %; Rc = 1.44(A)" +A11)/3); and

Z, (A,), Z; (A;) denote the charge (mass) number of projectile and

target, respectively [61].

024615-4



ANALYSIS OF ONE-PROTON TRANSFER REACTION ...

PHYSICAL REVIEW C 109, 024615 (2024)

~1800 4500
S k) {78
2 1600~ 4000 2

= 1600p R

S 1400F 43500

31200: 7686(180,19F)75AS 53000

S 4°<0 <8 ]

8 1000}~ 500
800 2000
600F- 1500
400F 41000
200F 4500

0 [ R Al Lt e o .
0010 200 30 40 50 60
E, (MeV)

> 30001 (b) ROT1

= L 76Q Ar18y 199375

% 25000 Se(**0," F)°As

Tk <@ <120

5 20001

b -

S
1500
1000
500

0: u s b by b L

-1 0 1 2 3 4 5 6 7
E, (MeV)

FIG. 3. (a) Differential cross section spectrum obtained for the
5Se('#0, 1°F) ™ As one-proton pickup reaction at 275 MeV in the an-
gularrange 4° < 6y, < 8°. (b) Zoomed view at low excitation energy
for 3° < 0y, < 12°. The two regions of interest (ROIs) examined for
the extraction of angular distributions are defined by the red and blue
areas, respectively. The background contribution due to the presence
of the '?C backing in the target is subtracted.

III. THEORETICAL ANALYSIS

Nuclear structure calculations based on large-scale shell-
model and interacting boson-fermion model are performed
to derive the spectroscopic amplitudes for the projectile and
target overlaps. For the reaction modeling distorted wave Born
approximation (DWBA), coupled-channels Born approxima-
tion (CCBA), and coupled reaction channel (CRC) approaches
are adopted to single out the effect of specific channel cou-
plings in the measured cross section.

A. Shell-model calculations

The spectroscopic amplitudes for both projectile and target
overlaps were computed within the shell-model framework,
using the KSHELL [62] code.

Regarding the ('°F|'80) projectile overlaps, shell-model
calculations adopting the psdmod [63] interaction were per-
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FIG. 4. Comparison between the theoretical curves and exper-
imental points for one-proton transfer angular distribution. The
angular distributions related to the contribution of the unresolved
excited states of the first and second ROIs in Fig. 3(b) are 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 the shell model for the projectile (see text).

formed. This interaction is a modified version of the PSDWBT
one [64], that assumes “He as a closed core and 0pi/2, Op32,
0ds/2, 0ds/2, and 15y, as valence orbits included in the model
space for both protons and neutrons. It has been successfully
used in our previous studies (e.g., [30,34,37]) and, recently,
for computing also the one-proton pickup spectroscopic am-
plitudes related to (°F | '*0) [10,36,38].

In Table I, we report the calculated spectroscopic factors
together with the values extracted from (3He,d) [65,60],
(o, t) [67], and (p, y) [68] reactions and the corresponding
experimental level energies. The spectroscopic factors from
different experiments are characterized by significant differ-
ences, going beyond the estimated uncertainties (20-25%),
which may be due to inaccuracies in the modeling of the
reaction dynamics as well as to computational limits, espe-

TABLE 1. 'F energy levels and related spectroscopic factors S
from Refs. [65-68] and from shell-model (SM) calculations. Ener-
gies are in MeV.

E.(®F) nl, j S[65] S[66] S[671 S[68] S(SM)
0.000 2512 0.21 0.30 0.25 0.18 0.31
0.110 1piy 0.11 0.12 0.06
0.197 1ds, 0.41 0.42 0.67 0.37 0.44
1.458 1ps;,  0.024  0.036 0.0001

1.554 1ds), 0.25 0.29 0.41 0.25 0.18
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TABLE II. Proton and neutron single particle energies adopted
in the calculation.

7 (nlj) e, MeV) €, (MeV)
0fs)2 1.0 0.8
1p3/2 0.0 0.0
1]71/2 1.1 1.1
Ogg/z 3.2 3.2

cially when old studies are considered [69]. This situation
prevents a sound test of our results. However, the numbers of
Table I also evidence that our shell-model calculations provide
areasonable description of the single-particle nature of the '°F
states.

For the ("®Se | > As) overlaps, the interaction successfully
used in Ref. [37] was adopted. In such an interaction °Ni is
considered as a closed inert core with protons and neutrons in
the valence space made up of 0f52, 1p3/2, 1p1/2, and Ogy, or-
bitals. The effective Hamiltonian, already employed to study
the structure of ®Zn and the B-decay properties of °Ge, *Se
[70,71], was derived within the framework of many-body per-
turbation theory from the CD-Bonn nucleon-nucleon potential
[72] renormalized by way of the Vjoy.x approach [73] with the
addition of the Coulomb potential for protons. In particular,
the two-body matrix elements have been calculated within the
0-box folded-diagram approach [74], including in the pertur-
bative expansion of the Q-box one- and two-body diagrams
up to the third order in the interaction.

