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The properties of the neutron-rich isotope 78Ni, long postulated to be doubly magic, have
been extensively explored through recent experimental and theoretical studies. Conőrmations
of robust shell closures at Z = 28 and N = 50 as well as hints of competing deformations in
neighboring isotopes have been obtained. Innovations of a thick liquid hydrogen target sys-
tem with vertex reconstructions and the in-beam γ-ray spectroscopy technique have facilitated
detailed investigations into the nuclear structure of these extreme systems. Proton knockout
reactions conducted at relativistic energies have provided the őrst experimental evidence of
shape coexistence at the cornerstone nucleus 78Ni and its vicinity. As the nuclear structure
around 78Ni inŕuences the description of very neutron-rich systems and r-process nucleosynthe-
sis, these őndings underscore the importance of further investigations. This review encapsulates
the recent results concerning the nuclear structure at the vicinity of 78Ni on both experimental
and theoretical aspects. It outlines prospective research directions that could further illuminate
this complex and intriguing area of the nuclear chart.
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1 Introduction

Atomic nuclei consist of protons and neutrons and are successfully described in a picture

of independent particles in a mean-őeld potential with additional spin-orbit interactions. In

recent decades, many experimental results have shown the model is not any more robust

towards neutron-rich isotopes; in systems with large neutron-to-proton imbalance, canon-

ical magic numbers disappear and new ones emerge. Such phenomenon is known as shell

evolution; the effective single-particle orbitals of protons and neutrons vary and re-order.

1.1 Competitions between shell-closures and shape coexistence

The area around 78Ni has been intensively investigated as it is expected to be a region of

competition between the regimes of spherical mean őeld and nuclear correlations [1]. While
78Ni had been believed to be a doubly magic nucleus with a rigid spherical shape, evidence

shows that the N = 40 Island of Inversion (IoI) extends towards N = 50 [1, 2]. As 78Ni serves

as a foothold for describing further neutron-rich nuclei involved in r-process nucleosynthesis,

a precise understanding of this keystone nucleus is essential. Since its őrst observation in

a bound state at the fragment separator FRS at GSI [3], it took a decade to achieve the

őrst measurement of the β-decay lifetimes of 78Ni and its vicinity [4]. Nevertheless, detailed

investigations of this isotope have remained challenging until recently.

The proton single-particle states above the proton Z = 28 shell-gap have been examined

using odd-mass copper isotopes. An earlier work on β-γ spectroscopy of the 68-74Cu isotopes

manifested the gradual reduction of the energy of the Iπ = f5/2 states towards N = 50 [5].

The ordering of the f5/2 and p3/2 states was found to be swapped at 75Cu (N = 46) [6].

As the reconőguration would lead to the weakening of Z = 28 gap towards N = 50, further

detailed studies have been conducted intensively such as γ-ray spectroscopy experiments of

the neutron-rich zinc [7, 8] and copper [9, 10] isotopes.

The neutron numbers N = 40 and N = 50 are recognized as regions of shell evolution in

the neutron-rich nickel region. While clear evidence of the extension of IoI was found in the

cobalt and iron isotopes extending the N = 40 IoI towards the N = 50 gap [2, 11], the nickel

isotopes seemingly sustain the shell closure. 68Ni is particularly noteworthy for exhibiting

features of shape coexistence, which keeps the shell closure in the ground state as highlighted

in previous researches [12, 13].

The persistence of the shell-closures in proximity to 78Ni has been questioned by sev-

eral experimental and theoretical works. Collinear laser spectroscopies on the 78Zn isotope

revealed that the charge radius of the long-lived isomer (Iπ = 1/2+) state is larger than that

of the ground (Iπ = 9/2+) state [14]. In 80Zn, a direct feeding to the ground state from a
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2627(39)-keV state was observed [8]. Although no spin or parity was assigned in the study,

it can be considered as a decay from a possible (2+
2
) state if the shape coexistence prevails in

this region. The presence of the long-lived isomer in 79Zn at 943 keV was further conőrmed

by a β-delayed γ-ray spectroscopy [15] and precise mass measurements [16]. These results

demonstrate the manifestation of coexisting shapes in the area of the doubly-magic nuclei

and underscore the importance of further experimental input on 78Ni and 79Cu.

1.2 Experimental studies towards 78Ni

There are several approaches to evaluating the shell gaps. Precise mass measurements,

which provide the binding energy of the valence nucleons, are considered as the most direct

observations. The systematic trend of the two neutron/proton separation energies S2n/2p
1

is a direct measure of the gaps. The left panel of Figure 1 shows the S2n values deduced

from the measured masses around 78Ni [17, 18]. Recently, penning trap and MR-TOF mass

spectroscopies at IGISOL-Jyväskylä and CERN-ISOLDE [18, 19], reached the measurements

to 79Cu and 75Ni, while the masses beyond 75Ni is still unreached.

To assess the shell gaps, measuring β-decay lifetimes is an alternative approach. The

transition probability is correlated with the β-decay Qβ values. The shell-closure at 78Ni is

indicated by the sudden reduction of the lifetimes beyond N = 50 in the systematic trend [20,

21], as shown in the right panel of Figure 1. However, the lifetime also depends on the matrix

elements of β-decay transitions, meaning the result cannot be considered conclusive.

The systematic trend of the 2+ excitation energies of even-even isotopes is a good indi-

cator of the shell closure of nuclei and is often served as the őrst observation. Figure 2 shows

the systematic chart of the experimentally known E(2+
1
) values. The canonical magic num-

bers are valid throughout the nuclear chart in the heavier regions, especially at 132Sn and
208Pb, while reconőguration of magic numbers can be seen in the lighter region, such as the

disappearance of N = 20 and N = 28 shells in the IoI region and the appearance of new

magic numbers N = 32 and N = 34 for 52,54Ca.

At the RIBF, intensive spectroscopic studies far off the stability line have been achieved

with the combination of the NaI(Tl) scintillator-based high-efficiency γ-ray spectrometer,

DALI2 [22], and the high luminosity liquid hydrogen target system with the capability of

vertex reconstructions based on a coaxial time-projection chamber (TPC), MINOS [23].

