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States in the N = 35 and 37 isotopes 55,57Ca have been populated by direct proton-induced nucleon 
removal reactions from 56,58Sc and 56Ca beams at the RIBF. In addition, the (p, 2p) quasi-free single-
proton removal reaction from 56Ca was studied. Excited states in 55K, 55Ca, and 57Ca were established for 
the first time via in-beam γ -ray spectroscopy. Results for the proton and neutron removal reactions from 
56Ca to states in 55K and 55Ca for the level energies, excited state lifetimes, and exclusive cross sections 
agree well with state-of-the-art theoretical calculations using different approaches. The observation of a 
short-lived state in 57Ca suggests a transition in the calcium isotopic chain from single-particle dominated 
states at N = 35 to collective excitations at N = 37.

© 2022 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.
1. Introduction

The shell structure of atomic nuclei is one of the paradigms 
of modern physics. Established more than 70 years ago [1,2], the 
concept of magic numbers as closed-shell configurations led to an 
easy understanding of the basic properties of many nuclei at or 
close to the valley of stability. Nuclei close to shell closures are 
dominated by single-particle configurations, while open shell nu-
clei far from magic numbers exhibit excitation spectra that are 
associated with collective and coherent motion of many nucleons. 
Investigation of neutron-rich nuclei in the past decades, however, 
has shown that the magic numbers can change [3]. On the one 
hand, shell evolution leads to the absence of shell closures in, e.g., 
N = 8 [4] or N = 20 [5] nuclei. On the other hand, for isotopes 
with closed-proton configurations, new neutron magic numbers, 
not observed for nuclei close to stability, were experimentally es-
tablished in neutron-rich nuclei. For instance, the isotope 24O was 
identified as doubly-magic nucleus through measurements of sep-
aration energies [6] and the high excitation energy for the first 2+
state at 4.7 MeV [7], reflecting a new N = 16 shell gap between 
the ν1s1/2 and 0d3/2 orbitals. In addition, spectroscopic factors for 
the neutron knockout from 24O were interpreted in terms of a 
dominant (1s1/2)

2 ground-state configuration [8], consistent with 
the expectation that all levels below the N = 16 sub-shell clo-
sure are fully occupied. Similarly, along the Z = 20 Ca isotopic 
chain, new sub-shell closures at N = 32 and 34 were first inferred 
from the excitation energies of the 2+

1 states [9,10], pointing to 
the magic nature of these isotopes. The two-neutron separation 
energies extracted from the measured masses [11,12] support the 
picture of large energy gaps between the neutron 1p3/2, 1p1/2, 
and 0 f5/2 orbitals. Recently, the analysis of one-neutron knockout 
reactions populating states in 53Ca further supported the magic-
ity of 54Ca [13]. In particular, the shell model picture describing 
the ground state of 54Ca with fully occupied neutron 1p1/2 and 
1p3/2 orbitals and an empty 0 f5/2 orbital was corroborated by 
these findings.

In this picture, the single-particle structure of the K isotopes is 
governed by the protons in the sd shell and the expected ground 
state spin-parity is 3/2+ for a single proton hole at Z = 19. In 
neutron-rich isotopes of potassium, a narrowing of the gap be-
tween the π s1/2 and the πd3/2 orbital occurs. The ground state 
of 47K, at N = 28, has Jπ = 1/2+ , while the L = 2 strength mea-
sured in electron-induced knockout reactions is concentrated in a 
single excited 3/2+ state [14]. Laser spectroscopy measurements 
found a spin-parity of 1/2+ also for the ground state of 49K, while 
the normal ordering of levels is restored in 51K [15]. In agreement 
with theoretical calculations using a variety of many-body meth-
ods and interactions, the proton knockout reactions from 52,54Ca 
2

strongly populate the 3/2+ ground and 1/2+ excited states in the 
N = 32, 34 isotopes 51,53K [16].

It is therefore interesting to study the evolution of single-
particle states further along the Ca isotopic chain. The proton shell 
closure isolates the degrees of freedom and allows us to probe 
both the proton structure for isotopes beyond N = 34 and to get 
first experimental information on the neutron states in the tran-
sitional region between the N = 34 closed shell and a proposed 
island of inversion for neutron-rich N = 40 isotones which is char-
acterized by deformed ground states and low-lying collective exci-
tations [17].

