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Experimental observation of states in 78Ni
ARTICLERESEARCH

puts the deformed 2+ state at 2.88 MeV, and thus below the spherical 
2+ state at 3.15 MeV, for MCSM the deformed 2+ state at 2.89 MeV lies 
above the spherical 2+ state at 2.57 MeV. The respective 4+ states are 
located approximately 0.5–0.7 MeV above the 2+ states, hence justifying 
the tentative spin assignment for the experimental level at 3.18 MeV.  
In addition, the calculated deformed 0+ states are located approxi-
mately 0.25 MeV below their respective deformed 2+ states. A possi-
ble unobserved transition from the deformed 2+ state to the deformed 
0+ state is expected to be several orders of magnitude weaker than 
direct decays to the ground state owing to the large energy difference of 
the latter. It is further noted that restricting the MCSM calculations to  
the A3DA-m Hamiltonian43 puts the first 2+ state at 2.89 MeV and the 
second 2+ state at 4.72 MeV, strikingly demonstrating the necessity 
for the inclusion of the full neutron sdg shell to properly characterize 
low-lying deformed configurations28.

It is important to stress the structural differences between the  
spherical and deformed configurations, specifically the average number 
of particle–hole excitations above Z = 28 ( −

πnp h) and N = 50 ( −
νnp h) for 

the 0+, 2+ and 4+ states. With MCSM, these numbers are 
0.4 ! !−

πnp h  0.9 and 0.7 ! !−
νnp h  1.7 for the three spherical states, 

whereas for the deformed states the respective values are ≈ .−
πn 2 5p h  

and ≈ .−
νn 2 7p h . Similar values are obtained with LSSM. Recollecting 

the different levels populated from the (p, 2p) and (p, 3p) reactions, the 
calculated spectroscopic factors, which quantify the overlap between 
final and initial state in single-nucleon knockout reactions, can help to 
unravel the nature of levels populated. Inspection of these spectroscopic 
factors from 79Cu to final states in 78Ni with the LSSM and MCSM 
Hamiltonians shows that spherical configurations are strongly 
favoured. In Fig. 5 experimental partial cross-sections to the individual 
levels are compared with calculated ones obtained within the distorted- 
wave impulse approximation (DWIA) formalism49 folded with the 
shell-model spectroscopic factors (see Methods). Although the assump-
tions of the DWIA and shell-model spectroscopic-factor calculations 
are not fully consistent, their combination provides a qualitative picture 
that can be compared with experimental results. We note that for the 
removal of a single proton from the π0f7/2 or π0f5/2 SPOs, the calculated 
cross-sections, which are weakly dependent on the projectile and 
excitation energy, are about 1 mb. The bulk of spectroscopic strength, 
which originates from the removal of a π0f7/2 proton, is calculated at 
energies of 4–5 MeV, with an abrupt increase that is not observed 
experimentally. However, this energy is close or beyond the evaluated 

neutron separation energy50, Sn = 5.16(78) MeV. Owing to the large 
uncertainty of Sn, quantitative comparisons between the experimental 
and theoretical total reaction cross-sections were not feasible, but we 
note that LSSM places the average of the distribution lower than 
MCSM. Good agreement between experiment and theory is observed 
for the ground state, which corresponds predominantly to the removal 
of a π0f5/2 proton, and the strikingly low direct population of the 
observed low-lying levels, which is illustrated by the similar integrated 
cross-sections in Fig. 5. So far, no theoretical framework can predict 
microscopic (p, 3p) cross-sections. It must be stressed, however, that 
the calculated two-nucleon overlaps between the ground state in 80Zn 
and the excited states in 78Ni also favour the population of spherical 
final states.

Nickel isotopes represent the neutron-rich frontier for ab initio cal-
culations. For the IM-SRG results in Fig. 4b (for details see Methods), 
we calculate = .+E(2 ) 3 35 MeV1  and = .+E(4 ) 3 75 MeV1  for 78Ni using 
a proton pf and a neutron sdg SPO valence-space Hamiltonian. This 
value of +E(2 )1  is several hundred kiloelectronvolts higher than the 
present measurement. Nevertheless, it is in good agreement with exper-
imental trends across the chain and also predicts a sharp decrease in 

+E(2 )1  for 80Ni. The average numbers of proton and neutron excitations 
for the +21  state are = .−

πn 0 9p h  and = .−
νn 1 3p h , analogous to the LSSM 

and MCSM results, and the partial cross-sections (Fig. 5d) follow  
a similar trend. However, a stark difference is found for the second  
2+ state, which lies at 5.81 MeV and is spherical. This deficiency is not 
unexpected, because ab initio methods are often built on truncations 
in allowed particle–hole excitations and thus fail to capture very col-
lective features sufficiently. In fact, the +E(2 )1  value for 78Ni only  
varies by about 100 keV when using several two- and three-nucleon 
interactions, so missing particle–hole excitations are probably the main 
uncertainty in the IM-SRG calculations. In particular, our IM-SRG 
results agree with the ab initio CC predictions of ref. 26 at the level of 
single and double correlations when using the same Hamiltonian. 
When triple correlations are further included, the +E(2 )1  value for 78Ni 
calculated with CC is found to be in good agreement with the present 
measurement.

In the case of QRPA calculations, 65% of the +21  wavefunction of 78Ni 
is composed of neutron excitations from the ν0g9/2 to the ν1d5/2 orbital 
across the N = 50 shell gap, whereas 28% are proton excitations from 
the π0f7/2 to the π0f5/2 orbitals. In this approach, the neutron shell gap 
at N = 50 is robust enough so that protons across the Z = 28 shell gap 
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Fig. 4 | Comparison of theoretical predictions with experimental data. 
a, Experimental +E(2 )1  values40 for even–even nickel isotopes are compared 
with calculations using phenomenological shell-model interactions 
(LSSM28,41 and MCSM43), the beyond-mean-field approach (QRPA), the 
ab initio approach (IM-SRG and CC26), as a function of neutron number, 
N. The present result for 78Ni is indicated by the red star. b, Experimental 
level scheme compared with detailed theoretical calculations for 78Ni. 

