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26 Department of Physics, Tohoku University, Aoba, Sendai, Japan
27 Instituto de Estructura de la Materia, CSIC, Madrid, Spain
28 International Research Center for Nuclei and Particles in the Cosmos, Beihang University, Beijing, China
29 Institut für Kernphysik, Technische Universität Darmstadt, Darmstadt, Germany
30 Department of Physics, Faculty of Science, Istanbul University, Istanbul, Turkey
31 Department of Physics, Tokyo University of Science, Chiba, Japan

Received: 26 January 2026 / Accepted: 24 April 2026
© The Author(s) 2026
Communicated by Navin Alahari

Abstract Excited states in the odd-odd isotopes 74Cu and
76Cu were observed for the first time in a spectroscopic study
following the β decay of 74Ni and 76Ni. The experiment

a e-mail: eda.sahin@fys.uio.no (corresponding author)

was performed at the Radioactive Isotope Beam Factory at
RIKEN Nishina Center using the EURICA setup and the
BigRIPS separator. Level schemes were constructed based
on the analysis of γ -γ coincidences. The time correlations
between β and γ decay showed no evidence for population
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of isomeric states in either nucleus. The experimental results
are compared to large-scale Monte Carlo shell-model calcu-
lations with the A3DA-m interaction. The low-lying states
in 74Cu and 76Cu are interpreted as spin multiplets arising
from the coupling of an odd proton in the 2p3/2 or 1 f5/2

orbital with an odd neutron in the 1g9/2 or 2p1/2 orbital.
The results provide information on the evolution of single-
particle orbitals along the chain of neutron-rich Cu isotopes
and on the proton-neutron interaction in the vicinity of 78Ni,
which serve as important benchmarks for shell-model calcu-
lations. The non-observation of the low-energy isomeric state
at 65 keV in 76Cu, combined with the observed decay pat-
tern from higher-lying states, strongly supports a spin-parity
assignment of 3(−) for the ground state and (6−) for the iso-
meric state, resolving a long-standing ambiguity discussed
in previous studies.

1 Introduction

One of the fundamental questions in nuclear physics is to
understand how nuclear structure changes when moving
away from well-known stable nuclei towards exotic nuclei
with large proton-neutron asymmetry. The chain of copper
isotopes, with one valence proton outside the Z = 28 shell,
is particularly well suited to study the evolution of proton
single-particle orbitals. Level schemes have been established
for all isotopes along the chain from stable Cu isotopes up
to 79Cu with N = 50, with the exception of odd-odd 74Cu
and 76Cu. Earlier studies of the Cu isotopic chain have found
the excited π1 f5/2 single-particle state to rapidly decrease in
energy relative to the π2p3/2 ground state as neutrons fill the
ν1g9/2 orbital in 71Cu and 73Cu [1,2]. The ordering of the
two states becomes inverted in 75Cu, where the ground state
was found to have Iπ = 5/2− [3], and an isomeric 3/2− state
was found at very low excitation energy [4]. The excitation
energy of the 3/2− state continues to increase relative to the
5/2− ground state in 77Cu [5] and 79Cu [6], consistent with
the crossing of the π1 f5/2 and π2p3/2 orbitals. The change in
single-particle energies was explained by the tensor compo-
nent of the monopole interaction, which is attractive between
the ν1g9/2 and π1 f5/2 orbitals, but repulsive between the
ν1g9/2 and π2p3/2 orbitals [7]. It was demonstrated that the
monopole-based universal interaction VMU , which contains
the tensor interaction, reproduces the crossing of the 1 f5/2

and 2p3/2 orbitals [8]. Large-scale shell-model calculations
based on a 48Ca core and an effective interaction derived from
the CD-Bonn potential, which also reproduced the inversion
of the 1 f5/2 and 2p3/2 orbitals, predicted a quenching of
the Z = 28 shell gap between the effective single-particle
energies (ESPE) from 5.8 MeV at N = 40 to 4.6 MeV at
N = 50 [9]. Monte Carlo shell-model (MCSM) calculations
[10] based on a larger valence space outside a 40Ca core

with the A3DA-m interaction [11] were able to reproduce
detailed spectroscopic data for both 77Cu [5] and 79Cu [6].
The MCSM calculations found that the 5/2− state is lowered
not only due to the tensor monopole effects, but also due to
multipole correlation effects, causing the physical 5/2− and
3/2− states to cross at N = 46. According to these calcula-
tions, the π1 f5/2 and π2p3/2 single-particle orbitals do not
cross before N = 48, resulting in a larger gap of ∼5 MeV at
N = 50 [5,12].