In this letter, we report on the first spectroscopy of 55,57Ca and 
55K, which are the first beyond the N = 34 shell closure to be 
studied. Since the spectroscopic information of odd-mass nuclei is 
beneficial for elucidating the single-particle structure, we present 
the experimental result of 55K for understanding the proton shell 
structure, and the results of 55Ca and 57Ca for the neutron shell 
structure. The present measurements reveal that the Z = 20 pro-
ton shell closure remains intact beyond N = 34. First spectroscopic 
information on states in 55,57Ca, combined with a theoretical anal-
ysis, suggest a transition from a simple particle-hole configuration 
for the first excited state in 55Ca to a more collective excitation in 
57Ca.

2. Experimental setup and results

The experiment was performed at the Radioactive Isotope Beam 
Factory, operated by RIKEN Nishina Center and Center for Nuclear 
Study, University of Tokyo. Very neutron-rich nuclei were produced 
by fragmenting a 345 A MeV 70Zn beam on a 10 mm thick Be pri-
mary target. The reaction products were selected and identified in 
the BigRIPS separator [18] using the TOF−�E − Bρ method [19]. 
The intensity of the secondary 56Ca beam was 0.16 particles per 
second and constituted 8.6 · 10−4 of the total secondary beam in-
tensity. Its energy before the target amounted to 250 A MeV with 
a 3% momentum spread. The beam impinged on the 151(1) mm 
thick liquid hydrogen target system MINOS [20]. The target was 
surrounded by a 300 mm long time-projection chamber (TPC) to 
measure the trajectories of recoiling protons and protons removed 
from the projectiles. The tracking of the beam particles, facilitated 
by multi-wire drift chambers before the target, and the protons al-
lowed the reconstruction of the reaction vertex [21] and therefore 
the velocity and γ -ray emission angle used for Doppler correction. 
The efficiency of the MINOS TPC and the proton tracking recon-
struction for detecting at least one proton amounted to 92(5) and 
71(5)% for the 56Ca(p, 2p)55K and 56Ca(p, pn)55Ca reactions, re-
spectively. Reaction products were analyzed by the SAMURAI spec-
trometer [22]. The large gap magnet was operated at 2.7 T. Event-
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Table 1
Transition energies, cross sections, and spectroscopic factors for states populated in 55K, 55Ca, and 57Ca. Spin and parity assignments are based on systematics and theoretical 
calculations. Spectroscopic factors were extracted by dividing the measured cross sections by the calculated single-particle ones averaged for the beam energy at the reaction 
vertex. Experimental results for the energies and cross sections are displayed together with theoretical calculations using several approaches, for details see text.

Experiment Jπ σsp LSSM VS-IMSRG SCGF NNLOsat SCGF NN+3N(lnl)

E (keV) σ (mb) C2 S E (keV) C2 S E (keV) C2 S E (keV) C2 S E (keV) C2 S

56Ca(p,2p)55K
0 3.5(7) 3.09(62) 3/2+ 1.15 0 3.08 0 2.88 252 2.35 0 3.02
668(10) 1.7(5) 1.31(42) 1/2+ 1.30 451 1.06 200 1.24 0 1.25 966 1.52

56Ca(p, pn)55Ca
0 8.3+6.7

−3.6 2.0+1.6
−0.9 5/2− 4.17 0 2.12 0 2.09 0 1.54 0 1.65

673(17) 19.6+6.7
−3.7 3.0+1.0

−0.6 1/2− 6.52 864 1.78 1352 1.84 241 1.52 1096 1.74
3/2− 3152 3.30 3918 3.68 2594 2.87 3513 3.29

58Sc(p,2p)57Ca
0 0.75(7) 5/2− 0 0.681 0 0.612 0 0
751(13) 0.18(3) 3/2− 653 0.201 495

1/2− 816 1595 325 1413
9/2− 1206 0.101 983

1 The predicted 5+ ground state is used for 58Sc.
2 The predicted 2+ ground state is used for 58Sc.
Fig. 1. Doppler corrected γ -ray energy spectrum for the 56Ca(p, 2p)55K reaction 
one-proton knockout reaction. The data (black) are fitted with a simulation (blue, 
solid) composed of the simulated response function (green, dotted-dashed) and a 
double exponential background (red, dashed). The inset shows the χ2 distribution 
as a function of the assumed transition energy. The lifetime was set to 0 ps in this 
case.

by-event identification was achieved by measuring the trajectory 
before and after the magnet with two sets of drift chambers as 
well as the kinetic energy and time-of-flight in a plastic scintilla-
tor array placed after the SAMURAI dipole magnet.

