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Single-particle strength toward N = 32: Spectroscopy of *'Ca via the **Ca(d, p) reaction
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States in the neutron-rich isotope >!Ca were populated via the *°Ca(d, p) transfer reaction in inverse kine-
matics at a beam energy of about 14A MeV. The experiment was performed using a decelerated radioactive
30Ca beam from the OEDO facility and the TiNA2 silicon array in combination with the SHARAQ magnetic
spectrometer at RIBF/RIKEN. The energies of excited states in °'Ca were reconstructed via missing mass
spectroscopy, and angular distributions of protons were measured to extract differential cross sections. From
a comparison with adiabatic distorted wave approximation calculations, spectroscopic factors were deduced
for several states, including the ground state and excited states up to 4.2 MeV. These results are compared
with shell-model calculations, as well as ab initio valence-space in-medium similarity renormalization group
predictions. The data support the assignment of the 1/2~ and 5/2~ single-particle states and provide evidence
for a candidate 9/2% state with a structure consistent with neutron excitation into the 0go, orbital. These findings
contribute new constraints on the single-particle structure and shell evolution in neutron-rich calcium isotopes.
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I. INTRODUCTION

The neutron-rich calcium isotopes have become a central
testing ground for modern nuclear structure theory, especially
in the context of shell evolution and the emergence of new
magic numbers far from stability. The drop in neutron separa-
tion energy observed through precision mass measurements
[1,2] for N =32 and 34 provided the first clear evidence
for new shell closures, that are not observed in the valley
of stability. This result is supported by y-ray spectroscopy,
which confirmed a high excitation energy of the first 2+
states in 2Ca [3] and >*Ca [4]. The theoretical prediction of
a new shell closure for neutron number 34 is based on the
strongly attractive interaction between protons in the 0f7,,
and neutrons occupying the 05/, orbital. Reduced occupation

Published by the American Physical Society
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of the former in the Ca isotopes, compared to Ni and nuclei
in the valley of stability, leads to an increase in energy of
the v0f5/, orbital giving rise to the shell closures at N = 32
and 34 [4]. This also explains why the validity of the new
magic numbers is very local applying only to Ca, and to
some extend to its immediate neighbors [5]. The discovery
of ®Ca and the identification of a weakly bound ground state
[6] extended the reach of experimental investigations toward
N =40, and challenged theoretical models to describe the
evolution of nuclear structure in this extremely neutron-rich
regime. These findings indicate the appearance of new magic
numbers at N = 32 and N = 34, attributed to the repulsive
nature of the tensor [7] and three-nucleon forces [8] between
protons and neutrons occupying specific orbitals. While these
developments mark major successes, achieving a consistent
description across the entire chain of calcium isotopes, from
stability to the neutron dripline, remains an open challenge. In
particular, there is a significant lack of experimental data on
the single-particle structure in the neutron-rich region. Spec-
troscopic information on excited states, including spin-parity
assignments and spectroscopic factors from direct reactions,
is essential to benchmark and constrain theoretical models in
this region. The goal of the present work is to provide robust
experimental data on the location and strength of single-
particle states in neutron-rich Ca isotopes, starting with >'Ca
at neutron number N = 31.

The first spectroscopy of excited states in >'Ca was per-
formed via particle spectroscopy following three-neutron
transfer reactions with heavy-ion beams [9]. However, the
low-lying states observed in that study could not be con-
firmed by later experiments. The first assignment of y rays
to excited states in °!Ca came from studies of the 8 decay of
neutron-rich potassium isotopes [10]. Although spin and par-
ity assignments were not possible at the time, neutron-y and
y — y coincidence measurements enabled the construction
of a level scheme. This level scheme was subsequently con-
firmed and extended through multinucleon transfer reactions
[11,12], which identified candidates for the single-particle
1/27 and 5/27 states at 1.718 and 3.478 MeV, respectively.
Shell-model calculations using the fp model space and two
different effective interactions indicated that these states have
dominant \1(1]73/2)2(1]71/2)1 and v(1p3/2)2(0f5/2)1 configura-
tions, where the two neutrons in the 1p3,, orbital are coupled
to J =0 [11]. Other excited states in °'Ca are attributed
to configurations in which the two neutrons are coupled to
J = 2 and are therefore not expected to be populated in the
present transfer reaction. A candidate for a positive-parity
9/2% state was reported at 4.155 MeV [12], with its struc-
ture believed to be dominated by proton excitations from
the sd shell to the 0f7/, orbital. In contrast, inelastic pro-
ton scattering measurements [13] identified the 9/27 state
as a member of a multiplet arising from the coupling of the
odd neutron to the octupole 3| excitation in the Ca core.
Inverse-kinematics quasifree (p, 2p) scattering reactions on
a 72Ca beam were used to probe neutron-hole states [14].
These experiments revealed strong population of the 7/2~
state at 3.453 MeV, consistent with neutron removal from the
core 0f7/, orbital. The ground-state spin and parity of SlCa
were definitively determined to be 3/2~ via laser spectroscopy
measurements including its magnetic and quadrupole mo-