The single-neutron and single-proton energies are listed in
Table II, and they were taken from the experimental energy
spectra of 'Ni [75] and 3’ Cu [75], respectively, except for the
0go/2 orbital. As a matter of fact, no level with J© = 9/2%
has been identified in >’ Cu, while for >’Ni the state observed
in the fusion-evaporation reaction 28Si(*2S, 2pn)>'Ni at 3.7
MeV has been interpreted as the neutron 0gg > single-particle
state [76]. In addition, at about 3 MeV a state with a disputed
7/24 or 9/2+ spin-parity is known.

One possible strategy is to choose the proton 0gg,» or-
bital at the same energy of the neutron one, as was down
in Refs. [37,71]. Here, an estimated effective single-particle
energy of 3.2 MeV is used for both neutron and proton 0go />
orbitals. From the proton side, this value results from an
analysis of the N = 50 isotones from Z = 40 to 48 [77]. As
concerns the neutron 0Ogyg/, orbital, we have verified that a
lowering of its location leads to a slightly better agreement
between the experimental and calculated spectra of > As, as
also evidenced in previous shell-model calculations for Ge
and Ga isotopes [78-80]. It is worth nothing that these varia-
tions in the single-particle energies of the Ogg/> orbital do not
significantly affect the calculated spectroscopic amplitudes.

The theoretical excitation energies of the '°F, 130, "°Se,
and 7 As states considered in the cross section calculations
are given in Table III. Comparing theoretical and experimental
values, a reasonably good agreement is found for most of the
19F, 130, and 7®Se states. The even-odd 7> As nucleus presents
a more complex spectrum with more than 60 states in the
considered regions of interest [75]. However, not all of them

TABLE III. Comparison between theoretical and experimental
low-lying excitation energies for the '*0, '°F, Se and "> As nuclei
obtained by large-scale shell-model (SM) and interacting boson-
fermion model calculations (IBFM). Energies are in MeV.

Nucleus JT EEXP. ESM EIBFM
ot 0.000 0.000
B0 2+ 1.982 2.264
3~ 5.097 4.929
1/2+ 0.000 0.107
1/2- 0.110 0.744
YR 5/2+ 0.197 0.000
5/2° 1.345 2.422
3/2° 1.458 2.615
3/2+ 1.554 1.080
75Se ot 0.000 0.000
2+ 0.559 0.753
3/2- 0.000 0.072 0.000
1/2- 0.199 0.240 0.198
3/2° 0.265 0.808 0.490
5/2- 0.280 0.000 0.152
9/2+ 0.304 1.100 0.286
1/2- 0.469 0.519 0.462
5/2- 0.572 0.655 0.554
1/2- 0.585 1.758 0.862
3/2° 0.618 1.085 0.679
7/2~ 0.822 0.685
B As 7/2- 1.043 1.210
3/2° 1.074 1.311 0.866
3/2° 1.127 1.856 1.282
9/2+ 1.261 2.546 1.249
7/2- 1.309 2.203
5/2~ 1.420 1.054 0.718
9/2+ 1.430 2.581 1.515
1/2- 1.606 2.439 1.283
5/2- 1.660 1.519 0.894
7/2- 1.691 2.380
9/2+ 1.808 2.592 1.978
1/2- 1.878 2.576 1.486
7/2- 1.928 2.564
1/2- 2.021 2.787
5/2~ 2.210 1.764 1.337

are expected to be strongly populated in one-proton pickup
reactions as observed in (d, *He) reactions [81,82]. For that
reason, in our analysis we focus on the states observed in
Refs. [81,82]. In addition, a large model space is likely to be
adopted to describe this mid-shell nucleus down to low-lying
states. This could explain the slightly worse agreement that
we observe for the spectrum of B As, as reported in Table III,
where most of the excited states are significantly above the
experimental energies. These discrepancies may highlight the
need of a larger model space in the structure calculations, as
discussed in Ref. [37]. On the other hand, it should be consid-
ered that the adopted Hamiltonian (see Ref. [71]) is developed
for systems with two valence particles, while 7> As is a system
with 19 valence nucleons. This means that one should derive
an effective Hamiltonian which takes into account the filling
of the model space orbitals, as done in Refs. [§3,84]. However,
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TABLE IV. Shell-model (SM) spectroscopic amplitudes (SA) for
the projectile overlaps used in DWBA and CCBA (CRC) calcula-
tions. The symbols n, [, and j correspond to the principal quantum
number and the orbital and the total angular momenta of the trans-
ferred proton orbitals, respectively.

