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Magic number
shell structure and shell gap

understanding of the mechanism
fundamental problem in nuclear structure physics

link to physical observable

eg. shell evolution in exotic nuclei

mass/separation energy
excitation energy and transition prob.
β-decay

emergence of the simple pattern



N/Z ∼ 1.8

touchstone of our understanding/
model

Doubly magic nuclei

78Ni
most exotic



Δ = S2n (N = 50) − S2n (N = 52)
(i) mass/separation energy

gap energy:

of the Fermi surface energy with the effective result of a
larger gap with SLy4 and a nearly vanishing gap for SkP at
Z ! 32. On the other hand, the similar calculation of
Bender et al. [29] employing the SLy4 interaction in the
deformed basis and adding dynamical quadrupole correla-
tions brings the calculated values closer to those observed
in this experiment.

In summary, we have measured the masses of approxi-
mately 30 neutron-rich nuclei with unprecedented accu-
racy to probe experimentally the magicity of the N ! 50
neutron number far from stability. The data indicates the
persistence of this gap towards Ni (Z ! 28) with an ob-
served minimum at Z ! 32. This observation is in line with
the interpretation of recent spectroscopic data on low-lying
excited states of these nuclides in the framework of a shell
model. Concerning the binding energies, it is observed that
the energy density functional approach can reproduce
qualitatively the observed trends in two-neutron separation
energies and shell gaps. These high-precision experimental
data provide a basis for improved theoretical description of
various separation energies of neutron-rich nuclei needed,
for example, in nuclear astrophysics. Moreover, the future
experiments will have to be pushed towards more exotic
nuclei such as 82Zn and 81Cu in the vicinity of 78Ni.
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[30] P. Möller et al., At. Data Nucl. Data Tables 59, 185 (1995).
[31] J. Duflo and A. P. Zuker, Phys. Rev. C 66, 051304(R)

(2002).
[32] T. Otsuka (private communications).
[33] M. Stoitsov et al., Int. J. Mass Spectrom. 251, 243 (2006).
[34] M. Stoitsov et al., Phys. Rev. C 68 , 054312 (2003).

 1

 2

 3

 4

 5

 6

 7

 8

 9

 24  26  28  30  32  34  36  38  40

Sh
el

l g
ap

 (M
eV

)

Proton number

exp
FRDM95

SLy4
SkP

SLy4+GCM
GT3

D1S
DuZu

FIG. 4. Evolution of the N ! 50 shell gap and comparison to
theoretical models.
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FRDM produces well the exp. 
EDF’s produce the trend of the exp. 

high shell gap energy at 78Ni 

direct measurement has yet to exist

expected



(ii) qudrupole state
R. Taniuchi et al., Nature 569(2019)53

R42 = E(4+ )
E(2+ ) = 1.22

single-particle-like excitation

now the 0p-0h components amount to 33%. The distortion
of the spectrum is due to the mixing of the spherical and the
deformed 0þ’s. Thus, the doublet of 0þ states in 76Fe
signals the rapid transition from the doubly magic ground
state of 78Ni to the fully rotational case of 74Cr, where the
collective behavior is well established, and the neutron
4p-4h intruder becomes dominant in the yrast band, with a
2þ at 0.27 MeV and Eð4þÞ=Eð2þÞ ¼ 3 (see Fig. 3).
Collectivity persists to a lesser extent in 72Ti, whose 2þ

is at 0.41 MeV. There is no experimental information for
these nuclei yet. Table II shows the calculated BðE2Þ values
and spectroscopic quadrupole moments, which correspond,
in the well-deformed case of 74Cr, to βmass ∼0.32 and
βcharge ∼0.35 in very nice agreement with the results of the
CHF PES. In Table III, we display the occupation numbers
of the neutron and proton orbits above the N ¼ 50, Z ¼ 28
doubly magic closure. It is seen that in the neutron side,
they evolve from 2.7 neutrons excited in 78Ni to a
maximum of 4.9 neutrons in 74Cr, and down to 3.3 neutrons
in 70Ca. Importantly, we verify that in all the cases, all the
excited orbits have non-negligible occupations, as expected
in a pseudo-SU(3) regime, which, however, is only fully
dominant in 74Cr. In the proton sector, the p3=2 orbit is
preferentially populated, as should happen in the quasi-
SU(3) limit, except in 78Ni, where the proton collectivity is
rather of pseudo-SU(3) type. 70Ca is the most neutron-rich