The experiment took advantage of the in-beam γ-ray spectroscopy technique to populate

1 It is deőned as S2n(N,Z) = BE(N,Z)− BE(N − 2, Z), where BE(N,Z) represents the binding energy. To

identify shell gaps, the difference between the two-neighboring S2n, ∆2n(Z,N) = S2n(N,Z)− S2n(N + 2, Z)

is also often used.
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Fig. 1 Left: Two-neutron separation energies S2n towards 78Ni. Values are taken from

the atomic mass evaluation, AME2020 [17] and recently reported values with penning trap

experiments [18]. Right: Experimental data for the half-lives around 78Ni. The gap between

cobalt and nickel isotopic chains and the change in the kinks across N = 50 indicate the

shell-closures of proton- and neutron-shells [20, 21].

and measure the de-excitation γ rays from excited states of short-lived isotopes using the

inverse kinematics. In this review, experimental results from the őrst experimental campaign

employing MINOS with DALI2, which took place in 2014 aiming at the region of 78Ni [24],

and the relevant theoretical developments are discussed. Noteworthy, except for a few iso-

topes around the N = 40 region, all the experimental outcomes addressed in this review were

obtained by a single secondary-beam setting measured for about 6.5 days beamtime with a

high-intensity 238U beam (12 pnA at the time of the experiment) at the RIBF facility.

2 The őrst spectroscopy experiments in the vicinity of 78Ni

The nucleus 78Ni holds a particular interest in nuclear physics as a potential doubly

magic isotope, situated at far neutron-rich from the last stable isotope 64Ni. The persistence

of magic numbers in nuclei, especially near neutron-rich extremes, is challenging for the

theoretical descriptions of nuclear structures and shell evolution. Previous theoretical studies,

utilizing both shell model calculations and őrst-principles approaches, have predicted 78Ni

to exhibit characteristics of a doubly magic nucleus, while several experimental observations

cast questions on this statement. Experimental investigations in the vicinity of 78Ni are
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Fig. 2 The E(2+
1
) systematics of even-even isotopes. Canonical magic numbers are indi-

cated by dashed lines. The predicted two-neutron drip line, that is the boundary of the

existence of isotopes, and its uncertainties are also illustrated with the blue line and shaded

area [25]. The relatively large excitation energies can be conőrmed in the closed-shell nuclei.

This őgure is the updated version of ref. [26] with values from NNDC [21] and recent mea-

surements [26ś29].

essential to be input for theoretical models predicting the behavior under extreme neutron-

to-proton ratios. The spectroscopic measurements of 79Cu [30, 31] and 78Ni [26, 32] were

conducted with a high-intensity cocktail beam at RIBF aiming at testing the persistence

of the shell-closures and gaining an understanding of the structural description of extreme

neutron-rich isotopes.

2.1 79Cu: a single-particle proton with the 78Ni core

One of the most crucial conclusions to evaluate the persistence of the Z = 28 shell gap

in the region surrounding 78Ni was deduced by the detailed analysis of the γ-ray spectra of
79Cu [30, 31]. 79Cu was produced through the direct knockout of a proton from 80Zn, one of

the main species of the cocktail beam from the in-ŕight őssion products of the 238U primary

beam.

The observed multiple excitation states around 3 MeV and the absence of signiőcant

feeding to excited states below 2.2 MeV upon the proton knockout reactions, suggest a

strong spherical structure resistant to deformation, conőrming the doubly magic nature of
78Ni. One of the key aspects of the őndings was the observation of systematic trends in the

single-particle energies of the 5/2− and 3/2− states as the neutron number approached 50,

as shown in Figure 3. These trends indicated a continuation of the inversion of the πp3/2

and πf5/2 orbitals observed along the copper isotopes. Such inversions are indicative of the

effective single-particle energies with respect to neutrons őlling the pf shell.
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Fig. 3 Energy of excited states presumed as single-particle states of protons for copper

isotopic chain. The extension of the trend of the energy differences beyond the crossing

point has been conőrmed. Reprinted őgure with permission from [30]. Copyright 2024 by the

American Physical Society.

The obtained results were in strong agreement with predictions made by Monte Carlo

large-scale shell model calculations using the A3DA Hamiltonian [33], as discussed in

Section 3.2. These calculations account for changes in the tensor forces as additional neu-

trons shift the energy levels of the proton orbitals. The experimentally deduced exclusive

cross sections agree with the theoretical predictions, which were obtained by multiplying

the spectroscopic factors from the structure calculation with the single-particle cross sec-

tions provided by reaction calculations using the distorted-wave impulse approximation

(DWIA) [34, 35]. The detailed level scheme elucidated in this study is vital for validating

state-of-the-art theoretical models, particularly concerning the migration of single-particle

states.

2.2 78Ni: the doubly-magic stronghold exhibiting shape coexistence

An experimental investigation into the properties of 78Ni was conducted to conőrm its

character as a doubly magic nucleus [26, 32]. In-beam γ-ray spectroscopy was conducted

to measure the decay of excited 78Ni following proton knockout reactions. This approach

enabled the őrst observation of its excited levels, providing an essential input for the state-

of-the-art theoretical predictions.

The energy of the őrst excited state was measured at 2.6 MeV, indicating the doubly

magic nature of 78Ni. This high excitation energy supports the robustness of the shell clo-

sure at this nucleus. The systematic trends of the excitation energies along isotopic and

isotonic chains, as shown in Figures 4 and 5, corroborate various theoretical models, which

6



are explained in the following section. Furthermore, another 2+ state at an energy of 2.9 MeV

was identiőed in the two-proton knockout channel. This fact suggests the presence of shape

coexistence. This interpretation is supported by modern large-scale shell-model calculations,

which include additional nucleon model spaces especially the neutron sdg orbitals, potentially

indicating a prolate shape coexisting with the spherical ground state.