TABLE I. Summary of the two experimental campaigns.

2022 2024
Secondary beam energy (AMeV) 14.2 13.1
Energy spread FWHM (AMeV) 7.1 6.1
OEDO transmission FE9-FE12 (%) 58.1 58.4
OEDO *°Ca purity at SO (%) 77.1 77.6
CD, target thickness (Mg/cmz) 260 644
30Ca beam intensity on target (10> pps) 16.9 13.1
SHARAQ transmission SO-S1 (%) 14.7 35.8
Run time (h) 89.5 45.5

ments [15]. This result provides a model-independent an-
chor for shell-model descriptions of neutron-rich calcium
isotopes.

In this work, we address the single-particle character of
states in °'Ca by employing a direct one-neutron transfer reac-
tion on *°Ca. This direct transfer reaction provides sensitivity
to the orbital angular momentum and spectroscopic strength
of individual states, making it a powerful tool for probing
their single-particle character. The aim of the present study
is to confirm spin-parity assignments of previously suggested
1/2~ and 5/2~ states, and to test the 9/2% assignment of
a positive-parity candidate state. The extracted differential
cross sections and spectroscopic factors offer new insights
into the occupancy of neutron orbitals and the evolution of
shell structure in neutron-rich calcium isotopes.

II. EXPERIMENTAL SETUP

The experiment was conducted at the RI Beam Factory,
operated by the RIKEN Nishina Center and the Center for
Nuclear Study (CNS), The University of Tokyo. Due to issues
with beam acceleration, the experiment was carried out in
two separate campaigns in 2022 and 2024. While the overall
setup and secondary beam properties were largely similar, key
differences are summarized in Table I and described in detail
in this section.

A. Beam production and transport

The secondary beam was produced by projectile fragmen-
tation of a 345AMeV °Zn primary beam impinging on a
10-mm-thick Be target. The resulting cocktail beam was sep-
arated using the BigRIPS separator [16] and transported to the
Optimized Energy Degrading Optics (OEDO) beamline [17].
Identification of the incoming beam particles was achieved
event-by-event by combining time-of-flight and position mea-
surements. The time of flight was determined between a
poly-crystalline chemical vapor deposition (CVD) diamond
detector located at the F3 achromatic focus [18] and a pair of
strip-readout parallel-plate avalanche counters (SR-PPACs) at
the FE9 dispersive focal plane [19]. The beam trajectory at
FEO9 was also measured using the same SR-PPACs. See Fig. 3
in Ref. [17] for the location of the focal planes. The beam
consisted mainly of *°Ca, with a purity of 69% in 2022 and
73% in 2024. The beam energy was then degraded from ap-
proximately 170 AMeV by inserting a wedge shaped degrader
[20] (central thickness 11.8 mm, angle 27 mrad) at FE9.
The final kinetic energies of the *°Ca beam particles were
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14.2 AMeV [with a full width at half-maximum (FWHM)
energy spread of 7.1 AMeV] in 2022 and 13.1 AMeV (FWHM
of 6.1 AMeV) in 2024. The radiofrequency deflector was not
employed in the present study. The beam was subsequently
transported through the OEDO beamline to the secondary
target located at the SO focus of the SHARAQ spectrometer
[21]. The transmission between FE9 and FE12 was approxi-
mately 58% and the purity of *°Ca at SO about 77% in both
experiments. Deuterated polyethylene (CD;) targets with a
diameter of 50 mm were installed at SO, and to increase the lu-
minosity, the target thickness was increased from 260 ug/cm?
in 2022 to 644 ug/cm? in 2024. The average °Ca beam in-
tensity amounted to 16.9 (13.1) kpps in 2022 (2024). The
beam was tracked event by event by a pair of SR-PPACs
located 1962 mm and 1462 mm upstream of the secondary
target, respectively. These SR-PPACs also provided timing
information for measuring the velocity of the beam particles
after the degrader. The two tracking SR-PPACs at FE12 also
provided the incident angle and trajectory of the beam ions
on an event-by-event basis. Two experimental triggers were
employed for data acquisition. The F3 downscaled trigger
fired for a fraction, fixed by the downscale factor, of the events
in which a beam ion was detected at F3, allowing for beam
intensity and transmission determination among other beam
properties. The second trigger only fired when an ion was
detected at F3 in coincidence with a charge deposition in
TiNA2. The *°Ca(d, p)>'Ca reaction events of interest were
extracted from this trigger.