nuclei in our palette and the one for which our predictions
are less dependable because of the far-off extrapolation of
the neutron ESPEs. It has a curious structure, more vibra-
tional than superfluid, with its ground state wave function
evenly split ð24=24=21=16Þ% between the ð0=2=4=6Þp-h
configurations, and a first excited0þ state at about 500 keV
of doubly magic, N ¼ 50, Z ¼ 20, character.
Finally, we gather in Fig. 4, the evolution of the 2þ

excitation energies for the nickel and chromium chains. The
present calculations are complemented towards N ¼ 40,
with the results obtained using the LNPS interaction and
valence space [13]. It is seen that the magic peaks in the
nickels, at N ¼ 40and N ¼ 50, disappear completely in
the chromiums: the fingerprint of the onset of deformation
and of the entrance in the IOIs. The same is indeed true
for the iron chain. The agreement of the SM CI
description with experiment may soon extend to full chains
of isotopes from the proton to the neutron drip lines, for
instance, from 48Ni and 44Cr (N ¼ 20) in the pf shell
with the KB3G interaction, to 80Ni and 76Cr (N ¼ 52)
using PFSDG-U.
In conclusion, it looks as if nature would like to replicate

the N ¼ 40 physics at N ¼ 50. Shape coexistence in
doubly magic 78Ni turns out to be the portal to a new
IOI at N ¼ 50, which merges with the well established one
at N ¼ 40 for the isotopes with Z ≤ 26. With this new
addition, the archipelago of IOIs in the neutron rich shores
of the nuclear chart counts now five members: N ¼ 8, 20,
28, 40, and 50.

This work is partly supported byMINECO (Spain) Grant
No. FPA2014-57196 and Programme “Centros de
Excelencia Severo Ochoa” SEV-2012-0249, and by an
USIAS Fellowship of the Université de Strasbourg.

Note added.—A paper describing the heaviest nickel
isotopes with “ab initio” methods has appeared in [30]
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FIG. 3. Theoretical spectra of the N ¼ 50 isotones with the
PFSDG-U interaction. In red the deformed intruder band of 78Ni.

TABLE III. Average number of p-h excitations and occupancies
of the neutron and proton orbits above N ¼ 50and Z ¼ 28 for
several intruder states.

nνp−h nπp−h dν5=2 sν1=2 gν7=2 dν3=2 pπ
3=2 fπ5=2 pπ

1=2

78Ni 0þ2 2.7 2.3 1.1 0.8 0.4 0.4 0.9 1.0 0.4
76Fe 2þ1 3.0 1.4 1.2 0.8 0.6 0.4 0.8 0.4 0.2
74Cr 0þ1 4.9 1.6 1.8 1.1 1.2 0.8 1.1 0.3 0.2
72Ti 0þ1 4.8 0.9 2.2 0.7 0.6 1.3 0.7 0.1 0.1
70Ca 0þ1 3.5 0.0 1.9 0.3 0.2 1.1 0.0 0.0 0.0
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FIG. 4. 2þ energy systematics in the nickel and chromium
isotopic chains. Experimental data compared with calculations
using the LNPS [13] and PFSDG-U interactions.
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Doubly magic nuclei have a simple structure and are the cornerstones for entire regions of the nuclear
chart. Theoretical insights into the supposedly doubly magic 78Ni and its neighbors are challenging because
of the extreme neutron-to-proton ratio and the proximity of the continuum. We predict the Jπ ¼ 2þ1 state in
78Ni from a correlation with the Jπ ¼ 2þ1 state in 48Ca using chiral nucleon-nucleon and three-nucleon
interactions. Our results confirm that 78Ni is doubly magic, and the predicted low-lying states of 79;80Ni
open the way for shell-model studies of many more rare isotopes.