Significant progress has been made in understanding the
structure of the odd-mass Cu isotopes between neutron num-
bers N = 40 and 50, with known partial level schemes for
all odd-mass Cu isotopes along the chain. Several studies
have been performed, including studies following β decay
[1,2,5,13], Coulomb excitation [14], transfer [15,16] and
knock-out reactions [6,17,18], from lifetime measurements
[4,19], and measurements of nuclear moments [3,12,20,21].
The low-lying states can be understood either as proton
single-particle states, particle-core coupled states, collective
states, or states based on a 2p− 1h configuration. The avail-
able spectroscopic information on the neutron-rich odd-mass
Cu isotopes, in particular on the intruder states, supports the
notion of shape coexistence in the region near 78Ni [13,18].

By comparison, much less is known for the neutron-rich
odd-odd Cu isotopes. Their ground states and excited states
at low energy are expected to be dominated by negative-
parity multiplets arising from the coupling of an odd proton
in the π2p3/2 or π1 f5/2 orbital with a neutron in the ν1g9/2

orbital. In the case of 70Cu, the multiplet structure gives rise
to β-decaying isomeric states at low excitation energy [22].
Level schemes have been established for 70Cu [23] and 72Cu
[24] following the β decay of 70Ni and 72Ni, respectively.
These studies provided information on the proton-neutron
interaction outside the 68Ni core and on the robustness of
the N = 40 sub-shell closure. Coulomb excitation experi-
ments using isomeric beams provided transition matrix ele-
ments between the members of the multiplets, which were
compared to shell-model calculations to obtain information
about core polarization [25,26]. Magnetic dipole and electric
quadrupole moments were measured for the ground states up
to A = 74 [20] and later up to A = 78 [27], with firm spin
assignments of 2− for 72Cu and 74Cu [28], 3− for 76Cu, and
a tentative assignment of (6−) for 78Cu [27].

A previously disputed isomeric state in 76Cu was unam-
biguously established in a recent mass measurement at
64.8(25) keV excitation energy [29]. The measured half-life
of the isomeric state, t1/2 = 672(110) ms [29], is consis-
tent with the literature value of 637.7(55) ms [30]. It was
therefore concluded in Ref. [29] that the isomeric state cor-
responds to the previously identified 3− state, whereas the
longer-lived ground state (with presumably lower spin) has
remained unidentified in all previous experiments except an
early β-decay study of 76Cu which found two distinct half-
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lives in the feeding of excited states in 76Zn [31]. However,
a new β-decay study excluded the existence of a longer half-
life in 76Cu and proposed that the ground state and isomeric
state have similar half-lives [32]. Spin assignments for the
ground state and isomeric state remain unclear in the light of
the new β-decay study [32].

In the case of 78Cu, a recent spectroscopic study iden-
tified several excited states following the β decay of 78Ni,
provided experimental two-body matrix elements for the
π1 f5/2ν1g−1

9/2 interaction, and found an isomeric (0−) state
based on the π1 f5/2ν2d5/2 configuration [33].

The present work provides the first spectroscopic infor-
mation on the odd-odd isotopes 74Cu and 76Cu, completing
the Cu isotopic chain from stable to 79Cu. Low-lying states
in these odd-odd nuclei can provide further information on
the evolution of single-particle energies and the transition
from particle-particle to particle-hole coupling outside 68Ni
and 78Ni, respectively, as neutrons fill the ν1g9/2 orbital. The
level schemes for the neutron-rich odd-odd Cu isotopes serve
as benchmarks for large-scale shell-model calculations, and
can be used to improve calculations for exotic nuclei beyond
78Ni. In addition, the results can be used for future astro-
physical calculations, as properties of nuclei in the vicinity
of 78Ni are important for modelling the nucleosynthesis in
the region of the first r -process abundance peak [34,35].

Experimental details and the data analysis are described
in Sect. 2. Results including spectra, level schemes, and spin-
parity assignments, are presented in Sect. 3. The results are
discussed and compared to MCSM calculations in Sect. 4,
followed by a summary and conclusions in Sect. 5.