The inclusive cross sections of one- and two-proton knockout reactions, (p, 2p) and (p, 3p),

to produce 78Ni were found to be almost őve times smaller than those of other isotopes in

this region. Theoretical cross sections were conducted using the DWIA calculation folding

spectroscopic factors from several structure calculations. The exclusive cross section popu-

lating the ground and 2+
1

states are reasonably explained by all the calculations. The low

inclusive cross section is considered due to the low neutron separation energy of 78Ni2 while

a signiőcant portion of the populations is calculated to feed unbound states at higher energy.

Figure 6 illustrates the experimentally obtained energy levels alongside those predicted

by various theoretical models, including those discussed in the following section. Further

investigations around these nuclei are essential for a comprehensive understanding of how

the N = 40 Island of Inversion extends towards and beyond the N = 50 line, the driving

force of the shell evolution, and the limit of the existence of neutron-rich isotopes.

3 Theoretical works towards and beyond 78Ni

Many theoretical investigations have been put in the effort to describe the nuclear struc-

tures around 78Ni. Here the studies employed in the γ-ray spectroscopy experiments are

described and compared. Firstly, two large-scale shell model calculations are discussed in

Sections 3.1 and 3.2. Both predictions realized the necessity of including a large set of

orbitals above N = 50 to reproduce the shape coexistence in 78Ni. Two őrst-principle frame-

works, Coupled-Cluster (CC) and In-Medium Similarity Renormalization Group (IM-SRG)

are described in Section 3.3. The beyond mean-őeld calculations, 5DCH and QRPA, are

introduced in Section 3.4. Comparison of these predictions and the observed energies are

summarized in Figure 6.

2 Sn = 5.60(57) MeV with the latest atomic mass evaluation (AME2020) [17]. In the original paper of

ref. [26] used the older version of the evaluations, Sn = 5.16(78) MeV. The conclusion stays the same.
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from various theoretical models [33, 36ś40].

3.1 Large scale shell-model calculations

Signiőcant advancements in understanding the nuclear structure of 78Ni have been

achieved through large-scale shell-model calculations, utilizing both the LNPS interaction [2,

41] and the one with an extended model space known as PFSDG-U [36].

LNPS Based on a 48Ca core, the LNPS interaction includes the full pf shell for protons

and the orbitals 0f5/2, 1p3/2, 1p1/2, 0g9/2, and 1d5/2 for neutrons. This interaction is derived

from a realistic nucleon-nucleon potential, with empirically corrected monopole parts to

better align with experimental data, providing successful descriptions of the IoI at and

beyond N = 40.

PFSDG-U The PFSDG-U interaction employs a larger model space that includes the full

pf shell for protons and full sdg shell for neutrons. This extension requires more comprehen-

sive interactions involving additional proton and neutron orbitals, crucial for reproducing

the nuclear structure of 78Ni.

The shell-model calculations with the PFSDG-U interaction predicted the intensive com-

petition between spherical and deformed conőgurations in 78Ni and its neighbors. Following

the number of protons decreases along the isotonic chain, deformed states become dominant
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rapidly. Figure 7 illustrates the calculated levels by PFSDG-U interactions along the N = 50

chain. For 78Ni, two distinct bands are depicted: one representing the traditional spherical

shape associated with shell closure, and a second, higher-energy band suggesting a deformed

conőguration. This dual-band structure highlights the ongoing competition between the two

nuclear shapes, with the spherical form maintaining dominance at the ground state. Toward

lighter isotones, such as 76Fe, the spherical and deformed states almost degenerate. In the

more exotic isotones, 74Cr, 72Ti, and 70Ca, the calculations predict these nuclei to be pre-

dominantly deformed, indicating a clear breakdown of the traditional N = 50 shell closure

and a rapid transition to deformed ground states. Figure 8 depicts the Potential Energy

Surfaces (PES) of these isotones at the transition to deformed shapes. While 76Fe has shape

coexisting minima, 74Cr shows a well-developed prolate deformation. This suggests exten-

sions of the N = 40 Island of Inversion, where increased collectivity and deformation are

observed in chromium and iron isotopes, towards N = 50 [2].

Recent studies, such as the detailed β-delayed γ-ray spectroscopy [42] and the precise

mass measurements of the isomeric state of 79Znm [16], compared with the latest calcula-

tions with PFSDG-U, further elucidate the possible shape coexistence in nuclei around 78Ni.

These őndings affirm that 78Ni marks the onset of signiőcant nuclear deformation, extending

towards neutron-rich isotones, with the largest deformations expected at N = 56 [1].

It is also worth mentioning the recent development of a diagonalization method using

a discrete non-orthogonal basis (DNO-SM), as outlined by Dao and Nowacki [43]. This

method uses an optimized set of constrained Hartree-Fock states as basis conőgurations,

signiőcantly reducing the number of basis states needed compared to conventional shell-

model calculations. Benchmark results show that DNO-SM achieves an accuracy comparable

to exact SM diagonalization, making it a powerful approach for capturing deformed nuclear

shapes and shape coexistence across a wider mass range of isotopes.

3.2 Monte Carlo Shell Model (MCSM) Calculations

The Monte Carlo Shell Model (MCSM) is an effective theoretical framework for exploring

detailed structures of nuclei, particularly renowned for its ability to handle the diagonaliza-

tion of very large matrices involving many valence nucleons. This capability allows MCSM

to compute conőgurations across a broad range of single-particle orbitals, crucial for detailed

predictions of complex nuclear structures and various excited states.

The A3DA-m interaction [33] represents a signiőcant advancement in MCSM to predict

the neutron-rich nickel region. It is deőned with a core of 40Ca and includes valence orbitals

within the pf shell, and the 0g9/2 and 1d5/2 orbits for both protons and neutrons. This

interaction reproduces the nuclear structure and their shell evolution such as the shape
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Fig. 7 Energy levels predicted by the large-scale shell model calculation with the PFSDG-

U interaction showing the evolution of the N = 50 shell closure from 78Ni towards 70Ca. This

őgure highlights the breakdown of traditional shell closures and the onset of shape coexistence

in 78Ni. Reprinted őgure with permission from [36]. Copyright 2024 by the American Physical

Society.