Transitions with S.L. ≥ 5 are represented by solid arrows and dotted 
arrows correspond to S.L. < 5. The 1.54-MeV transition is not placed, 
whereas the 2.11-MeV transition has S.L. < 3. The evaluated neutron 
separation energy, Sn, and its error50 (1 s.d.) are indicated by the orange 
dashed line and shading, respectively. Predicted deformed states are 
indicated by dashed lines. For convenience, theoretical predictions show 
only the two lowest 0+, 2+ and 4+ spin-parity values.
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Doubly magic 78Ni
The energies +E(2 )1  along the chain of nickel isotopes (Fig. 4a) exhibit 
a local maximum at 68Ni, which is attributed to the N = 40 harmon-
ic-oscillator shell closure. This assessment is reinforced by the isotope’s 
low quadrupole collectivity37; however, mass measurements identified 
this as a very localized feature38, and ref. 39 pointed out that quadrupole 
collectivity is dominated by neutron excitations. Beyond the harmonic- 
oscillator shell closure, in the independent-particle model, neutrons 
fill the ν0g9/2 SPO (ν and π denote neutron and proton orbitals, respec-
tively) with little impact on +E(2 )1 , until a steep rise is observed for our 
value at N = 50. In fact, the measured excitation energy of 2.6 MeV at 
that neutron number is essentially as high as the excitation energy of 
2.7 MeV reported for the doubly magic 56Ni (Z = N = 28)40—thus 
providing first direct experimental evidence for a comparable magic 
character. To gain further insight into the structural evolution of  
neutron-rich nickel isotopes, their +E(2 )1  values are compared with 
state-of-the-art theoretical calculations in Fig. 4a. Large-scale shell 
model (LSSM) calculations provided the two shell-model Hamiltonians 
outlined in refs. 28,41, with a transition at N = 44 from the LNPS to  
the PFSDG-U Hamiltonian. In particular, the LSSM calculations for 
78Ni included the full proton pf and neutron sdg harmonic-oscillator 
shells into their model space, which is crucial to pick up emerging 
quadrupole collectivity from quasi-degenerated neutron SPOs28.

The Monte Carlo shell model (MCSM)42 allows us to incorporate 
more SPOs into the calculation. For the MCSM predictions presented 
here, the A3DA-m Hamiltonian43 was employed for 64–76Ni, which 

encompasses the full pf shell as well as the 0g9/2 and 1d5/2 SPOs for 
protons and neutrons. To enable more detailed calculations for 78Ni, 
the A3DA-m Hamiltonian was extended to the full proton and neutron 
pf and sdg shells. The mean-field-based quasi-particle random-phase 
approximation (QRPA)44 calculations used the Gogny D1M effective 
force45. Finally, we present new ab initio results based on the valence-
space formulation46 of the in-medium similarity renormalization group 
(IM-SRG)47 and the coupled-cluster (CC) method26, both of which use 
two- and three-nucleon interactions derived from chiral effective-field 
theory48. All theoretical calculations describe well the pattern of +E(2 )1  
along the chain of nickel isotopes in Fig. 3a, notably the large enhance-
ment at N = 50, thus confirming that 78Ni is a doubly magic nucleus.

Two different shapes emerge
Complete predictions for the low-lying-level structure of 78Ni are pre-
sented in Fig. 4b next to the proposed experimental level scheme. The 
LSSM and MCSM calculations similarly predict competing spherical 
(quadrupole deformation parameter, β ≈ 0) and prolate deformed 
(β ≈ 0.3) intruder configurations, with one discrepancy: whereas LSSM 
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Fig. 2 | Layout of the experimental equipment and particle 
identification plots of isotopes. a, Schematic of the two final cyclotron 
stages (intermediate-stage ring cyclotron, IRC, and superconducting 
ring cyclotron, SRC) of the RIBF facility, along with the BigRIPS and 
ZeroDegree fragment separators. Sets of dipole and superconducting 
quadrupole triplet magnets are shown in blue and grey, respectively. 
Reaction residues cover a flight length of 126 m between creation at the F0 
production target and the final focal point, F11. Schematic, courtesy of N. 
Miyauchi. b, Layout of MINOS (grey) and the surrounding DALI2 γ-ray 
spectrometer (blue) located at the F8 focal plane. Incoming secondary  
80Zn and 79Cu beams (blue arrow) react and 78Ni exits the target  
(red arrow). c, Components of the radioactive beam accepted by the 
BigRIPS fragment separator. Events corresponding to 79Cu (red ellipse) 
and 80Zn (dashed red ellipse) are indicated. d, Reaction products accepted 
by ZeroDegree. 78Ni is indicated by the red ellipse. c, d share the colour 
scale in d, which indicates the number of events for different isotopes 
transmitted through BigRIPS and ZeroDegree.
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Fig. 3 | Doppler-corrected γ-ray energy spectra. a, De-excitation γ-rays 
measured in coincidence with 78Ni following (p, 2p) reactions. b, Prompt 
coincidences with the 2,600-keV transition following (p, 2p) reactions. 
The spectrum reveals coincidences between the 2,600-keV transition and 
other low-lying transitions. The coincidence range is illustrated by the 
hatched area. c, De-excitation γ-rays measured in coincidence with 78Ni 
following (p, 3p) reactions. To reduce events with multiple γ-ray hits from 
Compton scattering, the γ-ray detection multiplicity, Mγ, was restricted 
to values below 4. As a consequence, the visibility of the 2,910-keV 
transition is enhanced. d, Same as c, but for Mγ < 6. Observed transitions 
are indicated by their energies in a and c. Simulated response curves of 
the γ-ray detector for the individual transitions are illustrated by the 
light-blue solid (S.L. ≥ 3) and dotted (S.L. < 3) lines, whereas the fitted 
double-exponential background is shown by the dark-blue dashed line. 
The magenta solid lines show the sum of the background and individual 
transitions. Vertical error bars correspond to 1 s.d.
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Taniuchi et al., Nature 569 (2019) 53 