B. TiNA2 charged particle array

The TiNA2 [22,23] setup consists of a box of double-
sided silicon strip detectors (DSSSDs, Micron type TTT) with
128 x 128 strips and an active area of 97.22 x 97.22 mm?
covering the angular range from 103° to 154° in the laboratory
system. Due to the large number of electronic channels the
readout was performed using the GET electronics system [24].
Positioned behind each DSSSD square are four CsI(TI) detec-
tors used to detect high-energy charged particles that punch
through the silicon, although the protons resulting from the
transfer reaction rarely penetrated the 300 pem thick DSSSDs.
At the most backward angles, an array of six trapezoidal
single-sided silicon strip detectors (SSDs, Micron type YY1)
was installed in a lampshade configuration. These detectors
cover laboratory angles up to 170° and are also backed with
CsI(TI) crystals which were not required for the present work.
The SSDs and the Csl crystals were readout using conven-
tional electronics. A schematic of the setup is shown in Fig. 1.
In the case of the DSSSDs 95.7% of the front and 99.0%
of the back strips were operational during the experiment,
while for the SSDs this number was 88.5% of the strips. The
overall angular coverage of TiNA2 accounts to around 35% of
the total 47 solid angle. The efficiency and excitation energy
resolution of the array were evaluated through detailed Geant4
[25] simulations implemented in the NPTool [26] package.

C. Reaction product detection in SHARAQ

Ejectiles were measured by the SHARAQ spectrometer po-
sitioned downstream of the target. For this experiment, the two

FIG. 1. TiNAZ2 charged particle detector array in backwards con-
figuration. The double-sided (TTT) and single-sided (YY1) silicon
strip detectors are colored in blue and the CsI crystals in gray.

quadrupole magnets and the first dipole magnet of SHARAQ
were employed. The focal plane, S1, was equipped with a pair
of SR-PPACs and a 30-fold segmented ionization chamber.
The magnetic rigidity of the SHARAQ spectrometer was set
to Bp = 1.435(1.367) Tm in 2022 (2024). The beam’s large
emittance caused it to be defocused in the vertical (y) direction
at the target, resulting in substantial transmission losses at the
target aperture and through SHARAQ. In 2022, only 14.7%
of the °Ca ions impinging on the CD, secondary target were
transmitted to the SHARAQ S1 focal plane, in 2024 this
transmission was improved to 35.8%. Particle identification
by mass-to-charge ratio (A/g) was achieved using time-of-
flight measurements and the position information at the S1
focal plane. The atomic number (Z) was identified through
the analysis of the energy loss measured in the ionization
chamber. The calibration of the energy loss was performed
by directing a 44-AMeV high-energy beam into the SHARAQ
spectrometer. After higher-order aberration corrections, the
resolution for the proton number amounted to o (Z) = 0.6.

ITI. DATA ANALYSIS
A. Beam tracking and identification

Particles incident on the secondary target were identified
via their time of flight between the F3 and FE9 focal planes,
as well as their FE9 horizontal position (proportional to the
magnetic rigidity Bp). A sample particle identification plot
is shown in Fig. 2, where excellent *°Ca identification is
observed.