DOI: 10.1103/PhysRevLett.117.172501

Introduction.—Doubly magic nuclei, i.e., nuclei with
closed proton and neutron shells, play a most important role
in nuclear physics [1]. They are more strongly bound than
their neighbors, exhibit simple regular patterns, and are the
cornerstones for our understanding of nuclear structure in
entire regions of the Segré chart. In recent years, experi-
ments and theory have made considerable progress in
uncovering the evolution of shell structure in rare isotopes
of oxygen [2–12], calcium [13–20], and tin [21–23].
The supposedly doubly magic nucleus 78Ni (with neu-

tron number 50 and proton number 28) has been the focus
of considerable experimental and theoretical efforts [24–
30]. This nucleus is also of astrophysical relevance,
because it is in the region of the r-process path. Reliable
theoretical predictions for 78Ni and its neighbors are
challenging [31,32] because of the extreme neutron-to-
proton ratio and the proximity to the neutron drip line. The
large isospin brings to the fore smaller aspects of the
nuclear interaction that are poorly constrained in β stable
nuclei, while for weakly bound and unbound nuclear states
it is necessary to include coupling to the particle con-
tinuum. We address these challenges as follows: We
employ a set of interactions [33,34] from chiral effective
field theory (EFT) [35–37]. These interactions consist of
nucleon-nucleon (NN) and three-nucleon forces (3NFs)
[38,39]. They reproduce properties of nuclei with mass
numbers A ¼ 2, 3, 4 nuclei well but differ in binding
energies, radii, and spectra of medium-mass nuclei [40].
We include continuum physics by employing the Berggren
basis [41–43], which treats bound-, resonant-, and non-
resonant-scattering states on equal footing. The Berggren
basis has been extensively used in the Gamow-shell-model
and coupled-cluster computations of weakly bound and
unbound nuclear states; see, for example, [44–46]. Finally,
using these ingredients we solve for the structure of 78Ni
and its neighbors using the coupled-cluster theory [47–56];
see Refs. [57,58] for recent reviews. For the computation of
Jπ ¼ 2þ1 excited states in 48Ca and 78Ni, we use an

implementation of the equation-of-motion (EOM)
coupled-cluster method that properly accounts for two-
particle–two-hole (2p-2h) excitations.
As a key indicator of the 78Ni structure, we focus on the

energy of the first excited Jπ ¼ 2þ1 state. This 2þ1 state is at
about 1 MeVof excitation energy in 70;72;74;76Ni, reflecting a
softness regarding (a collective) quadrupole vibration. In
contrast to these semimagic nuclei, the nucleus 68Ni exhibits
a soft subshell closure (at neutron number 40) [59,60], and its
2þ1 state is at about 2MeVof excitation energy. This situation
is illustrated in Fig. 1, with experimentally known 2þ1 levels
shown as black bars and the computed energies of the 2þ1
states in 78;80Ni from this Letter. For 78Ni the red shaded area
gives the predicted range for the 2þ1 state obtained by
correlating relevant observables; details are given below.
The predicted range for the 2þ1 state in 78Ni is considerably

FIG. 1. Energy of the 2þ1 state in neutron-rich nickel isotopes
for 68−76Ni from the data (black horizontal lines) and for 78;80Ni
from first-principles computations (red horizontal lines) based on
the chiral interaction “1.8/2.0 (EM)” of Ref. [33]. The red shaded
area for 78Ni shows the predicted range for the 2þ1 state based on a
correlation between the 2þ1 in 48Ca and 78Ni using a family of
chiral interactions (see the text and Fig. 2 for details).
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(iii) β-decay

Figure 3 shows the systematic trend of β-decay half-lives
for the nuclei around 78Ni as a function of neutron number.
As discussed in Ref. [36], when β-decay Qβ values are
sufficiently large, the half-life is dominated by a fifth-power
dependence on Qβ. In this case, a linear relationship
between the log10 T1=2 and the neutron number of the
parent nucleus is expected phenomenologically when Qβ
evolves smoothly in an isotopic chain. Experimentally, this
linearity clearly emerges in Fig. 3 below N ¼ 50. Beyond
that, a sudden reduction manifests in the Z ¼ 28 isotopic
chain due to the shorter half-lives of 79;80Ni with reference
to the systematics at N ≤ 50. Since no strong deformation
and shape transition were expected in this region, the fast
β-decay processes in 79;80Ni could be attributed to the first
neutron outside the N ¼ 50 shell as follows. If a large shell
gap existed, the neutron outside the shell can dramatically
increase the Qβ values and β-decay rates of 79;80Ni
compared to that of 78Ni, even though the possible decay

channels such as νd5=2 → πf5=2 or νs1=2 → πp3=2;1=2
belong to first-forbidden (FF) transitions. Note that this
sudden shortening of the half-lives beyond N ¼ 50 is not
clearly observed in the Zn and Ga isotopic chains, and the
kink shown by the half-lives of 78–81Cu is much weaker
than that in the Ni isotopes. Since the Qβ variation crossing
the N ¼ 50 shell is determined by the strength of the
neutron shell gap, the stronger kink shown in the Ni
isotopic chain is in compliance with the predicted enhance-
ment of the N ¼ 50 shell at Z ¼ 28: although the calcu-
lated neutron shell-gap energies diverge from 2 to 7 MeV in

