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The N ¼ 48 80Ge nucleus is studied by means of β-delayed electron-conversion spectroscopy at ALTO.
The radioactive 80Ga beam is produced through the isotope separation on line photofission technique and
collected on a movable tape for the measurement of γ and e− emission following β decay. An electric
monopole E0 transition, which points to a 639(1) keV intruder 0þ2 state, is observed for the first time.
This new state is lower than the 2þ1 level in 80Ge, and provides evidence of shape coexistence close to one
of the most neutron-rich doubly magic nuclei discovered so far, 78Ni. This result is compared with
theoretical estimates, helping to explain the role of monopole and quadrupole forces in the weakening of
the N ¼ 50 gap at Z ¼ 32. The evolution of intruder 0þ2 states towards 78Ni is discussed.
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The appearance of a well-defined shape in mesoscopic
systems is linked to the existence of shell gaps, which
helps to stabilize a given configuration by requiring a large
energy to break it [1]. From this point of view, atomic
nuclei represent a peculiar subset among finite many-body
systems. In fact, even though nuclei show strong
shell-closure effects, their energy gaps are the result of
the interplay between single-particle structure (spherical
energy levels) and collective excitations. These collective
excitations can change or even overturn the spherical mean-
field structure, as in the case of the “islands of inversion”
[2]. Indeed, the coexistence of several shapes in nuclei is
made possible by collective correlations bringing different
configurations near in energy. A similar situation is also
found in some metallic clusters, where shape isomers come
close to the energy minimum [3]. In nuclei, there can be
“intruder” configurations, different from the ground state,
which have their origin in the excitation of nucleons to the
higher-lying major shell. Their energy can be close to the
ground state one, leading to shape coexistence. In particu-
lar, intruder 0þ states which are two-particle two-hole
(2p − 2h) excitations in nature have their energy deter-
mined by the same forces changing the correlated shell
gaps [1]. Therefore, they are an effective tool to investigate
the interplay between shape coexistence and the spherical
mean field.
A paradigmatic case in which the study of (2p − 2h) 0þ

states can help to understand the shell-gap evolution is the

issue of the persistency of N ¼ 50 shell closure in neutron-
rich systems. Recent experimental studies have pointed
out a weakening of this gap at Z ¼ 32 [4,5]. This has led
to speculations about a partial quenching of the shell gap
going towards 78Ni, but subsequent mass measurements
showed it is increasing again at Z ¼ 30 [6]. One hypothesis
is that this behavior, instead of being an indication of a
change in the single-particle energy, is due to the action of
the quadrupole correlations, and so the stability of the
spherical N ¼ 50 gap remains an open question [7,8].
A study of shape coexistence in this region will help
disentangle the single-particle gap quenching from the
effect of quadrupole collectivity across N ¼ 50. This gap
is of paramount importance for nuclear structure, being
linked to fundamental issues such as the role of the three-
body forces in the appearance of the spin-orbit shell
closures [7,9].
The occurrence of shape coexistence near or at shell

closures has been observed in many regions of the nuclide
chart, from 16O [10] to 182;184Hg [11] and 196Pb [12]. This
work provides the first evidence of shape coexistence close
to N ¼ 50 and to Z ¼ 28, following previous indications
of low-energy intruder configurations at N ¼ 49 [13–16].
After the description of the experimental setup, the results
of the measurement will be presented and discussed. It will
be shown how the (2p − 2h) 0þ2 state in 80Ge gives a
fundamental insight into the observed N ¼ 50 gap weak-
ening at Z ¼ 32, highlighting the mechanism involved.
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The implications for shape coexistence on 78Ni will also be
pointed out.
A radioactive low-energy 80Ga ion beam was produced

in the photofission isotope separation on line (ISOL)
facility ALTO, operated by the IPN in Orsay [17]. The
ISOL target, a carburized mixture of uranium oxide and
carbon nanotube powders [18], was placed in a Ta oven
heated at 2000 °C. It was irradiated by a 50 MeV electron
(e−) beam delivered by the ALTO linear accelerator,
with an average beam current of 8 μA. The single-charged
surface-ionized reaction products were accelerated to
30 keV. The Production d'Atomes Radioactifs Riches en
Neutrons (PARRNe) mass-separator magnetic field was set
for mass 80. Previous studies show that the dominant
production at this mass is 80Ga [19], due to its lower
ionization potential compared to the neighboring isobars.
The mass-separated beam was then delivered to the