The time of flight between FE9 and FE12 provided an
event-by-event determination of the kinetic energy of the
beam, which is extrapolated via ATIMAv1.2 [27] calculations
to the midpoint of the secondary target. The mid-target energy
distribution of incoming °Ca is shown in Fig. 3, where the
subsets of ions that hit the secondary target, and eventually
reach the SHARAQ spectrometer, are also represented. Al-
though the OEDO focusing of the beam on the CD, target
is superior in 2022 (60.4% as compared to 51.4% in 2024),
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FIG. 2. Particle identification in BigRIPS through measurement
of the time of flight from F3 to FE9 and the position in the FE9
dispersive focal plane.

the overall SHARAQ transmission was doubled in 2024 (from
8.9% to 18.4%). The transmission losses considerably re-
duce the width of the beam energy distribution behind the
secondary target. Since the four-momentum of each incident
particle is measured, the scattering angle and kinetic energy
of light particles detected in TiNA2 allows the extraction of
the excitation energy of the heavy ejectile.

B. Recoil detection and missing mass reconstruction

The silicon detectors of TiNA2 were calibrated using a
mixed triple-o source. To identify proton hit candidates, the
energies measured in the front and back strips of the DSSSDs
were required to agree within 250 keV. Interstrip hits and
charge-sharing events were recovered by summing the cal-
ibrated charge signals from adjacent strips after applying a
strip-dependent linear correction factor. The backing CsI de-
tectors were calibrated with high-energy protons coming from

2022 | 1600F 2024
12000 CD, Target
SHARAQ 14001
10000
60.4 % 1000F
0,
8000} S14%
800
6000~
600
4000f 400
2000+ 200[
8.9 %
T i, 0

ril I il N oia NI VY NI A 1.7
6 8 10 12 14 16 18 20 22 6 8 10 12 14 16 18 20 22
Beam Energy [MeV/nucleon]

FIG. 3. Target midpoint kinetic-energy distribution of all *°Ca
beam ions (black line), those ions reaching the CD, target (blue),
and finally only those which were transmitted to the SHARAQ spec-
trometer (red). The apparent difference in statistics between the two
experiments is mainly due to the choice of a larger trigger downscale
factor in 2024.

the interaction of the beam with the Al target ladder used
to hold the secondary target. The energy measured by the
Csl detectors was used to detect punch-through events (above
6-7 MeV due to the effective thickness dependence on the
incident angle of each scattered proton). In case of punch
through, the total proton laboratory energy was calculated
from the energy deposition and angle of incidence on the sili-
con detector. This method was also applied to those events for
which based on the kinematics of the transfer reaction punch
through would be expected, but due to threshold effects and
incomplete angular coverage no Csl energy deposition was
recorded. The geometric efficiency of TINA2 was taken into
account in the simulations. To suppress electronic noise that
could mimic low-energy proton hits, a threshold of 1.5 MeV
was applied to the two detector groups. Coincidence events
were selected by requiring beam particles to be detected in
the different beamline detectors within a strict 100 ns-wide
time gate.

Since the TiNA2 array is positioned at laboratory an-
gles larger than 90°, it primarily detects protons originating
from the (d, p) transfer reaction. Estimations made using the
PACE4 code [28] demonstrated that in the present analysis the
contribution of protons emitted following fusion-evaporation
reactions on the carbon atoms in the CD, target is negligible.
Due to the high beam energy, these protons are forward fo-
cused and furthermore their kinetic energy is below 2 MeV
in the angular range covered by TiNA2. Therefore, all events
that survive the selection criteria described above were thus
considered to originate from the °Ca(d, p)°>'Ca reaction.
To reconstruct the missing mass of the binary reaction, the
measured kinetic energy of the protons was corrected for the
energy loss in the target material, assuming that the reaction
took place at the target midpoint.

C. SHARAQ analysis

Reaction products were identified at the SHARAQ S1 focal
plane, located downstream of the target chamber. The iden-
tification was based on the magnetic rigidity (Bp), velocity
(determined from the flight path length and time of flight),
Bragg peak energy, and range information obtained from the
segmented ionization chamber. The values of Bp and the flight
path through SHARAQ were reconstructed from the particle
trajectories recorded by the SR-PPAC detectors at FE12 and
S1. The mass-to-charge ratio (A/g) of the ions was derived
from the Bp and their velocities Bsyaraq, calculated between
the SO focal plane (extrapolated from FE12 timing and track-
ing data) and the S1 plane. Additionally, the beam velocity
between the FE9 and FE12 focal planes was extrapolated to
the S1 focal plane through event-by-event energy-loss calcu-
lations for an alternative (A/q) determination (Bogpo). The
(A/q) particle identification plots, in which °Ca in different
atomic charge states is identified, are shown in Fig. 4. Fully
stripped, ¢ = Z = +20, as well as hydrogen- and helium-like
ions with g =Z —1=+419 and ¢ =Z — 2 = +18, respec-
tively, are transmitted through SHARAQ. While in 2022, the
A/q resolution obtained from the extrapolated Bogpo resulted
to be superior, the opposite is true in 2024. This is attributed
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FIG. 4. (a) Particle identification of the secondary beam in the
SHARAQ spectrometer. (b) Mass-to-charge ratio gated on incoming
30Ca beam particles detected in the SHARAQ spectrometer for 2022
and 2024. Outgoing *°Ca in different charge states is identified.