Fig. 8 Potential Energy Surfaces (PES) of 76Fe (left) and 74Cr (right) predicted by LSSM

with the PFSDG-U interaction. The őgure is taken from ref. [1] under the CC BY-NC-ND

license.

coexistence around N = 40 region, especially in 68Ni, while no coexisting shapes, but a rigid

spherical structure of 78Ni is predicted, which is probably attributed by the limited model

space for neutrons.

Further advancements in MCSM calculations for 78Ni involve an interaction, as discussed

in the supplementary material of Taniuchi et al. [26] with an extended model space of the full

pf and sdg shells for both protons and neutrons. The extension was found to be critical to

reproduce the shape coexistence of 78Ni. The new interaction offers predicting powers into the

deformations and shell evolution towards further neutron-rich isotopes, which are essential
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for the reproductions of the r-process nucleosynthesis path and for accurately estimating the

location of the neutron drip lines. The őndings underscore the necessity of incorporating

broader model spaces to fully grasp the dynamics of nuclear structure and deformation,

particularly for neutron-rich isotopes which require coverage across several major shells.

3.3 First-principle calculations

The nuclear structure of neutron-rich isotopes near 78Ni has been intensively studied

through őrst-principles approaches like Coupled-Cluster (CC)[37] and In-Medium Similarity

Renormalization Group (IM-SRG)[26, 38]. Both frameworks predict nuclear structure based

on the chiral interaction 1.8/2.0 (EM) [44], which is well-regarded for accurately reproducing

binding energies and energy spectra across a wide range of isotopes, from light to heavy

masses. While these frameworks were initially limited to spherical states when the őrst 78Ni

spectroscopy data was published, they now have the capability to incorporate deformed

harmonic oscillator bases in recent calculations. This section highlights recent advances in

applying these methods to medium-heavy isotopes.

Coupled Cluster The Coupled Cluster with Singles and Doubles (CCSD) method pre-

dicts excited states by systematically including correlations up to 2p-2h excitations. To

capture additional correlations, the CCSD(T) approach (CCSD with perturbative Triples)

extends this by incorporating 3p-3h excitations perturbatively, reducing excitation energies

by 1-2 MeV and signiőcantly enhancing accuracy. This approach is particularly effective for

predicting detailed properties near doubly closed-shell nuclei, such as 78Ni and 48Ca. Figure9

illustrates energy levels predicted by CCSD(T) calculations applied to the neutron-rich nickel

isotopes [37], successfully reproducing the őrst 2+ energy of 78Ni at 2.45 MeV and the nearby

binding energy.

Recently, notable advances have been made in incorporating nuclear deformations into

these frameworks, such as the development of a deformed coupled-cluster approach based on

a deformed Hartree-Fock state [45ś47]. Although computationally demanding, these advance-

ments pave the way for studying shape-coexisting nuclei as computational power continues

to grow. Calculations of deformed states along the N = 50 chain towards south from 78Ni

reproduce low-lying rotational band states [48], consistent with experimental observations

and shell-model predictions.

IM-SRG Unlike the Coupled Cluster method, the IM-SRG framework can handle larger

model spaces, as demonstrated in its application to 78Ni using a 60Ca core [26]. This expanded

model space allows IM-SRG to more systematically predict isotopes around 78Ni. IM-SRG

employs a unitary transformation to convert the many-body Hamiltonian into a diagonal

12



Fig. 9 Predicted energy levels of 77Ni to 80Ni with the CCSD(T) calculations. Reprinted

őgure with permission from [37]. Copyright 2024 by the American Physical Society.

or block-diagonal form, effectively decoupling the valence space from the remaining nuclear

orbitals. This decoupling enables precise predictions of properties like two-neutron separation

energies, charge radii, and excitation energies for a wide range of isotopes. For 78Ni, the

IM-SRG(2) approximation was used, incorporating only 1p-1h and 2p-2h excitations. It is

comparable to the relation between the CCSD against the CCSD(T) calculations, resulting

in slightly higher predicted energies due to omitted correlations. Under these constraints,

the predicted 2+
1

energy of 3.25 MeV is considered a reasonable estimate.

More recently, the valence-space density matrix renormalization group (VS-DMRG) has

been applied to 78Ni and other medium-mass nuclei [49]. This method provides a more

accurate solution than the original IM-SRG calculations used in previous studies [26], which

relied on approximate diagonalizations.

Both CCSD(T) and IM-SRG employ chiral EFT interactions 1.8/2.0 (EM), yet they

exhibit notable differences in their predictive capabilities. CCSD(T) enhances its precision

in predicting excitation energies for 78Ni by incorporating 3p-3h excitations, while IM-SRG

tends to yield higher energy predictions due to the absence of these higher-order correlations.

Nevertheless, IM-SRG’s adaptability across a broader range of nuclear isotopes allows it to

predict mass, charge radii, and excitation energies more comprehensively. Together, these

methods provide complementary insights into nuclear structures for medium-mass isotopes,

including 78Ni.
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3.4 Beyond Mean-Field Calculations

Beyond mean-őeld calculations, such as the Five-Dimensional Collective Hamiltonian

(5DCH) [39] and Quasi-Particle Random Phase Approximation (QRPA) [40], are applied to

explore nuclear structures near 78Ni.

5DCH The 5DCH approach is particularly effective for nuclei where deformation plays a

dominant role in nuclear structure, especially for those away from closed shells. By employing

a triaxial deformed harmonic oscillator basis, 5DCH excels in calculating low-energy collec-

tive excitations. However, for predominantly spherical nuclei like 78Ni, the approach is less

effective. The excited states predicted by 5DCH for 78Ni are signiőcantly underestimated,

reŕecting the strong shell closures and minimal deformation of its ground state.

QRPA QRPA calculations primarily focus on vibrational excitations and do not account

for rotational contributions, making them particularly suitable for describing nuclear struc-

tures in closed-shell isotopes. While this method provides a reasonable description of the őrst

2+ states in nickel isotopes, it encounters difficulties in reproducing higher excited states,

including the second 2+ state observed in 78Ni [26]. This limitation highlights the need for

incorporating collective excitations associated with nuclear deformation to achieve a more

comprehensive understanding of shape-coexisting nuclear structures, such as those in 78Ni.