• Evidence for the doubly-magic nature of 78Ni
• Role of collective effects: appearance of 

deformed states at low excitation energy 
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80Ge (N=48, Z=32)
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A coherent picture of the excited 
structure of 80Ge is believed to exist:

• β-decay of 80Ga, 2 β-decaying 
states 

• CoulEx in inverse kinematics

• DIS reactions

• 8+ lifetime in beta-decay

P. Hoff and B. Fogelberg, Nucl. Phys. A 368, 210 (1981)
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Surprise, surprise…

• A new intruder state 0+
2 is observed,

proposed at 639 keV
• E0 e– in coincidence with a new gamma of 1764 keV
• New level @ 639 + 1764 = 2403 keV  

See also F. Nowacki, A. Poves, E. Caurier, PRL 117, 272501 (2016)
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Is there shape-coexistence in 80Ge?

Experiment at ISOLDE
→ Beta-decay, starting from 81Zn
→ Pure beam, 80Ga parent mostly in 3–

→ !! and fast timing, no e–

Analysis by Smain Sekal
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Search for 2nd 0+ state in 80Ge
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Low-spin states in 80Ge populated in the β decay of the 80Ga 3− isomer
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The structure of 80Ge has been investigated at the ISOLDE facility at CERN. A previous study reported for
the first time a low-lying 0+

2 intruder state at 639 keV, based on the coincidence with a previously unobserved
1764-keV γ ray, and suggested it as evidence for shape coexistence in 80Ge. We used the β decay from the
3− 22.4-keV state in 80Ga to enhance the population of low-spin states in 80Ge, including any excited 0+ level,
and γ γ coincidences to investigate it. We observed a 1764-keV γ ray in coincidence with strong transitions in
80Ge, thus not feeding the proposed 639-keV 0+

2 . No connecting transitions from previously known levels to
the 639-keV and 2403-keV 2+

3 states could be established either. Shell-model calculations for Ge isotopes and
N = 48 isotones were performed. They succeed to explain most of the experimental levels, but fail to reproduce
the presence of a 0+

2 state below ≈1200 keV in 80Ge. Our experimental findings and shell-model calculations are
difficult to reconcile with a very low-lying 0+

2 state in 80Ge.

DOI: 10.1103/PhysRevC.104.024317

I. INTRODUCTION

The evolution of shell structure in neutron-rich nuclei
is a topic of strong interest in modern nuclear structure

*sekal.ism@hotmail.com
† lmfraile@ucm.es
‡ Present address: U.S. Army Research Laboratory, Adelphi, Mary-

land 20783, USA.
§ Deceased.

Published by the American Physical Society under the terms of the
Creative Commons Attribution 4.0 International license. Further
distribution of this work must maintain attribution to the author(s)
and the published article’s title, journal citation, and DOI.

studies. The competition and coexistence at low energy of the
configurations arising from the standard shell-model orbitals
and those originating from excitations across shell gaps have
been identified in several areas of the table of nuclei. The
latter (intruder) configurations may exhibit different collective
properties than the normal ones, which could be interpreted as
a distinct intrinsic shape once an appropriate reference frame
is defined.

In the even-even nuclei, the presence of 0+ low-lying ex-
cited states above the 0+ ground state (g.s.) may be a signature
of shape coexistence. The discovery of the first-excited 0+

state in the doubly-magic 16O, and its interpretation as arising
from excitations of several nucleons across the shell closure
[1,2], with the additional property of deformation, is probably
the first description of this phenomenon in atomic nuclei.

2469-9985/2021/104(2)/024317(12) 024317-1 Published by the American Physical Society

1764 keV from our 
analysis
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Data analysis
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I. Sekal et al., PRC104 024317 (2021)
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Systematics

Both the Ge isotopic chain
and the N = 48 isotones
suggest the location of the
0+

2 state at around 1.5 MeV 

I. Sekal et al., PRC104 024317 
(2021)
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Experiment and calculations

We observe a 1764-keV γ ray in coincidence with the 659-keV 2+
1 → 0+ g.s., and 

with other transitions in 80Ge.

No connecting transitions from previously-known levels to the proposed 639-keV 
0+

2 and 2403 2+
3 states [Gottardo et al.] could be established.

The experimental evidence and the shell model calculations cannot be 
reconciled with the presence of such state at low excitation. 

SM calculations succeed to 
explain most of the
experimental levels, but fail
to reproduce the presence of 
a 0+

2 state below ∼1200 keV 
in 80Ge. 

IBM calculations as well, with
exception of Zhang et al., 
2018. 
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Absence of Low-Energy Shape Coexistence in 80Ge: The Nonobservation
of a Proposed Excited 0 +

2 Level at 639 keV
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The 80Ge structure was investigated in a high-statistics β-decay experiment of 80Ga using the GRIFFIN
spectrometer at TRIUMF-ISAC through γ, β-e, e-γ, and γ-γ spectroscopy. No evidence was found for the
recently reported 0þ2 639-keV level suggested as evidence for low-energy shape coexistence in 80Ge. Large-
scale shell model calculations performed in 78;80;82Ge place the 0þ2 level in 80Ge at 2 MeV. The new
experimental evidence combined with shell model predictions indicate that low-energy shape coexistence
is not present in 80Ge.
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Shapecoexistence isubiquitousacross thechartofnuclides
[1–4], but found mainly in the vicinity of shell and subshell
closures. It manifests as the appearance of two or more
quantum states of different intrinsic shapes located within a
narrow energy range. A key signature of shape coexistence
in even-even nuclei is the presence of low-lying excited 0þ