γ rays emitted from excited states in the final nuclei were 
detected with the upgraded DALI2+ array [23]. Its 226 NaI(Tl) 
scintillator detectors were calibrated using standard calibration 
sources. The in-beam energy resolution amounted to 11% (FWHM) 
for ≈ 500 − 700 keV, the energy range of interest of this work. The 
full energy peak efficiency after add-back of hits in crystals within 
a 15 cm radius was 28% at 1.3 MeV. The response of the array 
to γ rays emitted at v ≈ 0.6c was simulated using the GEANT4 
toolkit [24]. Experimental γ -ray energy spectra were then fitted 
with the response functions with varying transition energies and 
lifetimes in addition to a double exponential background.

An inclusive cross section of 5.3(5) mb was measured for the 
56Ca(p, 2p)55K one-proton knockout reaction to bound final states. 
For the uncertainty determination, the acceptance of the SAMU-
RAI spectrometer, the losses of beam and reaction products in the 
target, and the efficiency of the beam line detectors were consid-
ered. Fig. 1 shows the Doppler corrected γ -ray energy spectrum 
measured for the 56Ca(p, 2p)55K reaction. A single transition at 
3

Fig. 2. Same as Fig. 1, but for the 56Ca(p, pn)55Ca reaction. The inset shows the two-
dimensional χ2 distribution as a function of the assumed transition energy and the 
lifetime of the state. The cross indicates the energy and lifetime that minimize χ2

while the white line is the 1-σ contour line.

668(10) keV was observed, where the uncertainty includes statis-
tical uncertainties from the fit as well as systematic sources from 
the energy calibration and the MINOS vertex reconstruction uncer-
tainty. In the fit, a negligible lifetime has been assumed and an 
upper limit of τ < 53 ps can be extracted from the peak shape. 
By varying the assumed lifetime within these limits, one obtains 
an additional systematic uncertainty for the extracted energy of 
less than 10 keV. The exclusive cross sections for the ground and 
668 keV states are shown in Table 1, assuming that this transition 
corresponds to the de-excitation of a single bound excited state. 
Parallel momentum distributions of the 55K ejectiles could not be 
constructed due to limited statistics.

For the one-neutron knockout reaction from 56Ca, the inclusive 
reaction cross section amounted to 27.9(23) mb. In the Doppler 
corrected γ -ray energy spectrum, shown in Fig. 2, a broad struc-
ture is observed instead of a sharp peak. This is consistent with the 
expectation of an unhindered single-particle E2 transition for the 
decay to the ground state. For example, the E2 decay of a state at 
673 keV with a reduced transition probability of 1 W.u. would re-
sult in a level lifetime of 476 ps. The mean decay position was thus 
located 107 mm after the reaction vertex, leading to a low energy 
tail in the Doppler corrected γ -ray energy spectrum as observed in 
Fig. 2. A combined fit of both transition energy and level lifetime 
results in best fit values of E = 673(17) keV and τ = 1130+520 ps. 
−330
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Fig. 3. Same as Fig. 1, but for the 58Sc(p, 2p)57Ca reaction. The inset shows the χ2

distribution as a function of the assumed transition energy of the decay.

The parameters for the double exponential background included 
in the fit were constrained from fits to spectra of neighboring 
nuclei for analogue reactions. Alternatively, the spectrum can be 
fitted with two or more transitions with negligible lifetimes. How-
ever, a coincidence can be ruled out and the occurrence of two 
low-lying states populated in the reaction is at variance with the 
expectation of the ground state configuration of 56Ca and theo-
retical calculations discussed below. It should be noted that the 
extracted intensity of the 673(17) keV transition depends strongly 
on the lifetime assumed in the simulation of the response func-
tion. For the extraction of the exclusive cross sections shown in 
Table 1 this correlation was taken into account.

States in 57Ca were populated in the proton removal from 58Sc. 
In the same setting as employed for the 56Ca study, the 58Sc beam 
intensity amounted to 1.2 pps (purity of 0.65%). The Doppler cor-
rected γ -ray energy spectrum for the 58Sc(p, 2p)57Ca reaction is 
shown in Fig. 3. A single transition at 751(13) keV with a statisti-
cal significance of 6.1σ above background was observed. The short 
lifetime, τ < 62 ps, originates from a fast M1 or a collective E2
transition.