2 Experimental setup and data analysis

The experiment was carried out during the EURICA cam-
paign [36] at the Radioactive Isotope Beam Factory (RIBF)
[37] at the RIKEN Nishina Center. In-flight fission of a 238U
beam at 345 MeV per nucleon and 10 pnA intensity was
used to produce neutron rich nuclides on a 9Be target of
555 mg/cm2 areal density. The fission fragments were sep-
arated using the BigRIPS separator, which was optimized
for the transmission of 78Ni and 81Zn during two separate
beam times. Both experiments contributed with approxi-
mately equal amount to the decay data for 74Ni and 76Ni.
Ions were identified by their time-of-flight, magnetic rigidity,
and characteristic energy loss. Ions of interest were further
transmitted through the ZeroDegree spectrometer [38] and
implanted into the Wide-range Active Silicon-Strip Stopper
Array for Beta and ion detection (WAS3ABi) [37]. To detect
γ rays following the β decay of the nuclides of interest, the
WAS3ABi detector was surrounded by the HPGe EURICA
array [36].

Table 1 Nuclear properties half-life (t1/2) [39], Qβ -values [42], and
neutron-emission (Pn) of 74Ni and 76Ni, and observed properties in
the current experiment for 74Cu and 76Cu. Nion is number of ions
observed, and Nβ is number of observed β decays from the implanted
ions. Iβ (obs.) is the intensity of β-feeding relative to the total number
of observed β decays. Iβ (tot.) is the intensity of beta feeding relative
to the total number of Ni decays, when neutron emission is taken into
account

74Ni 76Ni

t1/2 [ms] 507.7(46) 234.6(27)

Qβ [keV] 7310(200) 8790(300)

Pn 3.5 ± 0.6a 14.0 ± 3.6b

Nion 1.7 × 105 6.3 × 105

Nβ 7.5(2) × 104 2.67(9) × 105

Iβ (obs.) 46(3)% 55(4)%

Iβ (tot.) 49(3)% 69(5)%

aAverage of two calculated values [43,44], with an uncertainty over-
lapping both
bMeasured value [45]

The resulting PID plot of the ion identification can be
found in Ref. [39]. Ion implantations in WAS3ABi were cor-
related in time and position with subsequent β decays and
with γ emission detected by the EURICA detectors. Data
from the two BigRIPS settings were analyzed separately.
The resulting γ -ray spectra and γ -γ coincidence matrices
were combined afterwards. Sorting γ -ray singles spectra for
different correlation time windows between ion implanta-
tion and β decay allowed discriminating γ rays following the
decay of Ni isotopes from those following subsequent daugh-
ter decays. Reducing the time window for β-decay events
reduces the contribution from subsequent daughter decays
in cases where the β decay from Ni to Cu went undetected.
Known γ rays following the decay of 74Cu and 76Cu into
74Zn and 76Zn [40], respectively, were used to validate the
procedure. After assigning the strongest transitions to the Cu
isotopes of interest, the time gates were relaxed to increase
statistics for the γ -γ coincidence analysis and construction
of level schemes. A more detailed explanation of the data
analysis can be found in Ref. [33].

Table 1 summarizes the number of implanted ions and β-
decay events, together with the β-decay half-lives and Qβ -
values, as well as number of observed β decays and β-feeding
intensities. The known β-decay half-lives were reproduced
using the present data and the technique described in Ref. [41]
to validate the correlation between ions and β-decays.

Figure 1 shows γ -ray singles spectra for the two odd-
odd Cu isotopes under investigation. The level of statis-
tics allowed using strict time conditions (1 s for 74Cu and
300 ms for 76Cu), resulting in relatively clean spectra with
little contamination from daughter decays. All peaks that are
labeled by their energy were assigned to the respective Cu
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Fig. 1 Singles γ -ray spectra for 74Cu (top) and 76Cu (bottom). Note
that the higher-energy regions of the spectra were scaled by the indi-
cated factors. Ion-β correlation windows of 1 s (A = 74) and 300 ms
(A = 76) were used. Peaks marked by their energy (in keV) are tran-
sitions assigned to the respective ACu isotope. Energies are given in

parentheses for transitions that were assigned to ACu, but could not be
placed in the level scheme. Transitions following the subsequent decay
of ACu are labelled by the AZn isotope of their origin. The peaks at
511 keV and 75 keV are due to pair creation and annihilation, and Pb
X-rays from surrounding shielding material, respectively

isotopes. Some transitions, however, could not be placed in
the level scheme because of lacking γ -γ coincidence rela-
tionships. These transitions, which are labeled by their ener-
gies in parentheses, were assigned to the respective Cu iso-
topes based only on their time correlation with the β-decay
detection. A narrow time gate selecting prompt γ -ray transi-
tions suppressed the known isomeric low-energy transitions
in 75Cu [13,46] in the spectra following the decay of 76Ni. No
other known transitions from states in odd-mass Cu isotopes,
populated by β-delayed neutron emission, were observed.