states above the0þ groundstate. Inmost cases, these0þ states
are connected by strong electric monopole transitions (E0),
indicating significant mixing between different nuclear
shapes with large differences in deformation. The micro-
scopic origin of these 0þ states is particle-hole excitations
across a shell or subshell gap. The significant energy required
to promote a pair of nucleons is offset by a large gain in
correlation energy from the residual proton-neutron inter-
action [4]. Shape coexistence at the neutron-rich Z ¼ 28,
N ¼ 50 doubly magic shell closure has been experimentally
investigated ina spectroscopic studyof 78Nivia in-beam γ-ray
spectroscopy [5]. The high-energy 2þ1 excited state and a

low-lyingsecond2þ2 state separatedby0.31MeVsuggest that
shape coexistence is present in 78Ni [5].
A number of state-of-the-art theoretical calculations

using modern approaches have been performed for the
N ¼ 50 region including doubly magic 78Ni. These include
ab initio approaches and the beyond-mean-field random-
phase approximation [5] as well as large-scale shell-model
calculations [6] employing various phenomenological
shell-model interactions. These calculations are in agree-
ment with the experimental data now available for 78Ni,
showing that the doubly magic nature is preserved, and a
well-deformed prolate band is present at low excitation
energy, representing a dramatic example of shape coexist-
ence far from the valley of stability. Additionally, the
phenomenological shell-model calculations predict a rapid
transition from spherical ground states in the Ni isotopes up
to 78Ni and deformed ground states for more neutron-rich
isotopes [5].
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thermal neutron fission of 235U studied by Hoff and
Fogelberg [18]. In the present Letter, similar but larger
differences were observed, indicating that the 3− isomer
content is different in all three cases. This difference can be
used to estimate the 3− isomer content of the beam in the
present work. Specifically, the 2þ 1573-keV state can only
be directly fed by the 3− isomer, and the 8þ 3445-keV state
is directly fed only by the 6− ground state. Comparing the
β-feeding intensities of these two states, determined from
relative γ-ray intensities, with the previous work results in
an increase of 1.55(6) and a decrease of 0.66(3) for the
3445- and 1573-keV levels, respectively. This corresponds
to a 3− isomeric content of 41(3)% in the present work and
62(4)% in the 80Ga beam produced by thermal neutron
fission [18] and ENSDF [19]. From a comparison of
β-feeding intensities for all levels observed in both experi-
ments, calculated from the relative γ-ray intensities and
assuming no β feeding to the ground state of 80Ge, 13 levels
were clearly identified as being fed by the 3− isomer;
representing 46(2)% of the total β-feeding intensity in the
present work and 62(5)% in Refs. [18,19] (see Ref. [16]).
Relative γ-ray intensities were not reported by Verney et al.
[17]; however, from the data shown in Fig. 2 of Ref. [17], it
is estimated that the 3− isomer content in the 80Ga beam
produced by photofission is ∼52%.
A portion of the β-gated electron spectrum is shown in

Fig. 2. The strong K line from the 2þ1 → 0þ1 transition in
80Ge is clearly visible at 648 keV, along with the L line at
658 keV. The K line from the 2þ1 → 0þ1 decay in 80Kr,
populated by the β decay of 80Rb, is also visible at 601 keV.
The ratio of the intensity of these two K electron lines
agrees with the value predicted from the ratio of the
measured intensities of the corresponding γ rays, corrected
for internal conversion [20]. No other significant features

were observed in the rest of the spectrum outside the energy
range shown in Fig. 2. There is no evidence for a peak near
628 keV where the 0þ2 → 0þ1 E0 transition in 80Ge was
previously reported [8].
Since 96% of all β decays from the 3− isomer and 6−

ground state of 80Ga emit a 659-keV γ ray, the intensity of
the 648-keV K electron line in Fig. 2 is proportional to the
total 80Ga β decays observed in the present experiment.
Integrating the region centered around 628 keVand compar-
ing the intensity of a hypothetical E0 transition to the
intensity of the 648-keV K line, corrected for the 41% 3−

isomeric content of the beam and for internal conversion
[20], yields a 2σ limit of <0.02 per 100 decays of the 3−

isomer in 80Ga. By analogy, from the data presented in Fig. 2
of Ref. [8] for a 80Ga 3− isomeric component of 52%, the
intensity of the observed 628-keVelectron peak is estimated
to be ∼0.08ð2Þ per 100 decays, a factor of four times the 2σ
upper limit and comparable to the intensity of the 601-keV
80Kr K line observed in the present experiment. While there
is no explanation for this discrepancy, it must be noted that
the slope of the background in the β-gated electron spectrum
shown in Fig. 2 of Gottardo et al. [8] has an unusual shape
that is not typical of Si(Li) detectors used in direct view of a
β-decay source with a high Q value emitting one or more γ
rays per decay [21].
The 1764-keV γ ray that was assigned by Gottardo et al.

[8] to decay from a 2403-keV 2þ state in 80Ge to the
proposed 639-keV 0þ2 level can be seen in the γ-ray spectrum
in Fig. 1. The peak at 1742 keV has been identified as the
sum peak of the intense 659- and 1083-keV transitions, and
not from 80As as suggested in Ref. [17]. An unresolved peak
at 1768 keV representing the summing of the 659- and 1109-
keV transitions is also present in this spectrum, with an
intensity of 40% of the 1742-keV peak.
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thermal neutron fission of 235U studied by Hoff and
Fogelberg [18]. In the present Letter, similar but larger
differences were observed, indicating that the 3− isomer
content is different in all three cases. This difference can be
used to estimate the 3− isomer content of the beam in the
present work. Specifically, the 2þ 1573-keV state can only
be directly fed by the 3− isomer, and the 8þ 3445-keV state
is directly fed only by the 6− ground state. Comparing the
β-feeding intensities of these two states, determined from
relative γ-ray intensities, with the previous work results in
an increase of 1.55(6) and a decrease of 0.66(3) for the
3445- and 1573-keV levels, respectively. This corresponds
to a 3− isomeric content of 41(3)% in the present work and
62(4)% in the 80Ga beam produced by thermal neutron
fission [18] and ENSDF [19]. From a comparison of
β-feeding intensities for all levels observed in both experi-
ments, calculated from the relative γ-ray intensities and
assuming no β feeding to the ground state of 80Ge, 13 levels
were clearly identified as being fed by the 3− isomer;
representing 46(2)% of the total β-feeding intensity in the
present work and 62(5)% in Refs. [18,19] (see Ref. [16]).
Relative γ-ray intensities were not reported by Verney et al.
[17]; however, from the data shown in Fig. 2 of Ref. [17], it
is estimated that the 3− isomer content in the 80Ga beam
produced by photofission is ∼52%.
A portion of the β-gated electron spectrum is shown in