to differences in the configuration of the D1 dipole magnet
between the two experiments.

IV. RESULTS

A. Missing-mass spectrum

After energy calibration, hits in the TiNA2 array were
correlated with beam particles identified as shown in Fig. 2
by selecting coincident events using the timing information
recorded. Only events in which the beam ion impacted on
the target area were considered for the missing-mass calcu-
lation. Additional gates on reaction products, see Fig. 4, in
SHARAQ were applied to purify the data. Figure 5 shows the
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FIG. 5. Excitation energy vs A/q, a transition in A/q is observed
at the neutron separation energy S, = 4.815 MeV [29]. Data from
the forward box detectors from 2024 are shown.
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FIG. 6. Excitation-energy spectrum of the *°Ca(d, p)°>'Ca trans-
fer reaction adjusted assuming the population of the four states at 0,
1.718, 3.478, and 4.155 MeV (top, x2/NDF = 1.197) and including
in addition also the level at 2.378 MeV (bottom, x2/NDF = 1.005).

excitation energy determined from the missing mass recon-
struction assuming the binary *°Ca(d, p)>'Ca reaction versus
the mass-to-charge ratio of the reaction products.Transfer to
bound states of >'Ca results in events characterized by A/q =
2.55 for fully stripped ions and A/g = 2.68 for hydrogen-
like ions. If the transfer reaction populates states above the
neutron separation energy of SlCa (S, = 4.815 MeV [29]),
neutron emission leads to *’Ca with A/q = 2.50(2.63) for
fully stripped (hydrogen-like) ions. The kinetic energy of
protons corresponding to the population of unbound states
lies below the detection threshold for a large fraction of the
covered angular range, and therefore unbound states are not
further analyzed in this work. The excitation-energy spec-
trum for bound states, which includes the data from both
experiments, is shown in Fig. 6. The energy resolution in
this spectrum is affected by the energy loss straggling of the
beam particles and the protons in the secondary target, the
intrinsic energy and position resolution of the TiNA2 detec-
tors, and the uncertainties involved in the position tracking
of incident particles onto the target plane. It therefore de-
pends on the excitation energy of the populated state, E,, as
well as the polar angle of the proton detection, 6;,,. Detailed
Geant4 simulations [25,26], in which both the TiNA2 array
geometry and the secondary targets were implemented, were
used to demonstrate that the use of Gaussian distributions to
describe the individual components of the excitation-energy
spectrum is a valid approach for the present experiment. To
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obtain a coherent fit of the excitation energy spectra, the
beam tracking resolution on the secondary target was modeled
by a two-dimensional Gaussian function with o &~ 5 mm.
This in turn allowed the line widths to be parametrized as a
function of E, and 6;,. In a first step, only the population
of four states that were predicted to have large spectroscopic
overlaps in shell-model calculations (discussed below) were
considered, namely the 3/2~ ground state, the (1/27) state at
1.718 MeV, the (5/27) state at 3.478 MeV, and the (9/2%)
state at 4.155 MeV. Thus, the excitation-energy spectrum was
described by four Gaussian distributions with fixed positions
and considering the yields as free parameters. The result is
shown in Fig. 6(a). Even taking into account the considerable
statistical uncertainties, it seems that the shape of the main
peak at higher excitation energies is not as well described
as the first two peaks in the spectrum. Therefore, an alter-
native fit was performed, see Fig. 6(b), in which in addition
to the four states mentioned above also the first (5/27) state
at 2.378 MeV, for which a (1p32)7_,(1p12)" configuration
had been proposed in the past [11], is included. Since the
latter assumption seems to better reproduce the experimental
spectrum, in the following discussion the population of five
bound states is adopted.