TABLE V. Shell-model (SM) and interacting boson-fermion
model (IBFM) spectroscopic amplitudes (SA) for the target overlaps
used in DWBA and CCBA (CRC) calculations. The symbols n, /, and
Jj correspond to the principal quantum number and the orbital and the
total angular momenta of the transferred proton orbitals, respectively.

Initial state nlj Final state SAsm Initial state nlj Final state SAsm SAigEm

2512 19Fg_sA(l /2%) —0.5539 1p32 75Asg_s_(3/2*) 1.3584 —0.6220

1piy YF110(1/27) —0.2444 Ipia P Aspig(1/27) 0.3990 0.8630

180“ 0" 1ds, YF.107(5/27) 0.6644 1p3)2 5 Asg65(3/27) —0.2800 0.0520

1p3j F) 455(3/27) —-0.0106 Ofs,  "“Aspas(5/27)  —1.2155 0.8580

1ds) F) 554(3/27) —0.4238 Ogopr  “Asosa(9/2%)  —0.5041 0.9560

1ds) YF,.(1/2%) 0.5864 1piy PAspae(1/27) 0.7797 0.0970

1ds, 19Fg_&(l /2%) —0.2806 015/ 5 As0572(5/27) —0.3123 —0.0180

1[73/2 19F0.110(1/27) —0.0301 1[)1/2 75ASQA585(] /27) 0.0391 0.0000

lds/z 19F(),|97 (5/2+) —04265 1[71/2 75ASOA618(3/27) 04534 00390

2517 “Fo.197(5/2%) —03113  "Se, (0Y)  1psn  PAsie(3/27) 0.6509  —0.0820

180, 052(2%) 1ds) 19F0.107(5/2%) 0.1563 1psy PAsi2(3/27)  —0.0737 0.0570

1p3) YF1345(5/27) 0.0186 00y Asiz6(9/2%) 0.0490 0.1480

1pij YF345(5/27) 0.1366 0fsy  As1a0(5/27) 0.1813 0.0130

1p3) PFiass(3/27) —0.0022 0g0/2  As1430(9/2%) 0.1124  —0.0350

1piy2 “Frass(3/27) 0.1639 1piy PAsies(1/27) 0.1352 0.0000

1ds) F, 554(3/27) 0.3146 0fs,  “Asie(5/27) —0.2691 0.0000

2512 “F1554(3/2%) 0.3539 0802 Asig0s(9/2%) 0.0285  —0.0140

1ds), “Fus54(3/2%) 0.3185 Ipin PAsigs(1/27)  —0.0254 0.0220

1ds) PFo110(1/27) —0.4906 0fsy  "Asy20(5/27) 0.1704  —0.0130
Ipiys “Fo.197(5/2%) 0.5849 Ofsp  PAsg(3/27)  —0.0688
1ps2 “Fo.197(5/2%) —0.0900 Ipsp  PAsg(3/27) 0.1716
1ds ) YF1345(5/27) -0.0268 1pip P Asys.(3/27) —0.3922
805.097(37) Lds) PF345(5/27) —0.4864 0fs)2 5 Asg.100(1/27) —0.1954
2517 “F145(5/27) —0.3768 Ipsn PAspi(1/27)  —0.0883
1ds)> “Fiass(3/27) 0.0486 ofsp  PAspaes(3/27)  —0.1175
lds/ PF14s8(3/27) 0.2614 1pss PAsoass(3/27)  —0.0888
1]73/2 l9F1_554(3/2+) 0.1675 1[71/2 75ASQ‘265(3/27) 0.4171
0fs, " Aspas(5/27) 0.8113
Ipsp, P Asgaso(5/27) 0.0822
1]71/2 75AS()_28()(5/27) 0.0893
0go/2 75ASOA304(9/2+) 0.3290
76560.559 2" 089/2 75ASOA401 (5/2+) —0.0219
based on our previous calculations [70,71], we can assert 0fs,  “Aspa(1/27)  —0.1014
that the limitations of the present calculations affect more Ipsp, PAsgaeo(1/27) 0.4312
significantly the energy spectra than the wave functions, as 0fsp PAsosn(5/27) 0.0153
recently proved adopting the same Hamiltonian to derive the 1p3) ::A50.572(5/ 27)  —0.6646
spectroscopic amplitudes for the similar one-neutron stripping 1pi 75A50~572 (5/27)  —02198
case [85]. The calculated spectroscopic amplitudes are listed 0fs2 75A50«585(1/ 2:) —0.0743
in Tables IV and V for the projectile and target overlaps, 1pip 75AS0‘585(1/ 2_) —0.0088
respectively. ofsp Asg618(3/27) 0.0415

75 -
The calculated spectroscopic factors for ">As can be 1p3p2 75AS°'6‘8(3/ 27) —0.3617
compared to the experimental values of Refs. [81,82]. The 112 Aso61s3/ 27) 0.1626
. . . 0f5 2 75ASOA322(7/2 ) —0.7509
corresponding table is not reported here to avoid a further 1 / 5 N