Fig. 2. The strong K line from the 2þ1 → 0þ1 transition in
80Ge is clearly visible at 648 keV, along with the L line at
658 keV. The K line from the 2þ1 → 0þ1 decay in 80Kr,
populated by the β decay of 80Rb, is also visible at 601 keV.
The ratio of the intensity of these two K electron lines
agrees with the value predicted from the ratio of the
measured intensities of the corresponding γ rays, corrected
for internal conversion [20]. No other significant features

were observed in the rest of the spectrum outside the energy
range shown in Fig. 2. There is no evidence for a peak near
628 keV where the 0þ2 → 0þ1 E0 transition in 80Ge was
previously reported [8].
Since 96% of all β decays from the 3− isomer and 6−

ground state of 80Ga emit a 659-keV γ ray, the intensity of
the 648-keV K electron line in Fig. 2 is proportional to the
total 80Ga β decays observed in the present experiment.
Integrating the region centered around 628 keVand compar-
ing the intensity of a hypothetical E0 transition to the
intensity of the 648-keV K line, corrected for the 41% 3−

isomeric content of the beam and for internal conversion
[20], yields a 2σ limit of <0.02 per 100 decays of the 3−

isomer in 80Ga. By analogy, from the data presented in Fig. 2
of Ref. [8] for a 80Ga 3− isomeric component of 52%, the
intensity of the observed 628-keVelectron peak is estimated
to be ∼0.08ð2Þ per 100 decays, a factor of four times the 2σ
upper limit and comparable to the intensity of the 601-keV
80Kr K line observed in the present experiment. While there
is no explanation for this discrepancy, it must be noted that
the slope of the background in the β-gated electron spectrum
shown in Fig. 2 of Gottardo et al. [8] has an unusual shape
that is not typical of Si(Li) detectors used in direct view of a
β-decay source with a high Q value emitting one or more γ
rays per decay [21].
The 1764-keV γ ray that was assigned by Gottardo et al.

[8] to decay from a 2403-keV 2þ state in 80Ge to the
proposed 639-keV 0þ2 level can be seen in the γ-ray spectrum
in Fig. 1. The peak at 1742 keV has been identified as the
sum peak of the intense 659- and 1083-keV transitions, and
not from 80As as suggested in Ref. [17]. An unresolved peak
at 1768 keV representing the summing of the 659- and 1109-
keV transitions is also present in this spectrum, with an
intensity of 40% of the 1742-keV peak.
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FIG. 2. β-gated electron spectrum obtained following the
β-decay of 80Ga showing the 2þ1 → 0þ1 K line at 648 keV and
L line at 658 keV in 80Ge. The peak at 601 keV corresponds to the
2þ1 → 0þ1 K line in 80Kr from the decay of 80Rb present in the
beam. There is no evidence for the peak at 628 keVas reported by
Gottardo et al. [8].
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Gates were placed on the γ-ray peaks in the e-γ matrix to
look for a 1764-keV γ-ray transition in coincidence with a
628-keV electron peak. A gate placed on the 4þ1 → 2þ1
1083-keV γ-ray generated the coincidence electron spec-
trum shown in Fig. 3(a) which shows the K line at 648 keV
associated with the 659-keV 2þ1 → 0þ1 transition in 80Ge.
Comparing the converted intensity of the 648-keVelectron
line in the 1083-keV γ-gated electron spectrum, with the
intensity of the γ-singles 1083-keV transition, yields an e-γ
coincidence efficiency of 1.6ð2Þ%. A wide gate on the
region around 1764 keV produced the spectrum shown in
Fig. 3(b); no peak near 628 keV is present in this electron
spectrum. The 2σ limit for an E0 transition at 628 keV,
determined from this spectrum, corresponds to <0.2% of
the intensity of this broad γ-ray peak and is equivalent to a
1764-keV transition intensity from the proposed level at
2403 keV in 80Ge [8] of <0.01per 100 decays of the 3−

isomer in 80Ga. Furthermore, the ratio of the 2σ intensity
limit for the 1764-keV transition to the intensity of the
1773-keV transition from the decay of the 3515-keV level
in 80Ge, fed by the 3− isomer [16,17] is <0.003, compared
with the value of 0.3 reported by Gottardo et al. [8].
The unresolved γ rays in the 1764-keV region seen in

Fig. 1 were further investigated by examining the γ − γ
coincidence relationships. By placing narrow gates in the
1764-keV region, distinct coincident spectra were observed,
which were used to expand the 80Ge level scheme as shown in

Fig. 4. Four new transitions were observed at 1760.6, 1764.0,
1764.5, and 1766.5 keV, all with intensities well below 1%,
relative to the 659-keV 2þ1 → 0þ1 transition. No evidence for
the 2403-keV (2þ) level or the 1764-keV transition from this
state was found, as reported by Gottardo et al. [8].
Large-scale shell-model calculations with configuration

interactions have been carried out to explore the nuclear
structure around N ¼ 50 above 78Ni. Two valence spaces
were considered. The first valence space, LNPS, is based
on a 48Ca core and encompasses the full pf shell for the
protons and the pf-shell orbits above the 0f7=2 plus the
0g9=2 and 1d5=2 orbitals for the neutrons. The effective
interaction is the current version of the original LNPS [22],
which incorporates some minor changes which do not
affect the predictions near N ¼ 40 and improved the
behavior towards N ¼ 50. The second is the PF-SDG
space, based on a 60Ca core and consisting of the p ¼ 3
major oscillator shell (pf) for the protons and the p ¼ 4
major oscillator shell (sdg) for the neutrons. The PF-SDG
interaction used in this work is the one described in
Ref. [6]. In addition to 80Ge, calculations have been
performed for the neighboring isotopes 78Ge and 80Ge,
where excited 0þ2 states have been observed.
For the specific case of 82Ge, both interactions predict a 0þ