Experimental spectroscopic factors were obtained by divid-
ing the experimental exclusive cross section by calculated single-
particle cross sections. These employ the distorted wave impulse 
approximation [25] and were already applied to the proton and 
neutron removal from 54Ca [13,16]. Single-particle wave functions 
and the nuclear density were obtained by the Bohr-Mottelson 
single-particle potential [26]. The depth parameter is adjusted to 
reproduce the experimental separation energies [12,27,28]. The op-
tical potential is constructed by the folding model [29] with the 
Melbourne g-matrix interaction [30] and the calculated nuclear 
density. The spin-orbit term of the optical potential is omitted in 
the present calculations. The Franey-Love effective interaction [31]
is adopted for the pN collision.

3. Discussion

In a naive picture, the ground state of 56Ca is composed of two 
neutrons in the 0 f5/2 orbital on top of a closed 54Ca core. Proton 
removal from 56Ca can occur from the π1s1/2 or 0d3/2 orbitals 
populating 1/2+ and 3/2+ hole states in 55K. In contrast to the 
work presented in Ref. [16], parallel momentum distributions of 
the 55K ejectiles could not be analyzed in the present work due 
to sparse statistics. The spectroscopic factors presented in Table 1
are close to the independent particle limit C2 S = 2 j + 1 for a fully 
occupied j orbital when taking into account the typical quenching 
factor of ∼ 0.6 [32]. This suggests a (3/2+) assignment for the 
ground state of 55K and (1/2+) for the excited state at 668 keV.
4

For a more rigorous analysis, the experimental results are con-
fronted with several nuclear structure calculations as shown in 
Table 1. The large scale shell model (LSSM) calculations employ 
the SDPF-MUs effective interaction for the proton sd-shell and 
neutron pf -shell model space. This interaction is a modification 
of the SDPF-MU Hamiltonian [33] combined with the GXPF1Bs 
interaction [13] to better describe the data of the neutron-rich 
K isotopes [15,16]. The ab initio valence-space in-medium sim-
ilarity renormalization group (VS-IMSRG) [34] calculations were 
done employing the 1.8/2.0 (EM) interaction [35,36] which well re-
produces ground-state energies to the heavy-mass region [37,38]. 
Starting in a harmonic-oscillator basis of 15 major-shells, with an 
oscillator energy of 16 MeV, the Hamiltonian is transformed to 
the Hartree-Fock reference state with the ensemble normal or-
dering to best capture the effect of the three-nucleon interaction 
acting on valence particles [39]. An additional boundary for the 
three-nucleon interaction E3max = 24 [40] is introduced as the 
sum of the three-body harmonic oscillator quantum numbers in 
the present calculations. Using an approximate unitary transfor-
mation from the Magnus formalism [41], the effective Hamiltonian 
for the proton sd and neutron f p space above a 28O core was 
calculated. All the operators are truncated to the two-body level 
during the VS-IMSRG calculation done with the imsrg++ code [42]. 
In both the LSSM and VS-IMSRG calculations, the diagonalization 
in the valence space was performed with the KSHELL code [43]. 
Lastly, full-space self-consistent Green’s function (SCGF) [44] cal-
culations were performed in the Gorkov ADC(2) approximation 
scheme [45,46] using the BcDor code [47]. Two different two-
plus three-body (N N +3N) interactions derived within chiral effec-
tive field theory were used, NNLOsat [48] and N N + 3N(lnl) [49]. 
SCGF calculations employed a 14 major-shell harmonic oscillator 
basis with an additional truncation on 3N matrix elements at 
E3max = 16.

All theoretical results agree in predicting a 3/2+ ground state 
for 55K, except for the calculations with the NNLOsat interaction 
that suggest a 1/2+ ground state. This disagreement has been 
already observed for lighter potassium isotopes, with NNLOsat con-
sistently producing a too strongly bound 1/2+ state along the 
whole chain [16]. The other three calculations yield an excited 
1/2+ state whose energy is similar to the experimentally observed 
value, with VS-IMSRG and LSSM (SCGF) slightly underestimating 
(overestimating) it. Furthermore, within each of the four theoreti-
cal schemes, spectroscopic factors for the 56Ca(p, 2p)55K reaction 
point to a substantial occupancy of both the 0d3/2 and 1s1/2 or-
bitals. This is again consistent with the expectation of a closed 
Z = 20 shell which remains intact also at N = 36. In view of these 
results, we tentatively assign spin-parities of (3/2+) to the ground 
and (1/2+) to the 668 keV state in 55K.