. . P32 ASOA322(7/2 ) 0.2539
overloading of the paper. We only mention that, although 0fin  Asion(7/2-)  —02312
the two sets of experimental data show notable differences, 1 p/ 5 Ag 1/27) —0.6971
even larger than those shown for the '°F case, the comparison 0 fS/j 75 ASI'Mj (3/2°) _0' 1674
between theory and experiment reveals certain deficiencies in 1 pz//z 75 ASi'2:4(3 /27) —025776
the single-particle strength description of some states. This ipp A51:074(3 /27) 0.1047
may be related to the adopted model space, which for 768e 0fs)2 5 A8 127(3/27) 0.0161
and 7 As is restricted to one major proton and neutron shell, Ipsy, 7 AS1:127(3 /27) 0.0666
or to inaccuracies in the matrix elements of our two-body Ipin PAs;122(3/27) 0.0656
interaction, which as, mentioned above, is microscopically %Se)sso(2t)  Ogopn  PAsi261(9/2%) 0.0490

derived without employing any adjustable parameters.
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TABLE V. (Continued).

Initial state nlj Final state SAsm SArM
0f5/2 P As1300(7/27) —0.1795
1p3)2 P As1309(7/27) 0.2347
0fs)2 P AS1420(5/27) 0.2371
Ipsp P Asi420(5/27) —0.4218
Ipip PAsian(5/27)  —0.5010
0go/2 P As1430(9/27) 0.0465
0f5/2 P Asye06(1/27) —0.0764
1p3)2 " As;606(1/27) 0.0597
0fs/2 P As1660(5/27) 0.0954
Ipiya " As1660(5/27) —0.0324
1piy " Asi660(5/27) 0.2223
0fs/2 P Asie01(7/27) —0.0350
Ips, PAsiei(7/27)  0.1077
0go2 7 Asy508(9/27) 0.0199
0fsn  PAsigs(1/27)  —0.0122
Ipiy PAsig(1/27)  —0.0287
0fs/2 " As1o25(7/27) —0.1316
Ipsp P As1o08(7/27) 0.3070
0f5/2 P A8210(5/27) 0.0308
1pss P A82210(5/27) 0.5030
Ipiy P A82210(5/27) —0.3113

B. Interacting boson-fermion model

Spectroscopic amplitudes for (Se | 7> As) overlaps were
calculated also within the formalism of the interacting boson-
fermion model (IBFM-2).

In the interacting moson model 2 (IBM-2), the collective
properties of a even-even nucleus are described using a system
of bosons with angular momentum O or 2 [86]. The IBM-2 can
be extended for the analysis of odd-even nuclei in the IBFM-2
by introducing an additional single-particle degree of freedom
coupled to the boson system [87]. The IBM-2 and IBFM-2
were previously used in similar calculations in Refs. [34,35],
including the case of *Se('*0, 170) 7’ Se reaction at the same
energy in Ref. [37].

The odd-fermion Hamiltonian [87,88] and the quasiparticle
energy of the odd particle are calculated in the Bardeen-
Cooper-Schrieffer (BCS) approximation [§9-93].

5 As has 33 protons and 42 neutrons, which implies 7 As
has 5 valence protons in the shell 28-50. In the IBFM, these 5
valence protons are seen as 2 proton bosons plus an uncoupled
proton. To find the even-even nucleus that corresponds to
5 As, we consider the even-even nucleus that has 2 proton
bosons in the shell 28-50. This leads us to 7*Ge. Therefore, the
construction of 7> As involves coupling one proton to the core
74Ge. We use the same four orbitals 0 f5/2> 1p32, 1p1y2, and
0go,> that we used in the shell-model calculations. The proton
quasiparticle energies and occupation probabilities, calculated
by solving the BCS equations, are displayed in Table VI. The
proton single-particle energies of "’ As, E i.» Tequired by the
BCS calculation are taken from Ref. [94]. The E; are con-
sistent with the ones employed in the shell-model calculations
(Table II).

TABLE VI. Proton single-particle energies E;, , quasiparticle en-
ergies Oy, and occupation probabilities v? of 5As used in the
present IBFM-2 model calculations.

Orbit j, E;. (MeV) Oupe (MeV) v

0fs)2 1.0280 1.5747 0.2624
0802 3.0090 3.0608 0.0542
1ps) 0.0000 1.4136 0.5990
1p1)2 1.1060 1.6133 0.2439

A comparison between the calculated and experimental
energy spectra for the 7> As nucleus is given in Table IIT while
the spectroscopic amplitudes are listed in Table V.

C. Reaction calculations

Cross section calculations adopting the distorted wave
Born approximation (DWBA), the coupled-channels Born
approximation (CCBA), and the coupled reaction channel
(CRC) approaches using the FRESCO code [95,96] were
performed for the 7°Se('80, 'F) > As reaction. The states
included in the coupling scheme are sketched in Fig. 5.