intruder state near 2MeV, but the deformation extracted from
the restricted valance space is small. This prediction agrees
with the observed 0þ2 state at 2334 keV in 82Ge that has been
attributed to a deformed rotational band in 82Ge resulting
from 2p − 2h excitations across the N ¼ 50 closed shell
[23]. All of the other 0þ states predicted by both interactions
for 78;80;82Ge arise from the recoupling of different valence
particles. Additional intruder states likely exist at higher
excitation energies but tracking them is computationally
demanding and beyond the scope of this study.
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The results of these calculations can be seen in Fig. 5.
For each of the 78;80;82Ge isotopes, the energies of the low-
lying positive-parity states are shown along with the
calculated values. In all cases, the energies of the 2þ1
and 4þ1 levels are well reproduced. The calculation with the
LNPS valence space also reproduces the 2þ2 levels. In both
78Ge and 82Ge, the 0þ2 levels are known to exist above
1.5 MeV, and the calculations predict these energies very
well. In the case of 80Ge, the calculations predict the 0þ2
state to be at a relatively high excitation energy near 2 MeV.
Whether the 0þ2 state is observed near 2 MeV in the present
work must wait for a more complete analysis of all the very
weak γ-ray transitions observed in this high-statistics
dataset [16].
In conclusion, the β decay of 80Ga to 80Ge has been

studied using the GRIFFIN spectrometer at TRIUMF-
ISAC. The 80Ge nucleus has been investigated via γ-ray
and conversion-electron spectroscopy. No evidence for an
excited 0þ2 state located below the 2þ1 state at 659 keV is
found in this experiment, despite detailed investigations
using multiple β-electron, γ-electron, and γ-γ coincidences.
Additionally, driven by these experimental results, large-
scale shell-model calculations that reproduced well the
excited 0þ2 states in 78;82Ge and other low-lying levels in
78–82Ge, cannot replicate the 0þ2 state suggested at 639 keV
in 80Ge; the calculations instead predict the first excited 0þ

state at 2 MeV. We conclude that the 0þ2 level at 639-keV
excitation energy reported by Gottardo et al. [8] does not, in
fact, exist in 80Ge and that this isotope does not exhibit low-
energy shape coexistence.
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Gates were placed on the γ-ray peaks in the e-γ matrix to
look for a 1764-keV γ-ray transition in coincidence with a
628-keV electron peak. A gate placed on the 4þ1 → 2þ1
1083-keV γ-ray generated the coincidence electron spec-
trum shown in Fig. 3(a) which shows the K line at 648 keV
associated with the 659-keV 2þ1 → 0þ1 transition in 80Ge.
Comparing the converted intensity of the 648-keVelectron
line in the 1083-keV γ-gated electron spectrum, with the
intensity of the γ-singles 1083-keV transition, yields an e-γ
coincidence efficiency of 1.6ð2Þ%. A wide gate on the
region around 1764 keV produced the spectrum shown in
Fig. 3(b); no peak near 628 keV is present in this electron
spectrum. The 2σ limit for an E0 transition at 628 keV,
determined from this spectrum, corresponds to <0.2% of
the intensity of this broad γ-ray peak and is equivalent to a
1764-keV transition intensity from the proposed level at
2403 keV in 80Ge [8] of <0.01per 100 decays of the 3−

isomer in 80Ga. Furthermore, the ratio of the 2σ intensity
limit for the 1764-keV transition to the intensity of the
1773-keV transition from the decay of the 3515-keV level
in 80Ge, fed by the 3− isomer [16,17] is <0.003, compared
with the value of 0.3 reported by Gottardo et al. [8].
The unresolved γ rays in the 1764-keV region seen in

Fig. 1 were further investigated by examining the γ − γ
coincidence relationships. By placing narrow gates in the
1764-keV region, distinct coincident spectra were observed,
which were used to expand the 80Ge level scheme as shown in

Fig. 4. Four new transitions were observed at 1760.6, 1764.0,
1764.5, and 1766.5 keV, all with intensities well below 1%,
relative to the 659-keV 2þ1 → 0þ1 transition. No evidence for
the 2403-keV (2þ) level or the 1764-keV transition from this
state was found, as reported by Gottardo et al. [8].
Large-scale shell-model calculations with configuration

interactions have been carried out to explore the nuclear
structure around N ¼ 50 above 78Ni. Two valence spaces
were considered. The first valence space, LNPS, is based
on a 48Ca core and encompasses the full pf shell for the
protons and the pf-shell orbits above the 0f7=2 plus the
0g9=2 and 1d5=2 orbitals for the neutrons. The effective
interaction is the current version of the original LNPS [22],
which incorporates some minor changes which do not
affect the predictions near N ¼ 40 and improved the
behavior towards N ¼ 50. The second is the PF-SDG
space, based on a 60Ca core and consisting of the p ¼ 3
major oscillator shell (pf) for the protons and the p ¼ 4
major oscillator shell (sdg) for the neutrons. The PF-SDG
interaction used in this work is the one described in
Ref. [6]. In addition to 80Ge, calculations have been
performed for the neighboring isotopes 78Ge and 80Ge,
where excited 0þ2 states have been observed.
For the specific case of 82Ge, both interactions predict a 0þ

intruder state near 2MeV, but the deformation extracted from
the restricted valance space is small. This prediction agrees
with the observed 0þ2 state at 2334 keV in 82Ge that has been
attributed to a deformed rotational band in 82Ge resulting
from 2p − 2h excitations across the N ¼ 50 closed shell
[23]. All of the other 0þ states predicted by both interactions
for 78;80;82Ge arise from the recoupling of different valence
particles. Additional intruder states likely exist at higher
excitation energies but tracking them is computationally
demanding and beyond the scope of this study.
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FIG. 3. Background-corrected electron spectra, obtained from
a γ-electron matrix by placing (a) a gate on the 1083-keV
transition, showing only the 648-keV K line corresponding to
the 659-keV transition, and (b) a gate on the wide γ-ray peak in
the 1764 keV region showing the absence of an electron line at
628 keV. The insets show the locations of the γ-ray gates.