The absence of the 2+
2

state in QRPA calculations, which reproduce only the őrst excited

state under the assumption of spherical symmetry, indirectly supports the existence of shape

coexistence in this region.

4 Nuclear structures from N = 40 towards N = 50

The origin of the possible shape coexistence emerged in 78Ni can be interpreted as the

migration of the effective single-particle energies, that cause the collective excitations and

the emergence of the deformed states. A possible IoI at N = 50 following the ones at N = 8,

20, 28, and 40 is proposed [36]. Several experimental investigations on the possible quenching

of the N = 50 gap have been attempted from the łNorthž of the region along the N = 50

isotones.

Besides that, the collapse of the N = 50 shell is anticipated as a possible extension of

the N = 40 IoI from the łSouthwestž of the nuclear chart, originally proposed by the LNPS

interaction [41] and corroborated experimentally [2]. Here below, we show further detailed

studies to deőne the łNorthern-edgež of the IoI approaching N = 50 through several reaction
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channels around Z = 28, proton inelastic scattering and spectroscopy of nickel and cobalt

isotopes3.

4.1 Inelastic Scattering of Neutron-Rich Ni and Zn Isotopes

Inelastic scattering experiments using MINOS on neutron-rich 72,74Ni and 76,80Zn iso-

topes were conducted to examine their nuclear structure and reaction dynamics [50, 51].

These studies focused on measuring the angular integrated cross sections for direct inelas-

tic scattering to the 2+ and 4+ states. Hadronic scattering experiments, such as (p, p′)

complement the electromagnetic measurements by providing a probe for both proton and

neutron excitations. The experimental results were analyzed with the extended Jeukenne-

Lejeune-Mahaux (JLM) folding model, integrating neutron and proton transition densities

from QRPA calculations [52]. The theoretical frameworks for interpreting inelastic nucleon

scattering were developed to account for rearrangement corrections off spherical nuclei. These

corrections signiőcantly inŕuence the calculated cross sections, which vary depending on the

incident energy and excitation multipolarities.

Figure 10 illustrates the systematic trend of the deformation parameters β2 deduced

from both electromagnetic (EM) probes of Coulomb excitations and hadronic (p, p′) probes.

The comparison of these deformation parameters with B(E2 ↑) values enables assessing

the degree of shell closures at the Z = 28 and N = 50 gaps for nickel and zinc isotopes.

This work revealed that the őrst 2+ states in nickel isotopes are predominantly inŕuenced

by neutron excitations, corroborating the Z = 28 shell closure, while observations in zinc

isotopes indicate signiőcant proton excitations. Additionally, these transition probabilities

and the matrix elements are compared with both LSSM [36] (Section 3.1) and QRPA [40]

(Section 3.4) calculations.

4.2 Proton-hole states at highly excited states populated through 77Cu(p,2p)76Ni

The proton-hole states in 76Ni were extensively studied through the one-proton knockout

reaction 77Cu(p, 2p)76Ni [53], highlighting the detailed structure of the nickel isotopes as it

approaches the N = 50 neutron shell closure. This investigation took advantage of the high

efficiency of the DALI2 detector array [22] and the high luminosity of MINOS [23], enabling

the γγ and γγγ coincidence analyses. With careful investigation, highly excited states around

4 MeV were identiőed. The results were compared with the LSSM calculation employing

the LNPS interaction [41] as discussed in Section 3.1, and the DWIA calculation [34] for

3 Another review paper summarizing the experimental and theoretical works focusing on the N = 40 IoI

below Z = 28 is published as another review paper in the same issue [11].
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Fig. 10 Systematic trend of the deformation parameters β2 deduced from electromagnetic

(EM) and hadronic (p, p′) probes for (a) zinc and (b) nickel isotopes. Reprinted őgure with

permission from [50]. Copyright 2024 by the American Physical Society.

the exclusive cross sections. A good agreement between the theory and the observations

was conőrmed and reinforces the robustness of the shell closure at Z = 28. Although the

analysis identiőed three new transitions, the detailed properties, such as spins and parities,

are yet to be identiőed. Including the spectroscopy in neighboring odd-even isotopes, further

experiments with a better resolving power detector are desired.

4.3 Spectroscopy of 69,71,73Co via One-Proton Knockout Reactions

Spectroscopic studies of 69,71,73Co were conducted using the (p, 2p) one-proton knockout

reactions [54, 55]. These investigations utilized γγ coincidence analysis to construct the levels

of the excited states. The identiőed excitation levels displayed in Figure 11 are compared

to the 2+ states of 70,72,74Ni. The 9/2−
1

and 11/2−
1

states in cobalt isotopes can be approx-

imated as πf−1

7/2
⊗ 2+

1
(Ni). Additionally, large-scale shell model calculations, as described in

Section 3.1, employing the LNPS [41] and PFSDG-U [36] interactions, were used to calculate
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Fig. 11 Measured excited states of 69-73Co in comparison with shell model calculations

and the ones of 70-74Ni. Reprinted őgure with permission from [54]. Copyright 2024 by the

American Physical Society.

these excited states. The good agreement between experimental results and theoretical pre-

dictions suggests the coexistence of spherical and deformed shapes at low excitation energies

within these cobalt isotopes, similarly as seen in 78Ni [26].

Moreover, the exclusive cross sections, σex, were compared with calculated single-particle

cross sections, σsp, using the DWIA [34] reaction model. With potential unobserved feeding

from higher excited states, the experimentally deduced exclusive cross sections are considered

upper limits. The ratios of the cross sections, σex(g.s)/σsp, are considered as spectroscopic

factors and are found to be comparable with other measurements of the less neutron-rich

isotopes 61,63Co. Notably, the observations of the second excited states of the spherical bands,

exhibiting large cross sections contrasting with no direct population to the őrst excited states,

corroborate the spin and parity assignments predicted by the shell-model calculations.