experimental setup, consisting of a tape station with two
measurement points. The first one, at the beam implantation
point, was equipped with a plastic β detector and a coaxial
high-purityGe (HPGe) crystal for γ rays, tomonitor the beam
activity.
The 80Ga yield was measured to be ∼104 pps. Ions were
collected on tape for 5 s, corresponding to several times the
80Ga half-life emissions of 1.9(1) and 1.3(2) s, belonging to
the 6− ground state and to the 3− isomer, respectively [19].
The tape then moved the activity in about 1 s to the

second measurement point: this was equipped with a plastic
scintillator for β electrons, a coaxial large-volume HPGe
crystal, and a liquid-nitrogen cooled Si(Li) junction for the
detection of the conversion e− (3 mm thickness). The three
detectors were arranged as in Fig. 1. The efficiency of the β
scintillator was about 20%, while the Ge crystal had a γ-ray
efficiency of 0.7% at 1 MeV. The efficiency of the Si(Li)
detector was 14%, measured for the 648 keV K e− coming
from the conversion of the 659 keV deexcitation of the
2þ state of the daughter nucleus 80Ge, considering the
11.1 keV binding energy of the K e− in Ge isotopes.

All the internal conversion coefficients in this Letter were
estimated on the basis of Ref. [20]. Data were acquired
in a triggerless mode, with a 5 s acquisition time at each
tape cycle. The beam purity was checked by measuring
the β-delayed γ emission, previously studied in detail in
Refs. [13,19]. The use of conversion e− spectroscopy with
ISOL beams has already been proven to be an effective
tool to study excited 0þ states by observing their E0 decay
to the ground state, as in the case of 30Mg [21]. Electron
spectroscopy was not performed in the previous 80Ga
studies in Refs. [13,19].
The β-gated e− spectrum obtained from the Si(Li)

detector can be seen in Fig. 2. The large background is
due to the Compton edge at ∼800 keV, which originates
from the 1080 and 1109 keV transitions in 80Ge, as well as
from other higher-energy γ rays from the 80Ga decay
observable in the spectrum. Two peaks appear clearly in
the spectrum: the line at 648(1) keV is the aforementionedK
e− from the 2þ → 0þ transition in 80Ge, while the other
line at 628(1) keV does not correspond to any known
transition in 80Ge or in any of its descendants. Moreover,
there is no intense transition in the γ spectrum that could
justify e− conversion at 628 keV. This suggests that it is
an E0 transition associated with a second 0þ state in 80Ge.
β decay has already proven capable of populating low-lying
0þ states in the region: in 72Ge a low-lying0þ2 statewas found
at 691 keV via its E0 transition to the ground state [22].
It is noted that the spin-parity of the decaying 72Ga is 3−, as is
the case for one of the two β-decaying states in 80Ga [19].
In order to verify this assignment, the time distribution of

the 628 keV peak in the 5 s acquisition time was studied,
and is shown in the inset of Fig. 2. The analysis yields
t1=2 ¼ 1.5ð8Þ s for the 639(1) keV 0þ2 state, which is
compatible with the short 80Ga lifetimes, and incompatible
with the longer decays of the daughter nuclei.
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FIG. 2. Energy spectrum obtained from the Si(Li) detector from
the decay of 80Ga. The inset shows the decay curve of the
628 keV e−, which is compatible with the 80Ga lifetime(s). The
deduced partial level scheme of 80Ge is also drawn.
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FIG. 1. Schematic view of the experimental setup. The tape
moves the collected radioactivity in front of the Si(Li) detector.
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In view of the large statistics and beam purity of the
present experiment, it is worth investigating the possible
γ − e− coincidences. The upper panel of Fig. 3 shows the
only peak clearly in coincidence with the 628 keV e− line
in the e−-gated γ spectrum of the Ge crystal (without a
coincident β condition to improve statistics). It is a γ ray at
1764(1) keV, previously undetected. The inset in the upper
panel shows the 1764 keV gated Si(Li) spectrum, with the β
condition applied: the 628 keV line stands out clearly.
The lower panel of Fig. 3 presents the β-gated γ spectrum in
the same energy region. The transition at 1773 keV in 80Ge
was identified previously in Ref. [13], with an intensity of
1.3%. Relative to this level, the 1764 keV transition has
an intensity of 0.4%, close to the observational limits of
previous studies [13,19]. The inset in the lower panel of
Fig. 3 shows the time distribution of this γ ray, yielding a
half life of 1.6(4) s for the state feeding the 0þ2 level, once
again in agreement with the 80Ga half life, and incompat-
ible with the longer ones of the descendants. A similar
value is obtained for the decay curve of the γ rays in
coincidence with the 628 keV e−, thereby also confirming
the decay curve of the e− emission. If this transition
directly feeds the 0þ2 state, then there is a level at
639þ 1764 ¼ 2403ð1Þ keV. Considering the decay prop-
erties of the 3− isomeric state in 80Ga [19], the spin-parity
of this state is tentatively assigned as 2þ, populated by first-
forbidden β decay. This state has no isomeric character,
being thus compatible with an E2 transition to the 0þ2 level
or to some unobserved intermediate state. In conclusion,
the present study indicates the existence of a 639(1) keV 0þ2
state lower than the 659 keV first 2þ level in 80Ge.
Shape coexistence in the Z ¼ 40, N ¼ 50 90Zr nucleus