The optical potential for the initial partition was chosen ac-
cording to the elastic and inelastic scattering and one-neutron
stripping [37] analysis of the 80 4 7®Se collision at the same
energy described in Ref. [46], as required by the multichannel
approach [10-12]. For the description of both the real and
imaginary parts of the optical potential, the double-folding
Sao Paulo potential [97] was adopted to generate the distorted
waves at the entrance and exit channels. The same geometry
is used for both the real and imaginary parts, with a scaling
factor N; properly determined for the imaginary part of the po-
tential. For DWBA calculations the standard choice [98-100]
is N; = 0.78 for both initial and final partition. For CCBA
and CRC calculations, N; = 0.78 for the final partition and
N; = 0.6 is chosen in the initial partition to account for all
the channels not explicitly included in the system of coupled
equations, like fusion and coupling to higher excitation energy
bound and continuum states [101]. Such prescriptions for
the optical potentials have been successfully used in many
studies of scattering, transfer, and charge exchange reactions
[11,12,14,26-31,34-40,45,46,102-107]. In addition, a study
of the sensitivity of the results to the N; value of the imaginary
part was performed in Ref. [37]. It was highlighted that when
varying N; within 20% from the standard values the trans-
fer cross sections are not significantly affected. However, if
N; = 0.6 s chosen in the initial partition, a superior agreement
between theory and experiment is achieved. The transfer op-
erator was calculated in the post representation including full
complex remnant terms, as done in Ref. [38].

The single-particle wave functions are generated adopting,
as core effective interactions, Woods-Saxon potentials. The
reduced radius ry and the diffuseness ag are equal to 1.26 fm
and 0.70 fm [11,30,102], respectively. For the heavier target-
like system 7y = 1.20 fm and ap = 0.60 fm were adopted, as
typically done when considering similar medium-mass nuclei
[31,34,36-38]. The depths of such Woods-Saxon potentials
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FIG. 5. Coupling schemes for the projectile and target over-
laps considered in one-proton transfer calculations. The blue arrows
correspond to the only couplings included 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.

were adjusted in order to reproduce the experimental one-
proton separation energies.

In previous elastic and inelastic scattering analyses [10,46]
the inclusion of the first 2% of the projectile and target and the
first 3~ of the 80 collective low-lying excited states turned
out to be important to well describe the angular distribu-
tions over the full range of transferred momenta explored.
Therefore, in the CCBA and CRC calculations, inelastic ex-
citations to the low-lying states of the projectile and target
nuclei were taken into account by adopting the rotational
model. Coulomb deformations for '*0 and 7®Se are intro-
duced in terms of the reduced transition probabilities B(E}),
where A is the multipolarity of the excitation, as described in
Ref. [46]. B(E2;0T — 27) = 0.0043 ¢?b” and B(E3;0" —
37) = 0.00046 ¢?b® are used in the coupling scheme to
consider the excitation to the first 2+ and 3~ 80 states,
respectively. For "°Se target B(E2;0" — 21) = 0.4320 ¢?b?

is considered. The B(E),) adopted are taken from experimen-
tal data (see Refs. [108,109]), but they are similar to those
obtained from shell-model calculations [37]. The effective
charges adopted for determining the B(E)) have been cal-
culated consistently with the Hamiltonian by employing the
Suzuki-Okamoto formalism [110]. The signs of the reduced
matrix elements M(E,) are obtained from shell-model cal-
culations, according to the phase convention of the wave
functions used to determine the spectroscopic amplitudes. All
details about the procedure can be found in [70].

In the one-neutron stripping analysis of the same system
(330 + 7°Se), we found that the effect on the calculated cross
sections of the final partition couplings is much smaller than
the initial one. Therefore, couplings between the "> As states
are not considered in the present analysis.

IV. DISCUSSION

In Fig. 4 the comparison between the theoretical and
experimental angular distributions for the energy regions cor-
responding to the two mentioned ROIs of Fig. 3(b) is shown.
A remarkable agreement between theoretical and experimen-
tal cross sections is obtained considering that no arbitrary
scaling factors are used in the calculations. In addition, the
diffraction pattern of the DWBA and CCBA or CRC curves is
similar to the experimental data.

Comparing DWBA and CCBA (CRC) calculations, CCBA
results give a larger cross section and a slightly different
diffraction pattern compared to DWBA. The inclusion of
inelastic excitations of projectile and target in the coupling
scheme, respectively through '8Q%*, 180?_ and 7°Se?t,
states, improves the agreement with the experimental data.
This is particularly true in the case of ROI 2. Actually, con-
sidering the integrated cross section, listed in Table VII, we
evince an enhancement in CCBA calculations with respect to
DWBA of about 15% in ROI 1 and 50% in ROI 2. More-
over, as observed for other one-nucleon transfer reactions in
similar experimental conditions [10,11,37], the inclusion of
couplings among different partition to infinite order (CRC)
does not change the obtained results. As is evident in Fig. 4,
the curves related to CRC calculations are practically super-
imposed on the CCBA ones. This outcome highlights the
minor importance of the back-coupling of the transfer on the
elastic channel, when focusing in the angular window we are
considering corresponding to a significant momentum transfer
0.9 < g <3fm™).