B. Differential cross sections

In order to derive the differential cross sections, the data
was divided into five angular bins. The excitation-energy
spectrum for each bin was individually adjusted by Gaus-
sian peaks with fixed positions and widths according to the
parametrization obtained based on the simulations. The latter
were also used to calculate the solid angle of each bin. Prior
to summing the data from the 2022 and 2024 experiments,
the measured yields were normalized to the number of inci-
dent °Ca particles and corrected for trigger efficiency and
acquisition live-time. The differential cross sections extracted
assuming the population of five states are shown in Fig. 7. The
error bars include statistical uncertainties from the number of
incident particles as well as the protons detected and identified
in the TiNA2 detectors. Systematic uncertainties related to
the trigger, transmission, and data acquisition deadtime are
negligible.

V. DISCUSSION

The °Ca(d, p)>'Ca transfer reaction was modeled as a
single-step process, where the transferred neutron populates
an unoccupied valence orbital. By comparing the exper-
imental cross sections for each final state to theoretical
calculations, the spectroscopic factor C2S can be extracted.
Due to the relatively high beam energy, the adiabatic dis-
torted wave approximation (ADWA) was chosen. The ADWA
model explicitly accounts for the breakup of the loosely bound
deuteron. For the incoming deuteron channel, global nucleon-
nucleus optical model parameters from Ref. [30], evaluated
at half the beam energy, were used. Calculations were per-
formed using the FRESCO code [31]. The calculations for
the mean beam energy (a weighted average from the two
experiments) as well as for a 1o variation of the beam energy
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FIG. 7. Differential cross sections for the four states populated in
51Ca. The data in black are overlaid with reaction model calculations
based on ADWA. See text for details. For the 4.155 MeV state in (e),
a AL = 1 transition is shown for comparison.

are overlaid with the data in Fig. 7. Of the states observed
in the present study, only the ground state of >'Ca has a
firmly established spin and parity assignment [15]. Based on
systematics, the next excited state at 1.718 MeV is expected
to have J* = 1/27. Shell-model calculations predict two
5/2~ states, of which the lower-lying one is dominated by a
(1p3/2)3_,(1p1,2)" configuration and therefore is not expected
to be strongly populated in the present transfer reaction. For
the second 5/27 state, a Ofs;,, configuration is expected.
The angular distributions presented in Figs. 7(a)-7(d) assume
transfer to the valence 1p3/2, 1py, and Ofs/, orbitals, re-
spectively. Despite the substantial experimental uncertainties,
the comparison with the ADWA calculations supports these
assignments. For instance, for the 3.478 MeV state, the X2
value is 20.1 when assuming transfer to a 5/27 state, whereas
the 3/2 hypothesis results in a significantly larger x> of
37.3. The differential cross section of the 4.155 MeV state
peaks at laboratory scattering angles near 90°, suggesting a
large angular momentum transfer AL. Among the shell-model
orbitals relevant to neutron-rich Ca isotopes, the best fit is
obtained assuming transfer to the 0gg/, orbital. However, due
to the limited statistics and angular coverage of the present
measurement, a AL = 1 transition cannot be completely ex-
cluded. For comparison, the assumption of transfer to the p
orbitals is also shown in Fig. 7(e).

Normalization of the theoretical cross sections to the mea-
sured data yields the experimental spectroscopic factors C2S.
The extracted spectroscopic factors, along with excitation en-
ergies, spin-parity assignments, and theoretical predictions,
are summarized in Table II. The uncertainties in C2S in-
clude both statistical uncertainties from the experimental data
and uncertainties due to the beam energy spread; these con-
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TABLE II. Summary of excitation energies, spin-parity assignments, calculated single-particle cross sections, and spectroscopic factors
from experiment and theory. oy, is calculated using the optical potentials from Ref. [30] at the mean beam energy of 14.5 AMeV. The
uncertainties in oy, reflect the spread of the beam energy within one standard deviation.