Coincidence relationships between γ rays were used to
validate their assignment to the respective Cu isotopes. The
construction of the level schemes for the two Cu isotopes
was based on coincidence relationships, energy sums and
differences, and γ -ray intensities. Only γ rays that could be
placed unambiguously were included in the level schemes.
In some cases, where different orderings of γ rays within a
cascade were possible, intensity relations were used to decide
on the ordering. A more detailed description of the process
to construct the level schemes can be found in Ref. [47].

The intensity of β-decay feeding was determined from the
intensity balance of γ rays feeding and depopulating a given
state, which was corrected for detection efficiency and inter-
nal conversion. This information was used, together with the
β-decay half life and Qβ values (c.f. Table 1), to calculate the
log f t value for a given state [48]. The log f t values provide
information on the forbiddenness of the β decay [49] and can
help to constrain spin and parity values for the excited states.

It should be noted, however, that the log f t values have to
be considered lower limits because of possible unobserved γ

feeding and the so-called Pandemonium effect [50]. Because
of these uncertainties, only tentative spin assignments could
be made.

3 Results

3.1 74Cu

Before the present experiment, no excited states in 74Cu were
known, but the ground-state spin was measured in a laser
spectroscopy experiment and firmly assigned as 2− [27].

Of the two odd-odd Cu isotopes under study, 74Cu is the
least exotic with the highest production cross section. Nev-
ertheless, there is less statistics in the γ -ray spectra for 74Cu
than for 76Cu because the magnetic rigidity in BigRIPS was
optimized for the heavier, more exotic isotopes near 78Ni and
81Zn. Selected γ -γ coincidence spectra for 74Cu are shown in
Fig. 2, and the resulting level scheme with 11 excited states is
presented in Fig. 3. The information from the level scheme is
furthermore summarized in Table 2, together with the exper-
imental uncertainties. Table 2 contains all γ -ray transitions
assigned to 74Cu, irrespective of whether they could be placed
in the level scheme. The analysis of time correlations yielded
no indication for an isomeric state in 74Cu.
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The 165 keV and 694 keV lines are the strongest transi-
tions in the γ -ray singles spectrum for 74Cu. The two transi-
tions are in coincidence with each other, and there is also a
line at 859 keV, corresponding to their energy sum. Gating on
the 694 keV transition (c.f. Fig. 2a) reveals coincidences with
several other transitions, whereas gating on the 165 keV tran-
sition (c.f. Fig. 2b) reveals no other coincidences except with
a weak transition at 1601 keV. It is therefore concluded that
the 694 keV transition directly feeds into the ground state.
The state at 859 keV is the most strongly fed state through
β decay, receiving 21(1)% of the observed feeding, which is
an order of magnitude more than feeding to any other state at
similar energy. The strong β feeding can only be explained
by an allowed Gamow–Teller transition, and Iπ = (1+) is
therefore tentatively assigned to the state at 859 keV. The
strongest decay path from the 859 keV state proceeds via the
165–694 keV cascade and the state at 694 keV, with a weak
parallel decay by an E1 transition directly to the ground state.

Gating on the 147 keV transition (c.f. Fig. 2c), another
strong line in the singles spectrum, reveals a group of several
low-energy transitions, which are partly in coincidence with
each other and partly in parallel. These transitions connect
a group of five low-lying excited states, with the 147 keV
transition feeding the ground state. None of these low-lying
states are fed by the previously discussed 694 keV state or
the (1+) state at 859 keV, and none of these low-lying states
receives significant β feeding.