To gain more insight, we have analyzed in detail the angu-
lar distributions shown in panels (a) and (b) of Fig. 4 for ROI 1
and ROI 2, respectively. In Figs. 6 the most relevant transitions
for each ROI are shown together with the sum of all the
contributing transitions for DWBA and CCBA calculations
and the experimental data. The sum of the other, less rele-
vant transitions is also shown. The nuclear transitions which
contribute more to ROI 1 (see Table VII) are those feeding the
19F) 197 Mev (5/27) state in connection with the ground state,
the first 5/2~ state at E, = 0.280 MeV, and the second 1/2~
state at E, = 0.469 MeV of 7 As. The transition to the "°Fg
in connection with 75Asg,s, is contributing as well. Although
a better agreement is obtained when considering CCBA, the
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TABLE VII. One-proton transfer theoretical cross sections (in
ub) integrated in the angular range [0°, 20°] of the laboratory system
and for all the combination of projectile and target states lying within
the two ROIs in Fig. 3.

Final DWBA CCBA DWBA
channel SM SM IBFM
ROI 1
PP, (1/2%) + P Asg (3/27) 296.83 308.82 62.24
P F110(1/27) + P Asg (3/27) 32.00 33.59 6.71
PF0.197(5/2%) + P Asgs (3/27) 1278.10 129330  267.97
PP, (1/2%) + 7 Asp199(1/27) 24.85 43.06 11625
PRy (1/2%) + P As65(3/27) 12.11 9.54 0.42
P, (1/2%) + 7 Aspas0(5/27) 60.27 137.37 30.03
P, (1/2%) + ™ Asp304(9/2%) 5.81 15.36 20.91
OB110(1/27) 4+ P Asg100(1/27) 3.83 6.54 17.90
OPR110(1/27) 4+ P Asga65(3/27) 1.33 1.07 0.05
OBy110(1/27) 4+ " Asgs0(5/27) 9.40 22.54 4.69
9F0.107(5/2%) + P Asg190(1/27) 88.13 12423 41229
19F0‘110(1/27) +7SASQ304(9/2+) 0.81 1.74 2.93
PB0.107(5/27) 4+ 7 Asg265(3/27) 53.63 48.37 1.85
P, (1/2%) + 7 Aspaee(1/27) 91.00 91.33 1.41
OPR0.107(5/27) 4+ P Asga0(5/27) 276.47 44990  137.76
9F0.107(5/2%) + 7 Asg304(9/27) 62.63 55.00 117.34
PRy (1/2%) + P Asg572(5/27) 3.70 4.63 0.01
B110(1/27) 4+ P Asgage(1/27) 14.10 15.37 0.22
P, (1/2%) + " Aspe18(3/27) 2.67 58.32 0.22
OR0.107(5/27) 4+ P Asgae(1/27) 336.14 333.73 5.20
OPR110(1/27) 4+ P Asg572(5/27) 0.58 0.68  <0.01
YFo110(1/27) + P Asge15(3/27) 0.42 6.02 0.03
YPB0.107(5/27) 4+ 7 Asg572(5/27) 17.75 15.27 0.06
ROI 2
OPR0.107(5/2%) 4+ P Asge15(3/27) 10.10 211.47 1.02

PRy (1/2F) + P Asgs22(7/27) 5.75
PFo1101/27) + P Asos22(7/27) 0.68
PFo.107(5/27) + P As$22(7/27) 15.02
P, (1/2%) + " As; 074(3/27) 57.56 105.66 0.91
OB110(1/27) 4+ P Asy 074(3/27) 6.78 109.75 0.11
OPR0.107(5/2%) 4+ P As 074(3/27) 277.32 409.47 4.40
PRy (1/2%) + P Asy300(7/27) 1.65
PF1346(5/27) + P As.(3/27) 0.25
PFo110(1/27) + P As;300(7/27) 0.16
PRy (1/2%) + P As; 420(5/27) 11.36
F)450(3/27) + P Asgs.(3/27) 0.14 0.18 0.03
PF0.197(5/2%) + P As 300(7/27) 0.16
YFo110(1/27) 4+ P As;420(5/27) 1.74
PF346(5/27) + P Aso.109(1/27) 0.04
F)554(3/2%) + 7 Asgs.(3/27) 321.06 345.34 67.31
F) 346(5/27) + P Asg265(3/27) 0.01
OR0.107(5/27) 4+ P As 420(5/27) 5.52 32.60 0.03
PR, 346(5/27) + P Aso250(5/27) 0.33
YF1346(5/27) 4+ " Aso.304(9/27) 0.04
19F1_459(3/27) + 75AS()_|99(1/27) 0.01 0.03 0.05
9B 450(3/27) + P Asga5(3/27)  <0.01 <0.01 <0.01
R 450(3/27) + 7 Asg250(5/27) 0.02 0.11 0.01
OF1450(3/27) + P Asg304(9/27)  <0.01 0.01  <0.01
R, 554(3/2%) + P Asg100(1/27) 34.63 5840  162.02
YF1346(5/27) 4+ " Asoaeo(1/27) 0.07
9B, 554(3/27) + 7 Asg265(3/27) 13.52 11.52 0.47
9B, 554(3/27) + 7 Asg250(5/27) 78.52 185.20 39.12