FIG. 4. Partial level scheme of 80Ge showing the placement of
four new transitions that make up the wide peak around 1764 keV.
The widths of the arrows are proportional to the relative
intensities of the γ-ray transitions.
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No evidence for an excited 0+ state located below the 2+ state at 659 keV is found in 
this experiment, despite detailed investigations using multiple β-electron, γ-electron, 
and   γ-γ coincidences. Additionally, driven by these experimental results, large-scale         
shell-model calculations that reproduced well the excited 0+ states in 78,82Ge and other 
low-lying levels in 78-82Ge, cannot replicate the 0+ state suggested at 639 keV in 80Ge; 
the calculations instead predict the first excited 0+ state at 2 MeV. 

High-statistics experiment with 
and electron spectroscopy
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Aim of the proposal

Investigate the structure of 80Ge populated separately in the β 
decay of the isomerically purified 80Ga 6− ground state and the 
80Ga 3− using the PI-LIST ion source.

Search for the 0+
2 state in 80Ge

Independent study of both isomers
Measure β-decay half-lives

γ spectroscopy and γγ coincidences to search for feeding and de-exciting 
transitions from the 0+

2 and conversion-electron spectroscopy to look for 
the internal conversion from the E0 transition to g.s.
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Competitive wrt. F.H. Garcia et al., PRL 125 (2020) GRIFIN due to
- Isomer separation
- Duty cycle
- Beta detector efficiency (~90% vs. 40%)

Improvement wrt. S. Sekal et al., PRC104 024317 (2021)
- Electron spectroscopy
- Gamma (and coincidence) efficiency 

Allows for independent measurement of decay lifetimes

Expected improvement
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Beam time request

· UC2/graphite target
· PI-LIST

TISD will be required to verify the performance of the PI-LIST
Most likely 100 MHz resolution not required

T. KRON et al. PHYSICAL REVIEW C 102, 034307 (2020)

Exit electrode

Quadrupole rods

Atomizer

Dual
repeller

Insulator

Perpendicular
laser

Longitudinal
laser

FIG. 1. Sectional view of the PI-LIST, which enables longitudi-
nal (red arrow) and perpendicular (blue arrow) laser irradiation and
interaction.

optical transitions. In addition, the isotope 98Tc was inves-
tigated laser spectroscopically for the first time. Besides the
information of the nuclear properties of the technetium iso-
topes, the presented results foster the current Tc trace analysis
project at Mainz University [19–21], where the spectroscopic
information on 97Tc is essential for using this isotope as tracer.

II. EXPERIMENTAL SETUP

The resonance ionization spectroscopy (RIS) experiments
presented here were performed at the RISIKO mass separa-
tor at Mainz university. This off-line separator is similar to
the ISOLDE on-line isotope separator at CERN [22] and is
regularly used for technical development of new devices and
techniques at the laser ion source or ion detection components.
It comprises a hot cavity atomizer/ion source from which
the created ions are accelerated to 30 keV, mass separated
by a 60◦ sector field magnet, and finally detected using a
secondary electron multiplier for single-ion detection. For this
setup total efficiencies with laser ionization of up to 54% were
demonstrated, including sample atomization, laser ionization,
separator transmission, and ion-detection efficiency [23,24].

The key device for the present experiment was the newly
developed perpendicularly illuminated laser ion source and
trap (PI-LIST) as shown in Fig. 1. It is based on the LIST
device [25–28] but offers perpendicular laser access to the
atomic beam emerging from the resistively heated atom-
izer. Furthermore, it employs a dual repeller to suppress the
ionic background caused by surface ionization from the hot
atomizer as well as interfering electron impact ionization
from electrons that are accelerated in electric stray fields.
The perpendicular orientation of the laser radiation and the
atomic beam leads to a significant reduction of the ther-
mal Doppler broadening from about 3 GHz down into the
100-MHz region.1 The ionization region is located inside a

1Throughout the article spectral widths are considered in full width
at half maximum if not noted otherwise.

radio-frequency quadrupole structure that ensures transversal
confinement of the generated ions for optimum transportation
efficiency through the PI-LIST and prevents influences from
the strong acceleration field into the laser-atom interaction
region. More details and technical aspects of the PI-LIST are
given in Ref. [29].

A pulsed Ti:sapphire laser system provides the radiation
for the different resonant excitation of the atomic transitions
as shown in Fig. 3. Its specifications feature a high repetition
rate of 10 kHz with pulse lengths of about 40 ns, a wavelength
range of 690–960 nm, and a high output power of up to
4 W [30]. If required the wavelength range is extended by
frequency conversion using second-, third-, and forth-order
harmonic generation. This all solid-state laser system was
specifically designed to meet the requirements of RIS and
today has been established as a universal and reliable tool
for on-line laser ion sources worldwide [31]. To produce the
required laser radiation with a narrow spectral bandwidth, as
applied for high-resolution spectroscopy in the first-excitation
step transition, a specific frequency-doubled injection-locked
Ti:sapphire laser was added. For this purpose, the Ti:sapphire
laser cavity was seeded with cw radiation from a commercial,
cw narrowband, external-cavity diode laser system, which was
frequency locked to a stabilized HeNe laser via fringe-offset
locking. The spectral bandwidth of the fundamental radiation
from the pulsed injection-locked Ti:sapphire laser at 848–
860 nm is about 10–20 MHz, close to the Fourier-limit given
by the laser pulse duration. The frequencies of all lasers were
recorded using a wavemeter (WSU, High Finesse), which
was regularly calibrated to the stabilized HeNe laser. More
technical details on this system can be found in Refs. [32,33].