Moving to 55Ca, let us note that the single-particle character 
of the 673(17) keV state is evident from its large population in 
the one-neutron knockout reaction. The one-neutron separation 
energy of 55Ca amounts to only 1561(167) keV [12], therefore neu-
tron knockout from the more deeply bound 1p3/2 orbital likely 
leads to the population of unbound states. The population of two 
states in 55Ca with roughly equal spectroscopic strength is consis-
tent with the expectation that the ground state of 55Ca contains a 
single neutron in the 0 f5/2 orbital, while the excited state results 
from the promotion of a neutron from the 1p1/2 orbital across the 
N = 34 sub-shell closure. Such a 1p − 1h state is easily populated 
in the neutron knockout from 56Ca for which a (0 f5/2)

2 configura-
tion is expected. The proton removal reaction from the 56Sc isotone 
was also analyzed, but no evidence for the population of bound 
excited states was found. The removal of the 0 f7/2 valence proton 
from the (1+) ground state of 56Sc [50] leads to the population of 
the 55Ca ground state.
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The experimental results for the 56Ca(p, pn)55Ca reaction are 
in good agreement with large-scale shell model calculations us-
ing the GXPF1Bs effective interaction [13]. The interaction is based 
on the standard GXPF1B interaction [51] with an adjustment of 
the νp3/2 − ν f5/2 monopole strength [10] and the (ν f7/2)

2 and 
(ν f5/2)

2 pairing matrix elements for better description of neutron-
rich Ca isotopes [13]. Note that a calculation with the original 
GXPF1B effective interaction [51] leads to a much larger excitation 
energy of the first 1/2− state, while calculations with the KB3G 
interaction [52], which does not reproduce the N = 34 shell clo-
sure, give a much smaller excitation energy of only 225 keV. The 
other theoretical approaches also agree in the level ordering with 
a 5/2− ground state and a 1/2− excited state (see Table 1). The 
excitation energy predicted by VS-IMSRG calculations is too high, 
suggesting a too strong N = 34 shell closure, while in the SCGF 
calculations with NNLOsat a much smaller energy is predicted. The 
ab initio interaction that better describes the measured 1/2− en-
ergy is N N + 3N(lnl), with a value slightly above the shell-model 
result. All calculations predict a 3/2− state with significant spec-
troscopic factor, but in this experiment such a state is inaccessible 
due to its location above the neutron separation energy.

Spectroscopic factors computed within each of the theoretical 
approaches are presented in Table 1. Each calculation leads to in-
terpreting the first excited state in 55Ca as a dominant neutron 
(1p1/2)

−1(0 f5/2)
2 configuration. Another experimental hint at the 

neutron dominance of the 673 keV state in 55Ca comes from the 
fact that this state is not observed in the proton removal from 56Sc. 
The long lifetime corresponds to a B(E2; (1/2−) → (5/2−)) =
5.2 e2 fm4 in reasonable agreement with the LSSM calculations 
which predict 2 e2 fm4. The VS-IMSRG calculations predict a value 
B(E2; 1/2− → 5/2−) = 0.6 e2 fm4 but are found in general to 
under-predict E2 matrix elements compared to experimental re-
sults.

In contrast to 55Ca, the excited state observed in 57Ca is pop-
ulated in the proton removal reaction from its isotone 58Sc. The 
latter nucleus has been discussed as a member of the island of 
inversion centered around 64Cr and shell model calculations with 
the LNPS effective interaction [17] show that the wave functions 
of low-lying states contain significant contributions from particle-
hole configurations [53]. The quasi-free (p, 2p) reaction on such 
a system is likely to leave the neutron configuration untouched 
and, therefore, will populate states with neutron particle-hole ex-
citations. This suggests that the newly observed state at 751 keV 
is of collective rather than single-particle nature. The fast decay 
with a lifetime of less than 62 ps corroborates this interpretation. 
Assuming an E2 decay, the present upper limit corresponds to a 
lower limit for the B(E2) value of 55.2 e2 fm4, much more collec-
tive than the value determined for the decay of the single-particle 
state in 55Ca.