5 Towards further understanding

To advance our understanding of nuclear structure, particularly concerning shell evolu-

tion and shape competition, it is critical to extend investigations beyond the doubly magic

stronghold of 78Ni. This involves exploring both neutron-rich isotopes such as 79,80Ni, 77Co,

and 76Fe.

Advanced spectroscopic studies are necessary to overcome the limitations of earlier spec-

trometers like DALI2, which have modest energy resolution. The HiCARI experiment [56]

at RIBF, utilizing high-purity Germanium (HPGe) detectors, was designed to signiőcantly

enhance resolution. This enhancement enables detailed lifetime measurements, providing

further insights into excited states, including matrix elements and deformations. Recently,
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experiments focusing on 79Cu and neutron-rich zinc isotopes [57, 58] have been conducted,

which are expected to provide further insights into the emerging shape coexistence in this

region.

To observe shape coexistence more effectively and directly, developing new techniques,

such as missing-mass spectroscopy, will be the key. These methods provide direct identiő-

cation of 0+
2

states which often can not be concluded with γ-ray spectroscopy. The newly

implemented STRASSE recoil-proton trackers [59] in inverse kinematics, combined with the

HYPATIA scintillator array [60, 61] Ð a high-efficiency and high-resolution γ-ray spec-

trometer Ð will serve as an innovative and unique experimental setup for these studies, as

highlighted in another review article in this issue [60]. These instruments are speciőcally

suited to facilitate the study of łhiddenž 0+
2

states and the detection of the weak transitions

from the excited states in the collective bands around 78Ni and other short-lived neutron-rich

isotopes.

While extensive spectroscopic studies should be pursued, mass measurements of copper

and nickel isotopic chains beyond N = 50 equally take an important role in deducing the

gaps of the N = 50 and Z = 28 shells and for the precise determination of any existing

isomeric states. Furthermore, detailed investigations of the charge and matter radii of these

nuclei will be important to be an input for theoretical calculations.

In addition to these experimental setups, studies of reaction kinematics, particularly

using the two-proton knockout (p, 3p) channel, will be the key to exploring potential deformed

states in 78Ni and its neighbors. The development of microscopic reaction theories capable of

handling four or more participants, extending beyond the DWIA framework that successfully

reproduces (p, 2p) reactions, is necessary. Moreover, other reaction channels, such as inelastic

scattering reactions like Coulomb excitation and (p, p′) reactions, and transfer reactions at

low-energy beams Ð including those at ISOL facilities, re-accelerated, and slowed-down

beams at secondary beam facilities Ð will deepen our understanding of single-particle and

collective states.

To complement these experimental efforts, advancements in nuclear structure calculations

are also essential. Developing effective shell-model calculations that can handle larger model

spaces is fundamental for accurately predicting and interpreting the complex structures of

neutron-rich isotopes. Advances in őrst-principle calculations that incorporate different shape

states and many-particle many-hole excitations, along with enhancements in computational

power, would signiőcantly enhance our understanding of nuclear structures across a broad

range of the nuclear chart. Furthermore, integrating beyond mean-őeld approaches to bet-

ter handle spherical and deformed excitations simultaneously will improve predictions and

interpretations of experimental results.
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6 Summary

Intensive and collaborative studies near 78Ni, employing state-of-the-art experimental

devices and cutting-edge theoretical frameworks, have signiőcantly advanced our under-

standing of nuclear structure in this region. Although 78Ni was originally considered a doubly

magic isotope, recent studies have revealed it as a focal point where shell closure competes

with deformation. Over the past decade, signiőcant milestones have been achieved, including

the conőrmation of the doubly magic nature of 78Ni and its neighboring isotopes, as well as

the identiőcation of shape coexistence through intensive spectroscopy and inelastic scatter-

ing experiments. Continued research in this region will not only deepen our understanding

of nuclear structure but also lead us to investigate the driving forces behind shell evolution

and shape coexistence in neutron-rich and weakly bound isotopes. Moreover, these efforts

will contribute to our understanding of the rapid nucleosynthesis processes where extremely

neutron-rich isotopes take major roles.

Acknowledgment

I thank F. Nowacki, S. Franchoo, Y. Tsunoda, and Z. Elekes for the discussions and

their contributions to the dedicated sessions during the workshop held in York, and S. Chen,

M. L. Cortés, G. Hagen, T. Miyagi, F. Nowacki, and A. Obertelli for their valuable comments

in preparing this review paper. I acknowledge support from the UK STFC and the Royal

Society. On be half of the conference organizers, I appreciate the őnancial supports for the

event from JSPS London, IoP, and EPJ.

References

[1] Frédéric Nowacki, Alexandre Obertelli, and Alfredo Poves, Prog. Part. Nucl. Phys., 120, 103866 (2021),
2104.06238.

[2] C. Santamaria, C. Louchart, A. Obertelli, V. Werner, P. Doornenbal, F. Nowacki, G. Authelet, H. Baba,
D. Calvet, F. Château, A. Corsi, A. Delbart, J.-M. Gheller, A. Gillibert, T. Isobe, V. Lapoux, M. Matsushita,
S. Momiyama, T. Motobayashi, M. Niikura, H. Otsu, C. Péron, A. Peyaud, E. C. Pollacco, J.-Y. Roussé,
H. Sakurai, M. Sasano, Y. Shiga, S. Takeuchi, R. Taniuchi, T. Uesaka, H. Wang, K. Yoneda, F. Browne, L. X.
Chung, Zs. Dombradi, S. Franchoo, F. Giacoppo, A. Gottardo, K. Hadynska-Klek, Z. Korkulu, S. Koyama,
Y. Kubota, J. Lee, M. Lettmann, R. Lozeva, K. Matsui, T. Miyazaki, S. Nishimura, L. Olivier, S. Ota, Z. Patel,
N. Pietralla, E. Sahin, C. Shand, P.-A. Söderström, I. Stefan, D. Steppenbeck, T. Sumikama, D. Suzuki, Zs.
Vajta, J. Wu, and Z. Xu, Phys. Rev. Lett., 115(19), 192501 (2015).