E (MeV) c*s E (MeV) Cc*S
E (MeV) JT o,p (mb) C2Serp IM-SRG GXPF1Br
0 3/2- 12.8739 0.23(4) 0 0.51 0 0.48
1.718 1/2- 6.0119 0.47(14) 2.185 0.92 1.554 0.87
2.378 5/2" 20.8*11 0.11(5) 2.751 0.02 2.293 0.05
3.478 5/2° 22.9724 0.35(7) 4.144 0.95 3.594 0.84
4.155 9/2+ 29.0*%3 0.15(3) 7.941 0.80 3.944 0.30

tributions were added in quadrature. In addition to these,
the extracted spectroscopic factors are subject to systematic
theoretical uncertainties arising from the choice of reac-
tion model, optical model parameters, and the bound-state
potential used for the transferred neutron. Based on com-
parisons using different parametrizations available in the
literature, this systematic uncertainty is estimated to be ap-
proximately 10%. When the 5/27 state at 2.378 MeV is
excluded from the fit, see Fig. 6(a), the extracted spectroscopic
factors vary by less than the statistical uncertainty.

The ground state of °Ca is expected to have a pre-
dominantly v(1ps;)* configuration, as predicted by shell-
model calculations and supported by experimental cross
sections from single-neutron removal reactions on a ’Ca
beam [32]. For the present (d, p) transfer reaction, within
an independent-particle model, one would therefore expect a
spectroscopic factor of C2S = 0.5 for the half-filled 1p;3 /2 Or-
bital, and C2S = 1 for the unoccupied 1py,, and 0fs, orbitals.
Taking into account the known quenching of single-particle
strength in direct reactions [33] relative to independent-
particle or configuration-interaction shell-model calculations
(with a reduction factor R ~ 0.6), the spectroscopic factors
extracted for the ground and first excited states of >'Ca are
in good agreement with expectations and leave no room for
significant single-particle strength in higher-lying 3/2~ and
1/27 states. On the other hand, the spectroscopic factor of
CZSexp = 0.35(7) extracted for the 3.478 MeV state is some-
what smaller than expected for the unoccupied 05/, orbital.
For the (5/27) state, which is expected to be a 3gp state, a
spectroscopic factor of CzSexp = 0.11(5) was obtained. The
sum of the spectroscopic strength for both (5/27) states
amounts to 0.46(9). Assuming the 4.155 MeV state to be of
0go> mature, the spectroscopic factor is 0.15(3). In contrast,
AL = 1 transfer would result in spectroscopic factors of 0.98
for the 1py/, orbital and 0.49 for the 1p3,, orbital, effectively
exhausting the available single-particle strength. This further
supports the assignment of J* = 9/2% for the 4.155 MeV
state.

The spectroscopic strength distribution determined in the
present work is compared to other N = 30 isotones in Fig. 8.
Compared to its isotones, the level density in >'Ca is signif-
icantly lower. While a number of levels are experimentally
established in the energy range around 4 MeV [10-12] most
of the levels possess a complex structure with very small
spectroscopic factors for the neutron transfer reactions. The

systematics show that the single-particle strength for the 1p3/»
is concentrated in the ground state in all N = 31 isotones.
A clear trend is observed for the neutron Ofs,, orbital as
one moves from the stable doubly-magic nucleus *Ni to the
neutron-rich >°Ca: the centroid of the single-particle strength
shifts to higher excitation energies, and the strength becomes
increasingly fragmented in 3*Cr. No experimental data are
currently available for 52T, In the semimagic nucleus 0Ca,
the fragmentation is reduced again. In the present study, a
large fraction of the expected spectroscopic strength for the
0fs/2 orbital is fragmented in two states in 3'Ca. The 1p;)
strength is located in two states for Z = 28 and 30 while more
fragmentation is observed for the deformed >*Cr. Regarding
the positive parity Ogg/, orbital, low-lying states with sig-
nificant strength, C2S ~ 0.5 are observed in *°Ni, *’Fe, and
35Cr. The state with the major fraction of the single-particle
strength is slightly lowered in energy when removing protons

Ipze == 0fs/2 2519
== 1pijp ™= 0gg;2 ™= 1ds,»
58N
05 - II Ni (a)
Ll I i
0.0
56
05 - Fe (b)
ol 1 L,
£ %Cr (c)
2 0.
0.0 - =
50
0.5 - Ca (d)
0«0 1 T I 1 l 1 I T I 1
0 1 2 3 4 5

Excitation energy (MeV)

FIG. 8. Spectroscopic strengths for neutron addition for the N =
30 isotones *Ni, *°Fe, **Cr, and °Ca, as a function of excitation
energy. Data for neutron spectroscopic factors are taken from (d, p)
transfer reactions [34-38].
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FIG. 9. Spectroscopic strengths for the *°Ca(d, p)°!'Ca transfer
reaction. States are labeled with their total angular momentum J”.
The length of the bars indicates the magnitude of the spectroscopic
factors.