The two states at 2460 and 2590 keV are strongly fed
through β decay, with observed feeding of 7.7(8)% and
6.9(6)%, respectively. Such strong feeding to states above
2 MeV results in low log f t values. We therefore tentatively
assign Iπ = (1+) to both states. Three transitions from the
2590 keV state are observed, one directly to the 2− ground

state, and the others to the excited states at 694 and 819 keV,
respectively. The observation of a direct transition to the 2−
ground state is consistent with a (1+) assignment for the state
at 2590 keV. The state at 694 keV is limited to I ≤ 3 because
of its feeding from the (1+) states at 2590 and 859 keV and
its decay to the 2− ground state, which otherwise would
involve transitions of high multipolarity. The (1+) state at
2460 keV decays to the (1+) state at 859 keV and to the state
at 819 keV. The latter is also fed by the (1+) state at 2590 keV.
The feeding from (1+) states limits also the state at 819 keV
to I ≤ 3. This state does, however, decay to the 147, 298,
and 718 keV states, serving as one of the few connections
between the lower (below 694 keV) and the upper part of the
level scheme. It can also be noted that none of the tentatively
assigned (1+) states decays directly into any of the lower-
lying states below 694 keV, suggesting that these states are
higher-spin states. Further spin assignments would be spec-
ulative, and cannot be done based on the present experiment
due to missing feeding.

3.2 76Cu

Despite a careful search, no direct evidence for a γ -decaying
isomeric state in 76Cu was found in the time correlation
between β and γ decays. In particular, no γ decay was
observed for the isomeric state at 64.8(25) keV excitation
energy that was recently identified in a mass measurement
[29].

If the isomeric state was indeed corresponding to the 3−
state, and the ground state had either spin 1 or 2, as was argued
in Ref. [29], the γ decay from the isomeric state should have
been observed in the present experiment. As will be discussed
in more detail in Sect. 4, the data from the present experiment
is only consistent with the 3− assignment for the ground state
and a higher spin value for the isomeric state.

Besides the isomeric state at 64.8 keV, no excited states
were known in 76Cu before the present experiment. A selec-
tion of γ -γ coincidence spectra for 76Cu is shown in Fig. 4.
The resulting level scheme with 24 excited states is shown
in Fig. 5. Information on the identified γ -ray transitions and
energy levels, together with their observed β feeding and
limits on log f t values, is summarized in Table 3.

The strongest transition in the γ -ray singles spectrum for
76Cu was found at 1052 keV. Earlier β-decay studies of 76Zn
assigned a weak 1053 keV transition to the decay scheme of
76Zn [31,40]. The time correlation between the implantation
of 76Ni ions and β-decay events in the present experiment,
and the lack of γ -γ coincidences with other known transi-
tions in 76Zn leaves no doubt that the strong 1052 keV transi-
tion originates from an excited state in 76Cu. This transition
is in coincidence with several other transitions (c.f. Fig. 4a),
whereas the strong 480 keV transition is only in coincidence
with the 1052 keV transition (c.f. Fig. 4b). It is therefore
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concluded that the 1052 keV transition directly feeds the 3−
ground state. A small β-feeding intensity of 5(3)% to the
state at 1052 keV was observed in the present experiment.
However, this β-feeding intensity represents only an upper
limit because of possible unobserved γ feeding. Because of
this uncertainty it is difficult to assign a spin value to the
1052 keV state.

The state at 1532 keV on top of the 480–1052 keV cascade
has the strongest observed β feeding with 22.0(8)%, and con-
sequently the lowest log f t value of all observed states, con-
sistent with an allowed Gamow–Teller transition. We there-
fore tentatively assign Iπ = (1+) to the state at 1532 keV.
This (1+) state decays to the state at 1052 keV via a 480 keV
transition. Assuming dipole or quadrupole multipolarity for
this transition, the state at 1052 keV is limited to low spin
of I ≤ 3. The 480 keV transition is parallel to a cascade of

two transitions of 205 and 275 keV. Gating on the 275 keV
transition (c.f. Fig. 4c) reveals several transitions feeding the
state at 1327 keV excitation energy, which are included in
the level scheme. With strong feeding from the (1+) state,
also the 1327 keV state is limited to low spins of I ≤ 3. No
other state in 76Cu was observed to have particularly strong
feeding, and attempts to assign spin values to any other states
would therefore be highly speculative.