[3] Ch Engelmann, F. Ameil, P. Armbruster, M. Bernas, S. Czajkowski, Ph Dessagne, C. Donzaud, H. Geissel,
A. Heinz, Z. Janas, C. Kozhuharov, Ch Miehé, G. Münzenberg, M. Pfützner, C. Röhl, W. Schwab, C. Stéphan,
K. Sümmerer, L. Tassan-Got, and B. Voss, Zeitschrift für Phys. A Hadron. Nucl., 352(4), 351ś352 (1995).

[4] P. T. Hosmer, H. Schatz, A. Aprahamian, O. Arndt, R. R C Clement, A. Estrade, K.-L. Kratz, S. N. Liddick,
P. F. Mantica, W. F. Mueller, F. Montes, a. C. Morton, M. Ouellette, E. Pellegrini, B. Pfeiffer, P. Reeder,
P. Santi, M. Steiner, A. Stolz, B. E. Tomlin, W. B. Walters, and A. Wöhr, Phys. Rev. Lett., 94(11), 112501
(2005).

[5] S Franchoo, M Huyse, K Kruglov, Y Kudryavtsev, W F Mueller, R Raabe, I Reusen, P. Van Duppen, J. Van
Roosbroeck, L Vermeeren, A Wöhr, K.-L. Kratz, B. Pfeiffer, and W. B. Walters, Phys. Rev. Lett., 81(15),
3100ś3103 (1998).

19



[6] K. T. Flanagan, P. Vingerhoets, M. Avgoulea, J. Billowes, M. L. Bissell, K. Blaum, B. Cheal, M. De Rydt,
V. N. Fedosseev, D. H. Forest, Ch Geppert, U. Köster, M. Kowalska, J. Krämer, K. L. Kratz, A. Krieger,
E. Mané, B. A. Marsh, T. Materna, L. Mathieu, P. L. Molkanov, R. Neugart, G. Neyens, W. Nörtershäuser,
M. D. Seliverstov, O. Serot, M. Schug, M. A. Sjoedin, J. R. Stone, N. J. Stone, H. H. Stroke, G. Tungate, D. T.
Yordanov, and Yu M. Volkov, Phys. Rev. Lett., 103(14) (2009).

[7] J. Van De Walle, F. Aksouh, F. Ames, T. Behrens, V. Bildstein, A. Blazhev, J. Cederkäll, E. Clément, T. E.
Cocolios, T. Davinson, P. Delahaye, J. Eberth, A. Ekström, D. V. Fedorov, V. N. Fedosseev, L. M. Fraile,
S. Franchoo, R. Gernhauser, G. Georgiev, D. Habs, K. Heyde, G. Huber, M. Huyse, F. Ibrahim, O. Ivanov,
J. Iwanicki, J. Jolie, O. Kester, U. Köster, T. Kröll, R. Krücken, M. Lauer, A. F. Lisetskiy, R. Lutter, B. A.
Marsh, P. Mayet, O. Niedermaier, T. Nilsson, M. Pantea, O. Perru, R. Raabe, P. Reiter, M. Sawicka, H. Scheit,
G. Schrieder, D. Schwalm, M. D. Seliverstov, T. Sieber, G. Sletten, N. Smirnova, M. Stanoiu, I. Stefanescu, J. C.
Thomas, J. J. Valiente-Dobón, P. Van Duppen, D. Verney, D. Voulot, N. Warr, D. Weisshaar, F. Wenander,
B. H. Wolf, and M. Zielińska, Phys. Rev. Lett., 99(14), 142501 (2007).

[8] Y. Shiga, K. Yoneda, D. Steppenbeck, N. Aoi, P. Doornenbal, J. Lee, H. Liu, M. Matsushita, S. Takeuchi,
H. Wang, H. Baba, P. Bednarczyk, Zs. Dombradi, Zs. Fulop, S. Go, T. Hashimoto, M. Honma, E. Ideguchi,
K. Ieki, K. Kobayashi, Y. Kondo, R. Minakata, T. Motobayashi, D. Nishimura, T. Otsuka, H. Otsu, H. Sakurai,
N. Shimizu, D. Sohler, Y. Sun, A. Tamii, R. Tanaka, Z. Tian, Y. Tsunoda, Zs. Vajta, T. Yamamoto, X. Yang,
Z. Yang, Y. Ye, R. Yokoyama, and J. Zenihiro, Phys. Rev. C, 93(2), 024320 (2016).

[9] E. Sahin, F.L. Bello Garrote, Y. Tsunoda, T. Otsuka, G. de Angelis, A. Görgen, M. Niikura, S. Nishimura, Z.Y.
Xu, H. Baba, F. Browne, M.-C. Delattre, P. Doornenbal, S. Franchoo, G. Gey, K. Hadyńska-Klȩk, T. Isobe,
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Z. Korkulu, S. Koyama, Y. Kubota, J. Lee, M. Lettmann, C. Louchart, R. Lozeva, K. Matsui, T. Miyazaki,
S. Nishimura, K. Ogata, S. Ota, Z. Patel, E. Sahin, C. Shand, P.-A. Söderström, I. Stefan, D. Steppenbeck,
T. Sumikama, D. Suzuki, V. Werner, J. Wu, and Z. Xu, Phys. Rev. Lett., 119(19), 192501 (2017).

[31] Louis Olivier, Nuclear structure in the vicinity of 78Ni: in-beam gamma-ray spectroscopy of 79Cu through proton
knockout, PhD thesis, University Paris-Saclay (2017).