III. EXPERIMENTAL RESULTS

In the experiment, samples with about 1011–1013 atoms
of Tc were used for the spectroscopic investigations which
correspond to an activity of the sample below 10 Bq for all
isotopes under study. Careful optimization of the experimental
system was obtained by laser ionization initially using broad-
bandwidth laser radiation inside the hot cavity and in the ion
guide mode of the LIST where all ions created inside the at-
omizer and inside the RFQ structure are extracted. In a second
step afterwards the ions were created in normal LIST mode
where the lasers are still arranged anticollinearly to the atom
beam but with suppression of ions from the atomizer before
finally switching to perpendicular illumination. In this way, a
signal-to-background ratio of more than 1000 was achieved,
as can be seen in the well-resolved mass spectrum in Fig. 2.
The remaining background of about 0.5 events per second
is caused by the dark count rate of the ion detection and
electronic noise contributions. The overall efficiency achieved
within the RIS experiment in Tc was estimated to be of the
order of 10− 4 in the case of broad-bandwidth laser excitation
in the PI-LIST. Depending on the HFS structure, the efficiency
of the ionization scheme, and the laser power, this value is
significantly reduced to an estimated value of about 10− 6. A
more detailed discussion on this aspect is given in Ref. [29].

In total, three first transitions with different angular mo-
menta J of the excited, upper atomic level, as summarized

034307-2

PI-LIST has been proposed [Hei19], based on the ISOLDE LIST, with the novelty of
enabling perpendicular laser irradiation inside the LIST RFQ structure, overcoming the
Doppler broadening limitations in the hot atomic vapor [Hei17]. The price to pay for the
increased resolution is a severe decrease in the ionization e�ciency in the range of 100
to 1000, depending on the actual conditions. The PI-LIST has not been used online at
ISOLDE and its feasibility still requires full evaluation [Hei19].

Figure 2: Optical scan taken from [Che10] where the resolved hyperfine structure of 80Ga
is revealed, with six peaks marked with an asterisk. One of the structures was assigned
total spin 3 from the analysis, while the other was expected to have spin 6 based on
shell-model calculations. The clarification of the ordering and spin of the states came
from decay spectroscopy [Lic11].

We will use the ISOLDE Decay Station, equipped with 4 HPGe clover detectors, with
3.5% photopeak e�ciency at 1.3 MeV, a conversion electron spectroscopy setup based on
a thick annularly-segmented SPEDE Si detector and a forward beta detector. A thickness
1 mm of the SPEDE detector translates into an e�ciency of about 12% for electrons up
to 800 keV, but then the e�ciency decreases significantly to about 2% at 1.5 MeV. For
higher energies a thicker detector or an absorber needs to be used. The Ga ions will be
implanted onto a mylar tape inside the IDS chamber, and the daughter activity will be
removed in cycles optimized for the decay half-lives. There is the possibility of a second
measurement station below the implantation one, which could be employed for parallel
excited-state lifetime measurements using fast scintillators. These will be relevant for
higher-spin states populated in the � decay of the 6� level.

5 Yields and beam time request

We request the use of a UC2/graphite target and the PI-LIST. Table 1 compiles the
basic information. Starting from a yield of 3.0E5 ions/µC with surface ionization for a
combination of both isomers, and an enhancement factor of 30 according to [Koe02], the
estimated yield with RILIS per isomer is 4.5E6 ions/µC. According to the existing data
it will not be needed to strecth the PI-LIST to its maximum resolution (about 100MHz),
but rather a broader linewidth would be su�cient for isomer separation, but in any case
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B. Cheal et al., Phys. Rev. C 82, 051302(R) (2010)

· IDS setup with 4 Clovers and internal conversion 
spectroscopy setup
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Beam time request

Optimization of PI-LIST: 1 shift
80Ga 3– isomer: 7 shifts
80Ga 6– g.s.: 3 shifts
1 shift for cycle adjusted to beta lifetimes measurements

a conservative e�ciency of 1 per mille has been considered for the PI-LIST. Under these
conditions, once corrected for the duty cycle due to the available proton pulses and tape
movement and the 80Ga 3� or 6� state lifetimes, it will be possible to accumulate a billion
80Ga ions in the 3� state in 7 shifts, to enhance the search for the 0+2 state via weak gamma
coincidences and conversion electrons. For the 6� state in 80Ga, 3 shifts will be su�cient
to gather just below 400 million ions. One additional shift is requested to measure the
�-decay halflives. Addionally one shift will be required to tune the PI-LIST.

Table 1: Summary of estimated implanted ions.
80Ga T1/2 Yield p current trans. PI-LIST ions duty ions ions
state (s) (ions/µC) (µA) (%) e↵. (%) /s cycle (%) /hour /shift
3� 1.3 4.5E6 1.7 90 0.1 6.9E3 74 1.8E7 1.5E8
6� 1.9 4.5E6 65 1.6E7 1.3E8

Summary of requested shifts: We request a total of 12 shifts, 1 for optimization of
the PI-LIST, 7 shifts for the 80Ga in its 3� state, 3 shifts for the 80Ga in its 6� state and
1 shift specifically tailored to measure �-decay half-lives.
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Assumed equal yield for each
Assumed factor 30 enhancement due to RILIS 1000 loss factor

Implantation for 2 out of 5 p+ cycles
1 s tape movement

40% of PSB pulses
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Abstract: We propose to investigate the structure of 80Ge populated separately in the
� decay of the isomerically purified 80Ga 6� ground state and the 80Ga 3� long-lived
isomer. The isomer separation will be achieved using the PI-LIST ion source. The

experiment will allow to study independently the � decay of both isomers, measure their
�-decay halflives and search for the 0+2 state in 80Ge. The presence of such state is a

signature of shape coexistence, but it has not been located to date.

Requested shifts: 12 shifts (split into 1 run over 1 year)
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