In addition to the 1052 keV state, three other states at
171, 943, and 1496 keV were found to decay directly to the
ground state. The state at 1496 keV is fed from the state at
2911 keV via a 1415 keV transition, and in addition to its
decay to the ground state, it also decays via a 444 keV tran-
sition to the state at 1052 keV. The 943 keV transition is in
coincidence with four other transitions, including a 1968 keV
transition from the state at 2911 keV (c.f. Fig. 4e). This state
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Table 2 Energy of the observed
states in 74Cu, their spin and
parity where a tentative
assignment was possible,
observed β-feeding, log f t
values, together with energies
and intensities of the observed γ

rays. Note that the log f t values
are only limits because of
possible unobserved β feeding.
The lower part shows γ -ray
transitions assigned to 74Cu that
could not be placed in the level
scheme

Estate [keV] Iπ β-feeding [%] log f t Eγ [keV] Iγ [%]

146.9(1) 2(1) > 6.2 146.9(1) 9.1(5)

298.4(4) < 0.5 > 7.4 151.5(3) 2.0(2)

511(1) < 1.2 > 6.6 364(1) 1.1(7)

693.6(6) < 3.1 > 6.1 693.6(6) 31(1)

718(1) 0.7(4) > 6.4 207.3(6) 0.6(2)

571(1) 0.9(2)

819.0(6) 1.7(7) > 5.9 101(2) 0.9(3)

520.7(4) 2.0(3)

672.5(6) 3.2(4)

858.9(6) (1+) 21(1) > 4.8 859(2) 4.7(4)

165.31(8) 20.7(9)

946.1(7) 2.6(3) > 5.7 252.5(3) 2.6(3)

2459.9(7) (1+) 7.7(8) > 4.7 1601.0(4) 4.1(7)

1640.7(4) 3.6(4)

2513(1) 1.0(3) > 5.6 1819.0(9) 1.0(3)

2590.4(7) (1+) 6.9(6) > 4.7 1770.4(2) 0.7(1)

1896.8(3) 5.7(5)

2591(6) 0.5(2)

125.7(1) 0.7(1)

299.7(9) 2.0(3)

1013(1) 1.2(2)

1074(2) 1.8(2)

1176(1) 5.7(5)

1730.2(5) 0.5(1)

2174(2) 0.6(2)

Table 3 Energies of the
observed states in 76Cu, their
spin and parity where a tentative
assignment was possible,
observed β-feeding, log f t
values, together with energies
and intensities of the observed γ

rays. Note that the log f t values
are only limits because of
possible unobserved β feeding.
The lower part shows γ -ray
transitions assigned to 76Cu that
could not be placed in the level
scheme

Estate [keV] Iπ β-feeding [%] log f t Eγ Iγ [%]

170.7(2) < 0.1 170.7(2) 2.6(3)

482.7(3) 0.3(2) > 6.9 312.0(2) 1.2(1)

943.0(4) < 0.1 943.0(4) 1.8(2)

1022(1) 0.3(2) > 6.8 851.2(4) 1.7(1)

1051.67(3) 5(3) > 5.5 1051.67(3) 49(2)

1326.5(1) 4.8(7) > 5.5 274.8(2) 14.2(6)

1362.6(6) 2.0(2) > 5.9 340.3(1) 1.4(2)

879.8(5) 0.9(1)

1435.7(3) 0.6(4) > 6.4 109.2(2) 1.6(1)

384.8(3) 1.0(1)

1496(1) < 2.2 > 6.4 444(1) < 2.3

1496(1) 1.4(2)

1531.8(1) (1+) 22.0(8) > 4.8 204.7(2) 3.3(2)

480.15(9) 18.7(8)

1555.2(2) < 0.8 228.7(2) 3.0(2)

1719.0(8) 0.6(1) > 6.3 776.0(7) 0.6(1)

1893(1) < 0.3 457(1) 0.7(3)
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Table 3 continued
Estate [keV] Iπ β-feeding [%] log f t Eγ Iγ [%]

2097.4(4) 0.4(3) > 6.1 542.2(3) 1.02(4)

2146.8(7) 0.2(2) > 6.6 1203.8(5) 1.0(1)

2450(1) 5.0(4) > 5.2 1123(1) 0.5(1)

1399.2(3) 4.5(3)

2815(2) 1.2(6) > 5.8 1260(2) 0.6(6)

1490(2) 0.58(2)

2889(1) 0.8(1) > 5.8 742.3(7) 0.8(1)

2911(2) 4.8(4) > 5.0 1414.6(5) 1.4(1)

1547.4(5) 0.3(1)

1860(2) 2.7(3)

1968(2) 0.4(1)

2990(1) 0.7(1) > 5.8 1435(1) 0.7(1)

3184(1) 0.6(2) > 5.8 1087(1) 0.6(2)