Since the ground state spin and parity of 58Sc are not known 
and this nucleus furthermore has at least one long-lived isomeric 
state [53], meaningful spectroscopic factors cannot be extracted 
from the experimental cross section. The LSSM and VS-IMSRG cal-
culations are able to predict spectroscopic factors. In the former 
calculations, large spectroscopic factors for the removal of a 0 f7/2
proton are found for the 5/2− ground and 3/2− first excited state, 
rather independently of the assumption of the 58Sc ground state. 
For the VS-IMSRG calculations, the model space was changed with 
the prescription introduced in Ref. [40] to include the π0 f7/2 or-
bital at the expense of the 0d5/2 one for a 34Si core. In this cal-
culation, the first excited state of 57Ca is predicted as 3/2− with 
a ν(0 f5/2)

3 dominated configuration. Full-space SCGF calculations 
contain less collective degrees of freedom compared to valence-
space approaches. As a consequence, the first excited 3/2− state is 
out of reach. An excited 1/2− level, of single-particle character, is 
instead found around 1.5 MeV for the N N + 3N(lnl) interaction, in 
5

agreement with VS-IMSRG results. Nevertheless, a careful inspec-
tion of the SCGF spectral distribution reveals a significantly more 
fragmented strength in the 3/2+ and 1/2+ proton removal chan-
nels from 58Ca with respect to 56Ca, signaling the appearance of 
more collective correlations. This is also in line with a worsen-
ing of the description of binding energies along the Ca chain past 
N = 36 discussed in Ref. [54]. All these findings, together with the 
increase in separation energies [12] for 57Ca, suggest a transition 
towards more deformed ground states beyond N = 36.

4. Conclusions

In summary, we performed first spectroscopic studies of the 
neutron-rich 55K and 55,57Ca isotopes by means of direct nucleon 
knockout reactions. The first excited state at 668(10) keV in 55K is 
tentatively assigned a spin-parity of (1/2+) with a (3/2+) ground 
state based on the measured cross sections and theoretical cal-
culations. This observation is in agreement with the rigid closed 
proton Z = 20 core observed in the calcium chain and comple-
ments the data obtained for the lighter K isotopes. The neutron 
removal reaction from 56Ca is consistent with the interpretation of 
a simple ν(0 f5/2)

2 ground state configuration leading to the pop-
ulation of the (5/2−) ground state and (1/2−) first excited state 
at 673(17) keV in 55Ca. The reduced transition probability for the 
decay of the 1/2− state extracted from the measured lifetime is 
compatible with a single-particle state as well. Finally, the pop-
ulation of a short-lived state in 57Ca at 751(13) keV suggests a 
structural change beyond N = 36 and a transition toward many 
particle-hole dominated configurations in the N = 40 Island of In-
version. In the future, more detailed experimental work on the 
very neutron-rich Ca isotopes will allow to further characterize the 
interplay between single-particle and collective excitations in this 
region and benchmark the different theoretical approaches.

Declaration of competing interest

The authors declare that they have no known competing finan-
cial interests or personal relationships that could have appeared to 
influence the work reported in this paper.

Acknowledgements

We would like to thank the RIKEN accelerator and BigRIPS 
teams for providing the high intensity beams. T.K. acknowledges 
support by RIKEN Junior Research Associate Program. K.W. ac-
knowledges support from the Spanish Ministerio de Ciencia, In-
novación y Universidades RYC-2017-22007. J.D.H. and T.M. would 
like to thank S. R. Stroberg for the imsrg++ code [42] used to per-
form VS-IMSRG calculations. TRIUMF receives funding via a con-
tribution through the National Research Council of Canada. J.D.H 
is further supported by NSERC under grants SAPIN-2018-00027 
and RGPAS-2018-522453. VS-IMSRG computations were performed 
with an allocation of computing resources on Cedar at WestGrid 
and Compute Canada, and on the Oak Cluster at TRIUMF man-
aged by the University of British Columbia department of Ad-
vanced Research Computing (ARC). N.S. and Y.U. acknowledge valu-
able support by “Priority Issue on post-K computer” and KAKENHI 
grant 20K03981 and 17K05433. C.B. was supported by the UK Sci-
ence and Technology Facilities Council (STFC) through grants No. 
ST/L005816/1 and No. ST/V001108/1. SCGF calculations were per-
formed by using HPC resources from GENCI-TGCC, France (Contract 
No. A009057392) and at the DiRAC DiAL system at the University 
of Leicester, UK, (funded by the UK BEIS via STFC Capital Grants 
No. ST/K000373/1 and No. ST/R002363/1 and STFC DiRAC Opera-
tions Grant No. ST/R001014/1). I.M. was supported by the RIKEN 
IPA program, F.B. by the RIKEN Special Postdoctoral Researcher 