TABLE VII. (Continued.)

Final DWBA CCBA DWBA
channel SM SM IBFM
R, 554(3/2%) + P Asg304(9/21) 9.30 17.94 33.46
OF 346(5/27) + 75ASO.572(5/27) 0.02

R 450(3/27) + P Asgae0(1/27) 0.04 0.04  <0.01
F)346(5/27) + P Aspe18(3/27) 0.08

R, 554(3/2%) 4+ P Asgae0(1/27) 128.55 141.49 1.99
R 450(3/27) + P Asg572(5/27) <0.01 <0.01 <0.01
R 450(3/27) 4+ P Asg615(3/27) <0.01 0.04 <0.01
9B, 554(3/27) + P Asg572(5/27) 491 7.06 0.02
OF)346(5/27) + 7 Asog22(7/27) 0.03

O, 554(3/27) + P Asge15(3/27) 3.80 60.82 0.26

experimental cross section is well reproduced considering
all the adopted theoretical approaches (DWBA, CCBA and
CRCO), in particular at angles larger than 6. ,,, > 7°.

The dominant contributions in ROI 2 [Fig. 6(b)] are given
by the transitions to the '°F 197 mev in connection with the two
3/27 states of PAsat E, = 0.618 MeV and E, = 1.074 MeV;
the '°F) 554 Mev State in connection with the B As ground state,
the first 5/2~ state at E, = 0.280 MeV, and the second 1/2~
state at E, = 0.469 MeV. These last three states of > As are
those contributing the most for ROI 1. In the ROI 2 case,
although the inclusion of the coupled channels improves the
agreement with data, the experimental cross section remains
slightly underestimated. A possible explanation is that, due to
the high level density of the residual nucleus, contributions
from 7> As states at higher excitation energy were included in
ROI 2. Further investigations of the cross section spectrum at
higher excitation energies are ongoing and could significantly
overcome the small difference between theory and experiment
in ROI 2.

The agreement between theory and experiment found in
this work for the 7°Se('*0, 'F) 7 As reaction is consistent
with the results recently obtained in the systematic exploration
of one-nucleon transfer induced by the (80, '°F) reaction on
different targets [10,36,38]. These results point to remarkable
control of the reaction mechanism and the interaction (psd-
mod) chosen to describe the ('°F | '8Q) projectile overlaps.

Exploratory calculations for 7°Se('®0, °F)°As one-
proton pickup reaction were performed in order to confirm
the sensitivity to different nuclear structure models when the
reaction mechanism is set. In fact, in the case of the one-
neutron stripping reaction induced by the '*Q + "6Se collision
[37] we found that the experimental cross sections show an
interesting sensitivity to the details of the adopted nuclear
structure model.

For the sake of this nuclear structure model comparison, we
calculated the DWBA cross sections by using spectroscopic
amplitudes from IBFM for the target and shell-model for the
projectile. The spectroscopic amplitudes (listed in Table IV)
were calculated assuming configuration with a 0% boson cou-
pled to a single proton in the same four orbitals (0fs/2, 1p3/2,
1p1/2, and 0gy/») adopted in the shell-model calculations. We
did not perform CCBA calculations with the IBFM because

024615-10



ANALYSIS OF ONE-PROTON TRANSFER REACTION ...