3267(3) 2.4(2) > 5.2 1373.3(5) 0.7(1)

1710.5(8) 0.7(1)

1831(3) 0.5(1)

1940(3) 0.5(1)

3426(2) 1.4(2) > 5.4 2375(2) 1.4(2)

3611(3) 1.3(1) > 5.4 2055(3) 0.5(1)

2175(2) 0.8(1)

1099.4(4) 0.9(1)

1150.3(8) 0.6(1)

1170.6(6) 0.8(1)

1288.9(4) 0.6(1)

1505.8(8) 1.1(1)

1598.3(7) 1.2(1)

1644(2) 0.3(3)

1672.2(9) 0.8(1)

also decays to the state at 1052 keV, lending further con-
fidence in the placement of the 943 keV transition. Gating
on the 171 keV transition reveals two parallel cascades of
transitions with 312, 340, 851, and 880 keV, respectively,
establishing evidence for states at 483, 1022, and 1363 keV,
as illustrated in Fig. 4d. The state at 1363 keV is fed by a
1547 keV transition from the state at 2911 keV. It can be noted
that a 340.9 keV transition was placed in the decay scheme
of 76Zn following the β decay of 76Cu [31,40]. Time correla-
tions and coincidence relations show that the 340 keV peak is
predominantly originating from 76Cu. The contribution from
76Zn to the 340 keV peak was estimated from the time corre-
lation analysis. When removing the contribution from 76Zn,
the 340 keV transition is weaker than the 851 keV transition,
and is therefore placed as feeding a state at 1022 keV. The
four low-lying states at 171, 483, 943, and 1022 keV receive
little to no feeding, consistent with higher spin values.

Higher-lying states that decay by more than one transition
and the observation of parallel cascades help to resolve ambi-
guities in the level scheme. Examples include the states at
2450, 2815, 3267, and 3611 keV, in addition to the 2911 keV
state already discussed. The 3267 keV state decays to four
states at 1327, 1436, 1555, and 1893 keV, which are firmly
placed in the level scheme. The 2450 keV state also decays to
the 1327 keV state, in addition to the 1052 keV state. Thanks
to the relatively high level of statistics of the γ -γ coincidence
spectra for 76Cu, it was possible to construct a more com-
prehensive level scheme as compared to 74Cu. However, due
to the large spread in β-feeding intensity and the systematic
uncertainty related to unobserved feeding, spin assignments
are very difficult.
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4 Discussion

The π1 f5/2 and the π2p3/2 orbitals are the lowest available
orbitals outside the Z = 28 shell closure, whereas the neu-
trons are filling the ν1g9/2 orbital just below the N = 50
shell. The ground states of the neutron-rich, odd-odd Cu
isotopes can therefore be explained by the coupling of an
unpaired proton in either the π1 f5/2 or the π2p3/2 orbital
with an unpaired neutron in the ν1g9/2 orbital. This coupling
gives rise to multiplets of negative-parity states with spins in
the range 2− ≤ Iπ ≤ 7− for the proton in the π1 f5/2, and
3− ≤ Iπ ≤ 6− for the proton in the π2p3/2 orbital. One
can therefore expect to find several negative-parity states at
low excitation energy, although the members of the multi-
plets with high spin might not be populated in β decay. The
easiest way to couple the valence particles to positive-parity
states is by neutron excitation from ν2p1/2 into ν1g9/2, leav-
ing an unpaired neutron in the ν2p1/2 orbital. Positive-parity
states are expected to be found at somewhat higher excitation
energy, and those with low spin are expected to be strongly
fed in β decay by allowed transitions.

4.1 Non-observation of the 76Cu isomer and spin
assignment for the ground state

The recent mass measurement of Canete et al. unambigu-
ously identified an isomer in 76Cu at 65 keV excitation energy
[29]. Because the half-life of the isomer is consistent with the
half-life of the state that was assigned I = 3 by laser spec-
troscopy [27], Canete et al. argued that the I = 3 state is the
isomer and not the ground state, and that the ground state has
been missed in previous experiments [29]. They suggest that
the ground state has lower spin of I = 1 or 2. However, this
argumentation is based on the assumption that the half-lives
of the ground state and the isomer are sufficiently different
to be distinguishable. It was not possible to determine the
half-life of the ground state in the experiment of Canete et al.
New decay studies of 76Cu by Olaizola et al. [32] exclude the
existence of a longer half-life of t1/2 = 1.27(30) s that was
earlier claimed by Winger et al. [31]. The data of Olaizola et
al. suggests that the isomer and the ground state have similar
half-lives in the range 600–700 ms [32]. Without any infor-
mation about the electromagnetic decay of the isomer, it was
not possible to decide whether the isomer or the ground state
corresponds to the I = 3 state [32].