T. Koiwai, K. Wimmer, P. Doornenbal et al. Physics Letters B 827 (2022) 136953
Program. D.S. acknowledges support from the European Regional 
Development Fund contract No. GINOP-2.3.3-15-2016-00034 and 
the National Research, Development and Innovation Fund of Hun-
gary via Project No. K128947. K. I. H., D. K., and S. Y. P. acknowl-
edge the support from the IBS grant funded by the Korea govern-
ment (No. IBS-R031-D1). The work was further supported by JSPS 
KAKENHI Grant Nos. JP16H02179, JP18H05404, JP19H00679, and 
JP21H01114 and the Deutsche Forschungsgemeinschaft (DFG) un-
der Grant No. BL 1513/1-1.

References

[1] M.G. Mayer, On closed shells in nuclei. II, Phys. Rev. 75 (1949) 1969–1970, 
https://doi .org /10 .1103 /PhysRev.75 .1969.

[2] O. Haxel, J.H.D. Jensen, H.E. Suess, On the “magic numbers” in nuclear struc-
ture, Phys. Rev. 75 (1949) 1766, https://doi .org /10 .1103 /PhysRev.75 .1766 .2.

[3] T. Otsuka, A. Gade, O. Sorlin, T. Suzuki, Y. Utsuno, Evolution of shell structure 
in exotic nuclei, Rev. Mod. Phys. 92 (2020) 015002, https://doi .org /10 .1103 /
RevModPhys .92 .015002.

[4] I. Talmi, I. Unna, Order of levels in the shell model and spin of Be11, Phys. Rev. 
Lett. 4 (1960) 469, https://doi .org /10 .1103 /PhysRevLett .4 .469.

[5] C. Thibault, R. Klapisch, C. Rigaud, A.M. Poskanzer, R. Prieels, L. Lessard, W. 
Reisdorf, Direct measurement of the masses of 11Li and 26−32Na with an on-
line mass spectrometer, Phys. Rev. C 12 (1975) 644, https://doi .org /10 .1103 /
PhysRevC .12 .644.

[6] C.R. Hoffman, T. Baumann, D. Bazin, J. Brown, G. Christian, P.A. DeYoung, J.E. 
Finck, N. Frank, J. Hinnefeld, R. Howes, P. Mears, E. Mosby, S. Mosby, J. Reith, B. 
Rizzo, W.F. Rogers, G. Peaslee, W.A. Peters, A. Schiller, M.J. Scott, S.L. Tabor, M. 
Thoennessen, P.J. Voss, T. Williams, Determination of the N = 16 shell closure 
at the oxygen drip line, Phys. Rev. Lett. 100 (2008) 152502, https://doi .org /10 .
1103 /PhysRevLett .100 .152502.

[7] C. Hoffman, T. Baumann, D. Bazin, J. Brown, G. Christian, D. Denby, P. DeY-
oung, J. Finck, N. Frank, J. Hinnefeld, S. Mosby, W. Peters, W. Rogers, A. Schiller, 
A. Spyrou, M. Scott, S. Tabor, M. Thoennessen, P. Voss, Evidence for a doubly 
magic 24O, Phys. Lett. B 672 (2009) 17, https://doi .org /10 .1016 /j .physletb .2008 .
12 .066.

[8] R. Kanungo, C. Nociforo, A. Prochazka, T. Aumann, D. Boutin, D. Cortina-Gil, 
B. Davids, M. Diakaki, F. Farinon, H. Geissel, R. Gernhäuser, J. Gerl, R. Janik, 
B. Jonson, B. Kindler, R. Knöbel, R. Krücken, M. Lantz, H. Lenske, Y. Litvinov, 
B. Lommel, K. Mahata, P. Maierbeck, A. Musumarra, T. Nilsson, T. Otsuka, C. 
Perro, C. Scheidenberger, B. Sitar, P. Strmen, B. Sun, I. Szarka, I. Tanihata, Y. 
Utsuno, H. Weick, M. Winkler, One-neutron removal measurement reveals 24O
as a new doubly magic nucleus, Phys. Rev. Lett. 102 (2009) 152501, https://
doi .org /10 .1103 /PhysRevLett .102 .152501.