TABLE I. Beta-decay half-lives obtained in the present work (Texp
1=2) together with the compared literature values

(T lit
1=2).

Nuclide Texp
1=2 (ms) T lit

1=2 (ms) Nuclide Texp
1=2 (ms) T lit

1=2 (ms)
72Co 52.8" 1.6 59.9" 1.7a 78Ni 122.2" 5.1 110þ100

−60
a

73Co 40.4" 1.3 41" 4a 79Ni 43.0þ8.6
−7.5 $ $ $

74Co 31.6" 1.5 30" 3b 80Ni 23.9þ26.0
−17.2 $ $ $

75Co 26.5" 1.2 30" 11c 78Cu 330.7" 2.0 335" 11a

76Co 21.7þ6.5
−4.9 $ $ $ 79Cu 241.3" 2.1 257þ29

−26
c

77Co 13.0þ7.2
−4.3 $ $ $ 80Cu 113.3" 6.4 170þ110

−50
a

74Ni 507.7" 4.6 680" 180a 81Cu 73.2" 6.8 $ $ $
75Ni 331.6" 3.2 344" 25a 80Zn 562.2" 3.0 540" 20a

76Ni 234.6" 2.7 238" 18c 81Zn 303.2" 2.6 304" 13a

77Ni 158.9" 4.2 128þ36
−32

a 82Zn 177.9" 2.5 228" 10d

aReference [35].
bReference [23].
cReference [21].
dReference [24].
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FIG. 2 (color online). Time distribution of the β-decay events
correlated with implanted 79Ni. The fitting function (solid red
line) considers the activities of parent nuclei (dashed-dotted black
line), β-decay daughter nuclei (fine-dashed blue line), βn-decay
daughter nuclei (dashed green line), a constant background (solid
pink line), and other decay products (granddaughter nuclei, etc.),
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FIG. 3 (color online). Experimental half-lives as a function
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solid symbols represent the half-lives determined by this work
while the open symbols are the half-lives taken from
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Nuclear density-functional theory (DFT)
Kohn-Sham(Hartree-Fock)-Bogoliubov
Linear-response time-dependent DFT: Quasiparticle-RPA

e−iωt ̂F±external field:

δρ± (r, t) ∼ δρ± (r)e−iωt δρ± (r) = ∫ dr′�χ0(r, r′�)[ δ2E[ρ]
δ2ρ

δρ± (r′�) + f(r′�)]
density vibration:

Skyrme energy-density 
functional (EDF)

⟨Ψλ | ̂F± |Ψ0⟩ = ∫ drδρ± (r; ωλ)f(r)transition matrix element : 

̂F± = ∑
τ,τ′ �

f(r)ψ̂†(rτ)ψ̂(rτ′�)⟨τ |τ± |τ′�⟩

KY, PTEP2013, 113D02Microscopic mode employed



✓ sudden drop beyond N=50

✓ monotonic shortening below 50, 
and above 52

✓ something occurs in between
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✓ Not all the DFT calculations can 
describe the drop beyond N=50
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✓ sudden drop is due to the FF transitions

✓ allowed transitions give only a 
monotonic shortening 

appearance of the low-lying 
negative-parity states
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β-decay half-lives of Zn isotopes
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Summary

Systematic calculation of β-decay rates of neutron-rich Ni isotopes around 78Ni

Observed sudden shortening of the half-lives beyond N=50 was well described

Decisive role by the high-energy non-unique first-forbidden transitions

Global (systematic) and microscopic calculation of the weak-interaction rates is 
strongly desirable

DFT-based calculation is promising

Smooth trend due to high-energy allowed transitions in the Zn isotopes
associated with deformation