has been studied previously [23,24]. The πð2p − 2hÞ
excitations across the Z ¼ 40 shell closure were suggested
to be key to understanding it, while the νð2p − 2hÞ states

should be high in energy due to the reduced quadrupole
interaction at Z ¼ 40 [25].
Given these premises, one can investigate what happens

to νð2p − 2hÞ intruder configurations acrossN ¼ 50, in the
open proton fp shell between Z ¼ 28 and Z ¼ 40, notably
at Z ¼ 32. Indeed, a substantial reduction of the excitation
energy of the intruder νð2p − 2hÞ 0þ state is expected due
to significant quadrupole interactions with the open-shell
protons, on top of the gain in the pairing energy [1].
Moreover, the spherical mean field energies will be affected
by the angular-momentum average of the residual inter-
action among valence nucleons [26]. This monopole
drift will reduce the N ¼ 50 gap, thus further lowering
the energy of the 0þ states. In relation to this last point,
the shell model space above N ¼ 50 is also changed with
respect to the case of 90Zr. Several recent studies have
clearly shown that the νs1=2 shell drops in energy, becom-
ing almost degenerate with the lower-lying νd5=2 shell at
Z ¼ 32 and 30 [16,27]. As a consequence, neutron pair
excitations across N ¼ 50 are likely to involve both orbits,
leading to significant configuration mixing. The mecha-
nism in this case is actually similar to the one determining
the islands of inversion atN ¼ 20 in 32Mg [2] and atN¼40

in 64Cr [28–30]. It appears that the common driving force
that lowers the energy of intruder (2p − 2h) configurations
is the quadrupole interaction in the quasi-SU(3) scheme
[26,31], which involves ΔJ ¼ Δl ¼ 2 orbitals. This
scheme is realized for f7=2p3=2 at N ¼ 20 [32] and for
g9=2d5=2 atN¼40 and 50 [29,30]. Actually, the g9=2d5=2s1=2
space provides a paradigmatic example of the quasi-SU(3)
scheme [29].
A quantitative description of the energy position of the

0þ2 state requires knowledge of the evolution of two of the
most important components of the nuclear Hamiltonian:
the monopole and the quadrupole terms. In fact, the energy
of the 0þ2 level originating from a (2p − 2h) excitation can
be expressed for N ¼ 50 as [33]

E0þ
2
¼ 2ðEνd5=2 − Eνg9=2Þ þ ΔEνν

pair þ ΔEπν
M þ ΔEπν

Q ;

where Eνd5=2 − Eνg9=2 is the energy difference between
the unperturbed neutron states across N ¼ 50. The unper-
turbed shell gap is then calculated as Eνd5=2 −Eνg9=2 ¼
Snð90ZrÞ−Snð91ZrÞ. The pairing term ΔEνν

pair was estimated
using the one- and two-neutron separation energies
and corresponds to the value ½2Snð90ZrÞ − S2nð90ZrÞ� þ
½2Snð91ZrÞ − S2nð92ZrÞ� [34]. The neutron separation ener-
gies Sn are the ones evaluated in Ref. [35], which includes
recent high-precision mass measurements [5,6].
The quadrupole ΔEπν

Q and the monopole ΔEπν
M contri-

butions are the most interesting ones. The former was
estimated using the IBM-2 approximation, following the
prescriptions in Ref. [34].
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The monopole energy difference was extracted from the
discontinuity in the Sn curves across N ¼ 50 for each
isotopic chain using the graphical method introduced in
Ref. [36]. This enables us to extract a realistic νg9=2νd5=2
gap. The obtained monopole energy slope is compatible
with that of Ref. [37].
Figure 4 shows the evolution of the different contribu-