[9] A. Huck, G. Klotz, A. Knipper, C. Miehé, C. Richard-Serre, G. Walter, A. Poves, 
H.L. Ravn, G. Marguier, Beta decay of the new isotopes 52K, 52Ca, and 52Sc; a 
test of the shell model far from stability, Phys. Rev. C 31 (1985) 2226, https://
doi .org /10 .1103 /PhysRevC .31.2226.

[10] D. Steppenbeck, S. Takeuchi, N. Aoi, P. Doornenbal, M. Matsushita, H. Wang, 
H. Baba, N. Fukuda, S. Go, M. Honma, J. Lee, K. Matsui, S. Michimasa, T. Mo-
tobayashi, D. Nishimura, T. Otsuka, H. Sakurai, Y. Shiga, P.-A. Soderstrom, T. 
Sumikama, H. Suzuki, R. Taniuchi, Y. Utsuno, J.J. Valiente-Dobón, K. Yoneda, 
Evidence for a new nuclear ‘magic number’ from the level structure of 54Ca, 
Nature 502 (2013) 207, https://doi .org /10 .1038 /nature12522.

[11] F. Wienholtz, D. Beck, K. Blaum, C. Borgmann, M. Breitenfeldt, R.B. Cakirli, S. 
George, F. Herfurth, J.D. Holt, M. Kowalska, S. Kreim, D. Lunney, V. Manea, J. 
Menéndez, D. Neidherr, M. Rosenbusch, L. Schweikhard, A. Schwenk, J. Simo-
nis, J. Stanja, R.N. Wolf, K. Zuber, Masses of exotic calcium isotopes pin down 
nuclear forces, Nature 498 (2013) 346, https://doi .org /10 .1038 /nature12226.

[12] S. Michimasa, M. Kobayashi, Y. Kiyokawa, S. Ota, D.S. Ahn, H. Baba, G.P.A. Berg, 
M. Dozono, N. Fukuda, T. Furuno, E. Ideguchi, N. Inabe, T. Kawabata, S. Kawase, 
K. Kisamori, K. Kobayashi, T. Kubo, Y. Kubota, C.S. Lee, M. Matsushita, H. Miya, 
A. Mizukami, H. Nagakura, D. Nishimura, H. Oikawa, H. Sakai, Y. Shimizu, A. 
Stolz, H. Suzuki, M. Takaki, H. Takeda, S. Takeuchi, H. Tokieda, T. Uesaka, K. 
Yako, Y. Yamaguchi, Y. Yanagisawa, R. Yokoyama, K. Yoshida, S. Shimoura, Magic 
nature of neutrons in 54Ca: first mass measurements of 55−−57Ca, Phys. Rev. 
Lett. 121 (2018) 022506, https://doi .org /10 .1103 /PhysRevLett .121.022506.

[13] S. Chen, J. Lee, P. Doornenbal, A. Obertelli, C. Barbieri, Y. Chazono, P. Navrátil, 
K. Ogata, T. Otsuka, F. Raimondi, V. Somà, Y. Utsuno, K. Yoshida, H. Baba, F. 
Browne, D. Calvet, F. Château, N. Chiga, A. Corsi, M.L. Cortés, A. Delbart, J.-M. 
Gheller, A. Giganon, A. Gillibert, C. Hilaire, T. Isobe, J. Kahlbow, T. Kobayashi, 
Y. Kubota, V. Lapoux, H.N. Liu, T. Motobayashi, I. Murray, H. Otsu, V. Panin, 
N. Paul, W. Rodriguez, H. Sakurai, M. Sasano, D. Steppenbeck, L. Stuhl, Y.L. 
Sun, Y. Togano, T. Uesaka, K. Wimmer, K. Yoneda, N. Achouri, O. Aktas, T. Au-
mann, L.X. Chung, F. Flavigny, S. Franchoo, I. Gašparić, R.-B. Gerst, J. Gibelin, 
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