from the magic Ni. While no experimental data exists for
3Ti, this trend is broken in °'Ca. The first 9/2% state is
located at a higher excitation energy, and its population in the
(d, p) transfer reaction is significantly reduced compared to
the heavier isotones. This situation is different in the N = 29
isotopes, where the spectroscopic factor for the first 9/2% state
is linearly reduced from C2S = 0.74 in >Fe [39] to 0.14 in
4Ca [40]. At the same time, the excitation energy remains
almost constant at 3.7 MeV and increases only at Z = 20
to above 4 MeV. It should be noted, that the spectroscopic
strength determined in heavy-ion induced pickup reactions
on “8Ca was determined to be larger with C%5 =0.27 [41]
compared to the (d, p) transfer reactions. The 9/27 states in
Ca isotopes have also been discussed as proton dominated
octupole deformed [13]. This could explain the reduced neu-
tron spectroscopic strength and would suggest that the major
fraction of the v0gy,, orbital lies above the separation energy.
However, in ¥*Ca the second 9/2 state carries only 2% of the
full L = 4 strength [40].

The experimental results are compared to shell-model cal-
culations in Table II and Fig. 9. The GXPF1Br calculations
make use of an effective interaction, based on the GXPF1B
[42] interactions, extended to the full sd — fp — sdg model
space using the USD-GXPF1B-VMU effective interactions
[43]. This interaction has been successfully used to describe
neutron-rich Ca isotopes [4]. The agreement with the ex-
perimental data is remarkable. Considering the spectroscopic
factors, and taking into account the usual reduction observed
in experiments, both the neutron single-particle like states,
as well as states of more complex nature, including posi-
tive parity states, are very well described. These calculations

predict a second 9/2% state at 4.748 MeV with substantial
spectroscopic strength, C2S = 0.25, which is not within the
acceptance of the present experiment and could explain the
apparent reduction of the 0gg,, strength. In the GXPF1Br
shell-model calculations, the major fraction of the wave func-
tion of the 5/2] state in ICa corresponds to coupling a
neutron in the 1p, orbital to the first 2t excited state in the
30Ca core. For the 9 /27 state, the calculations indicate that its
structure is a mix of single-particle and built on coupling to the
5, state in *°Ca, rather than the octupole 3| excitation as dis-
cussed in Ref. [13]. These results underscore the importance
of complex core excitations in shaping the level structure of
31 Ca, particularly for states at higher excitation energies.
Valence-space in-medium similarity renormalization group
(VS-IMSRG) calculations [44,45] employed the 1.8/2.0 (EM)
interaction [46] within the neutron {1p1,2, 1p3/2, 0f5/2, 0g9/2,
1ds/, 2s1,2} valence space above the “Ca core. To ob-
tain the effective Hamiltonian, the Hamiltonian originally
expressed within 13 major-shell harmonic-oscillator space
was transformed by the approximate two-body level unitary
transformation using the modified generator introduced in
Ref. [47]. The excitation energy of states is slightly over esti-
mated, but the spectroscopic strength is in agreement with the
experiment and other theoretical approaches. Only the energy
of the 9/2" state is severely overestimated (7.9 MeV) and
the calculations predict this state to have strong single-particle
character (C2S = 0.80) in contrast to the experimental results.

VI. CONCLUSION

In summary, the neutron-rich nucleus >!Ca was inves-
tigated using the °Ca(d, p) transfer reaction in inverse
kinematics using an energy-degraded beam at OEDO/RIBF.
Several states were populated and reconstructed via missing
mass spectroscopy, and their angular distributions were used
to extract differential cross sections and spectroscopic factors.
The results support the spin-parity assignments of 3/2~ to
the ground state and of 1/27, 5/27, and 9/27 to the excited
states at 1.718, 2.378, 3.478, and 4.155 MeV, respectively,
providing new constraints on the single-particle structure
of neutron-rich calcium isotopes. The experimental spectro-
scopic factors are compared with shell-model calculations
using the GXPF1Br interactions as well as with valence-
space IM-SRG results. The overall agreement confirms the
dominant single-particle character of the low-lying negative-
parity states. These findings provide valuable benchmarks
for nuclear structure models and highlight the evolving shell
structure in neutron-rich calcium isotopes.
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