[32] Ryo Taniuchi, In-beam gamma-ray spectroscopy of 78Ni, PhD thesis, The University of Tokyo, Tokyo (2019).
[33] Yusuke Tsunoda, Takaharu Otsuka, Noritaka Shimizu, Michio Honma, and Yutaka Utsuno, Phys. Rev. C,

89(3), 031301 (2013).
[34] T. Wakasa, K. Ogata, and T. Noro, Prog. Part. Nucl. Phys., 96, 32ś87 (2017).
[35] Kazuki Yoshida and Junki Tanaka, Prog. Theor. Exp. Phys. (2024).
[36] F. Nowacki, A. Poves, E. Caurier, and B. Bounthong, Phys. Rev. Lett., 117(27), 272501 (2016).
[37] G. Hagen, G. R. Jansen, and T. Papenbrock, Phys. Rev. Lett., 117(17), 172501 (2016).
[38] J. Simonis, S. R. Stroberg, K. Hebeler, J. D. Holt, and A. Schwenk, Phys. Rev. C, 96(1), 014303 (2017),

1704.02915.
[39] J. P. Delaroche, M. Girod, J. Libert, H. Goutte, S. Hilaire, S. Péru, N. Pillet, and G. F. Bertsch, Phys. Rev.

C, 81(1), 014303 (2010), 0910.2940.
[40] S. Péru and M. Martini, Eur. Phys. J. A, 50(5), 88 (2014).
[41] S. M. Lenzi, F. Nowacki, A. Poves, and K. Sieja, Phys. Rev. C, 82(5), 054301 (2010).
[42] M. Rocchini, P. E. Garrett, M. Zielińska, S. M. Lenzi, D. D. Dao, F. Nowacki, V. Bildstein, A. D. Maclean,

B. Olaizola, Z. T. Ahmed, C. Andreoiu, A. Babu, G. C. Ball, S. S. Bhattacharjee, H. Bidaman, C. Cheng,
R. Coleman, I. Dillmann, A. B. Garnsworthy, S. Gillespie, C. J. Griffin, G. F. Grinyer, G. Hackman, M. Hanley,
A. Illana, S. Jones, A. T. Laffoley, K. G. Leach, R. S. Lubna, J. McAfee, C. Natzke, S. Pannu, C. Paxman,
C. Porzio, A. J. Radich, M. M. Rajabali, F. Sarazin, K. Schwarz, S. Shadrick, S. Sharma, J. Suh, C. E. Svensson,
D. Yates, and T. Zidar, Phys. Rev. Lett., 130(12), 122502 (2023), 2302.07394.

[43] D. D. Dao and F. Nowacki, Phys. Rev. C, 105(5), 054314 (2022).
[44] K. Hebeler, S. K. Bogner, R. J. Furnstahl, A. Nogga, and A. Schwenk, Phys. Rev. C - Nucl. Phys., 83(3), 3ś7

(2011), 1012.3381.
[45] S. J. Novario, G. Hagen, G. R. Jansen, and T. Papenbrock, Phys. Rev. C, 102(5), 51303 (2020), 2007.06684.
[46] G. Hagen, S. J. Novario, Z. H. Sun, T. Papenbrock, G. R. Jansen, J. G. Lietz, T. Duguet, and A. Tichai, Phys.

Rev. C, 105(6), 064311 (2022), 2201.07298.
[47] Z. H. Sun, A. Ekström, C. Forssén, G. Hagen, G. R. Jansen, and T. Papenbrock, arXiv (mar), 2404.00058.
[48] B.S. Hu, Z.H. Sun, G Hagen, G.R. Jansen, and T Papenbrock, Phys. Lett. B, 858(September), 139010 (2024).
[49] A. Tichai, K. Kapás, T. Miyagi, M. A. Werner, Legeza, A. Schwenk, and G. Zarand, Phys. Lett. Sect. B Nucl.

Elem. Part. High-Energy Phys., 855(June), 138841 (2024), 2402.18723.
[50] M. L. Cortés, P. Doornenbal, M. Dupuis, S. M. Lenzi, F. Nowacki, A. Obertelli, S. Péru, N. Pietralla, V. Werner,

K. Wimmer, G. Authelet, H. Baba, D. Calvet, F. Château, A. Corsi, A. Delbart, J.-M. Gheller, A. Gillibert,
T. Isobe, V. Lapoux, C. Louchart, M. Matsushita, S. Momiyama, T. Motobayashi, M. Niikura, H. Otsu,
C. Péron, A. Peyaud, E. C. Pollacco, J.-Y. Roussé, H. Sakurai, C. Santamaria, M. Sasano, Y. Shiga, S. Takeuchi,
R. Taniuchi, T. Uesaka, H. Wang, K. Yoneda, F. Browne, L. X. Chung, Zs. Dombradi, S. Franchoo, F. Giacoppo,
A. Gottardo, K. Hadynska-Klek, Z. Korkulu, S. Koyama, Y. Kubota, J. Lee, M. Lettmann, R. Lozeva, K. Matsui,
T. Miyazaki, S. Nishimura, L. Olivier, S. Ota, Z. Patel, E. Sahin, C. M. Shand, P.-A. Söderström, I. Stefan,
D. Steppenbeck, T. Sumikama, D. Suzuki, Zs. Vajta, J. Wu, and Z. Xu, Phys. Rev. C, 97(4), 044315 (2018).

[51] Martha Liliana Cortés Sua, Inelastic scattering of Ni and Zn isotopes off a proton target, PhD thesis, Technische
Universität Darmstadt, Darmstadt (2016).

[52] M. Dupuis and E. Bauge, EPJ Web Conf., 122, 06001 (2016).
[53] Z. Elekes, Á. Kripkó, D. Sohler, K. Sieja, K. Ogata, K. Yoshida, P. Doornenbal, A. Obertelli, G. Authelet,

H. Baba, D. Calvet, F. Château, A. Corsi, A. Delbart, J.-M. Gheller, A. Gillibert, T. Isobe, V. Lapoux,
M. Matsushita, S. Momiyama, T. Motobayashi, H. Otsu, C. Péron, A. Peyaud, E. C. Pollacco, J.-Y. Roussé,
H. Sakurai, C. Santamaria, Y. Shiga, S. Takeuchi, R. Taniuchi, T. Uesaka, H. Wang, K. Yoneda, F. Browne,
L. X. Chung, Zs. Dombrádi, F. Flavigny, S. Franchoo, F. Giacoppo, A. Gottardo, K. Hadyńska-Klȩk, Z. Korkulu,
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