tions for the N ¼ 48 isotones, including the resulting
energy of the intruder 0þ2 level. The violet line is the
pairing gain of the νð2p − 2hÞ configuration, with an error
bar that represents the variation of pairing along the
isotonic chain. The quadrupole contribution (orange line)
has a minimum at Z ¼ 34, at the f5=2p1=2p3=2 midshell,
in accordance with the literature [38]. The quadrupole
strength is consistent with estimates in this and other
regions [1,25]. The monopole energy gain (red line)
steadily increases as it approaches the Ge isotopes, and
reduces slightly when going from the Ge to the Zn isotopes.
The cumulative contribution of this gap reduction and the
quadrupole gain in energy is the crucial factor that lowers
the energy of the intruder configuration down to the
measured value. The calculations thus show that the low
energy of the 0þ2 state cannot be explained only in terms of
pairing and quadrupole correlations, but also demands a
∼1 MeV N ¼ 50 gap reduction. An error bar is added as a
shaded area, and it reflects the uncertainties (∼300 keV) in
the mass evaluations [35] for 83Zn, since its mass has not
yet been measured. The Sn of this nucleus is in fact
necessary to apply the aforementioned graphical method.
The resulting energy of the νð2p − 2hÞ 0þ2 states in N ¼ 48

isotones has a minimum in the Z ¼ 32 and 34 isotopes,
as shown by the green line with its error bar coming from
the pairing and the monopole contributions. Besides mass

measurements, other studies have consistently pointed out
the existence of this minimum of the N ¼ 50 shell gap, and
the corresponding increase in collectivity [4,7,8]. It is not
easy to establish the nature of 0þx states over the whole
isotonic chain, but it is observed that for each isotone there
is at least one state with an energy compatible with the
theoretical estimate for a (2p − 2h) intruder level. The
exception of 88Zr may be linked to the imperfect closure of
the Z ¼ 40 shell. The new 0þ2 state found in the present
work in 80Ge is compatible with the calculated range of
values. It is thus tentatively interpreted as a νð2p − 2hÞ
excitation across theN ¼ 50 shell closure. This νð2p − 2hÞ
state has to be well deformed because of the quadrupole
interaction between the valence nucleons. The presence of a
deformed state near the almost spherical ground state, even
lower than the first-excited 2þ state, is an evidence of shape
coexistence [12].
The 8.5-MeV lowering of the νð2p − 2hÞ configuration,

from an unperturbed single-particle energy at ∼9 MeV to
the measured 639 keV, is a remarkable effect of the
quadrupole and monopole correlations in the nuclear
Hamiltonian. Both provide an extra binding of ∼2.5 MeV
at their maximum values at midshell Z ¼ 34 and at Z ¼ 32,
respectively, as shown in Fig. 4. The spherical shell-gap
reduction induced by the monopole force has the effect to
bring the minimum of the intruder configuration energy
towards the lighter N ¼ 50 isotones. The lack of mass
measurements in the most exotic isotopes prevents a precise
prediction of the evolution towards 78Ni. If the monopole
contribution does not increase theN ¼ 50 gap substantially
from Z ¼ 30 to Z ¼ 28, shape coexistence with a low
∼2.5 MeV intruder 0þ2 state in 78Ni may occur. Moreover,
a weakening of the Z ¼ 28 gap could further lower the
νð2p − 2hÞ 0þ state via quadrupole interactions. Therefore,
the evaluation of the spherical gap in 78Ni demands some
caution. This is strictly correlated to the evolution of
effective single-particle energies beyond N ¼ 50: exper-
imental evidence gathered so far is inexplicable using only
two-body nuclear interactions [7]. The unequivocal deter-
mination of single-particle strengths, together with mass
measurements of more exotic nuclei going towards 78Ni,
are observables essential in the near future.
In summary, the present Letter shows the first clear

evidence of shape coexistence in the N ¼ 50 neutron-rich
region, by measuring a low-lying 639(1) keV 0þ2 state in
80Ge, interpreted as a νð2p − 2hÞ excitation acrossN ¼ 50.
This finding is in agreement with phenomenological
estimates from mass data, which point to a lowering of
the intruder configuration as a result of monopole and
quadrupole effects. The monopole contribution determines
a reduction of the N ¼ 50 shell gap when going from
Z ¼ 40 to Z ¼ 32. This makes the Z ¼ 34 midshell
correlation maximum flatten out towards Z ¼ 32. These
results suggest the possibility of shape coexistence in 78Ni.
However, the lack of mass measurements of the most exotic
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nuclei in this region hampers the precise assessment of the
evolution of the N ¼ 50 shell gap and of the related
effective single-particle energies down to Z ¼ 28.
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Note added.—We recently became aware of the work in
Ref. [39]. The authors measured the isomer shift of
the 1=2þ intruder state in the N ¼ 49 79Zn isotope.
They found a large isomer shift with respect to the ground
state, interpreted as an increased deformation. This
result provides further evidence of the coexistence between
a deformed low-energy intruder state and the normal-
configuration ground state in this region.
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