PHYSICAL REVIEW C 109, 024615 (2024)

10

3
10"F o Exp. Data ROI 1
— DWBA - SM

— CCBA - SM
—"F +"As__(CCBA)
gs. g.s.

do /dQ (ub / sr)

10

19 75
) F197 keV + Asg.s. (CCBA)
19 75
Florev T ASyg ey (CCBA)
19 75
Floriev T ASyge iy (CCBA)
— CCBA - sum other 20 transitions 1
\ ‘ \ ‘ \ ‘ \
4 6 8 10 12 14
Oc.m. (deg)
T T T T
* @ P

=
\
/
VAN
\
l
|
]
/

?
|

e Exp. Data ROI 2

— DWBA - SM
— CCBA - SM
19 75
— Floevt ASggie

19 75

. (CCBA)
F197 keV +UA

s 1074 keV/ (CCBA)
19 7

5
1 F]554 keV + Asg,s. (CCBA)
19 75
F1554 keV + A

Sys0kev (CCBA)
g NN

1554 keV/ S469 keV (CCBA)

— CCBA - sum of other 33 transitions
! ! ‘ ! ‘

|
4 6 8 10 12 14
ec.m. (deg)

—_
o

do / dQ (ub / sr)

10

FIG. 6. Comparison between the theoretical and experimental
cross sections for one-proton transfer angular distribution related to
the contribution of the unresolved excited states of the ROIs 1 (a) and
2 (b). Most relevant transitions are shown together with the sum of all
the contributing transitions for DWBA and CCBA calculations (see
text).

IBM-2 does not predict a 27 state in the first low-lying excited
states of "°Se.

The experimental cross section is underestimated by the
IBFM calculations in both ROI 1 and ROI 2, as is evident
in Fig. 4. Comparing the shell-model and IBFM spectro-
scopic amplitudes (Table IV), the differences between the
corresponding results can be unfolded. In general, shell-model
spectroscopic amplitudes are larger respect to IBFM ones.
In addition, it seems that shell-model distributes the strength
among all the 7> As states with the same spin-parity, whereas
IBFM model almost entirely attributes the strength to the first

state. This behavior could be related to the fact that "> As
is built by coupling one proton to the core "*Ge and not
removing a proton from "*Se.

V. CONCLUSIONS

In the present work, the 76Se('80, PE)P As one-proton
pickup reaction at 275 MeV incident energy was studied for
the first time. The experiment was performed at the INFN-
LNS in Catania in the context of the NUMEN and NURE
projects.

Excitation energy spectra and cross section angular distri-
butions for transitions to the ground and low-lying excited
states were extracted. Despite the good energy resolution, it
was not possible to isolate transitions to individual states due
to the high level density of the residual odd nucleus. In the
context of the ongoing upgrade of the INFN-LNS facility
[111], G-NUMEN, an array of 110 LaBr3(Ce) scintillators,
will be installed around the object point of the MAGNEX
magnetic spectrometer to detect the gamma rays emitted from
the deexcitation of the excited states populated via DCE re-
actions with good energy resolution and detection efficiency,
amidst a background composed of transitions from competing
reaction channels with far higher cross sections [112,113].
Initial tests have been conducted on the first detectors of the
array, allowing for the determination of their performance at
high rates [114].

The experimental angular distributions for transitions to
groups of states were compared to theoretical calculations
based on DWBA, CCBA, and CRC approaches. According
to the multichannel approach we sought for consistency with
previous data analyses of scattering [46] and neutron trans-
fer [37] reaction data. The optical potential for the initial
partitions was chosen according to the elastic and inelas-
tic scattering analysis of the 80+ 7°Se collision [46]. The
one-proton spectroscopic amplitudes for the projectile and
target overlaps were derived by large-scale shell-model calcu-
lations using the same model space and interaction adopted in
Ref. [37]. A remarkable agreement between theory and exper-
iment both in cross section magnitude and diffraction pattern
is obtained for the analyzed transitions, considering that no
arbitrary scaling factors are used in the calculations. More-
over, a better agreement is obtained when inelastic excitations
of projectile and target are included in the coupling scheme
for the coupled-channels calculations, at least for the group
of states lying at high excitation energies. On the other hand,
considering the CRC approach with respect to the CCBA, the
minor importance of the back-coupling of the transfer on the
elastic channel is underlined.

The good description of the data through all the adopted
theoretical approaches proves the validity of the nuclear struc-
ture and the adopted optical potentials. This result is very
important for the NUMEN project and as a general finding for
the analysis of direct nuclear reaction data for two reasons.
First, it highlights that the multichannel approach guarantees
an accurate investigation of all the interesting reactions in-
duced by the 80+ °Se collision. Second, we find that the
mentioned couplings to inelastic states need to be investi-
gated also for single and double charge exchange reactions.
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Therefore, coupled-channels calculations are envisaged also
for these reaction channels.

Exploratory calculations for "°Se('#0, '°F) " As reaction
confirmed a remarkable sensitivity to different nuclear struc-
ture models, as already observed in 6Se('*0, '70) 7" Se
reaction. In this sense, heavy-ion nucleon transfer reactions
can be probes to further constrain the many body states in-
volved in the calculation of the nuclear matrix element (NME)
of DCE and Ov B8 processes.

A long term aim is to perform cross section calcu-
lations for one-nucleon transfer reactions from/to all the
OvBB-candidates nuclei and compare them with the related
experimental data from the NUMEN experiments. In this way,
one can investigate if the adopted model spaces are reliable for
the direct calculation of the NME:s.
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