The data from the present experiment show no evidence
for a γ decay of the isomeric state. Canete et al. refer to the
observation of two γ rays of 62 and 66 keV in the present
experiment as described in an earlier Master’s thesis [47] in
support of their interpretation of Iπ = 3− for the isomer.
However, these two low-energy γ rays originate from 75Cu
[13], populated by β-delayed neutron emission, as is clearly
stated in the Master’s thesis [47].

The non-observation of the γ decay of the isomer in the
present experiment can have two possible explanations: (i)
The isomeric state in 76Cu is not populated, neither by direct
β feeding from 76Ni, nor by γ feeding from above. (ii) The
isomeric state does not decay by γ emission, either because
electromagnetic decay cannot compete with β decay, or
because the transition is too strongly converted. If the assign-
ment of Iπ = 3− for the isomeric state was correct, its pop-
ulation by direct β feeding would be negligible, but it would
be populated by γ feeding from above. The 3− state in 78Cu,
for example, receives significant feeding from higher-lying
states [33]. Furthermore, if the ground state had lower spin
of I = 1 or 2, a 3− state at 65 keV excitation energy should
not be isomeric, as electromagnetic decay should dominate
over β decay. Only in the case of Iπ = 1+ for the ground
state, as favored by Canete et al., one would expect a lifetime
of the order of 1 ms for the 3− state, still inconsistent with
the observed half-life of the isomer. An M2 transition would
be strongly converted (α � 2.69), but still have sufficient
γ intensity to be observed. In addition, a 1+ ground state
would receive significant direct β feeding, which is incon-
sistent with the large fraction of observed β feeding to excited
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Fig. 5 Experimental level scheme for 76Cu (left), and calculated energy levels with negative and positive parity from shell-model calculations
with the A3DA-m interaction (right). More information on the states and transitions is listed in Table 3

states observed in the present experiment. Because a 3− state
would be populated by γ decay from higher-lying states, and
because a 3− state would decay by γ emission to a lower-
spin ground state, the scenario proposed by Canete et al. is
incompatible with the data from the present experiment.

A scenario in which the state at 65 keV has Iπ = 3−
and the ground state a spin I ≥ 3 can also be excluded. In
case of I = 3, 4, or 5 for the ground state, a 65 keV γ ray
should have been observed in the present experiment. An
even higher spin, e.g. Iπ = 6−, for the ground state would
be incompatible with the feeding in two steps by the 480
and 1052 keV γ rays from the (1+) state at 1532 keV. The
assignment of Iπ = 3− for the isomeric state can therefore be
excluded based on the data from the present experiment. The
state that was assigned I = 3 by laser spectroscopy can only
be the ground state, and negative parity can be assumed based

on systematics. This assignment is furthermore consistent
with the subsequent decay of 76Cu, which in the present data
shows an approximately equal population of the 2+ and 4+
states in 76Zn.

The most likely spin assignment for the isomer is 6−. This
assignment is not only consistent with the decay data from
Olaizola et al., but would also explain the non-observation
of the isomer in the present experiment, as the population of
a state with such high angular momentum following the β

decay from the 0+ state in 76Ni would be highly unlikely.
Even if a 6− state was fed by γ transitions from above, an
M3 decay to the 3− ground state would be so strongly hin-
dered that it could not compete with β decay. As was already
pointed out by Olaizola et al., the laser spectroscopy data by
de Groote et al. [27] seem to indicate some excess counts that
would be compatible with a I = 6 state. This spin assignment
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of (6−) for the isomer and 3(−) for the ground state is consis-
tent with the stronger population of the isomeric state in the
mass measurement of Canete et al. following proton-induced
fission, as isomeric yield ratios typically favor the popula-
tion of the higher-spin state [51]. It is also worth noting that
the spin assignments proposed by Canete et al. are not sup-
ported by the LNPS or PFSDG-U shell-model calculations
presented in their work [29]. Both the calculations reported
by Canete et al. and our new calculations, to be discussed
in the next section, are consistent with a 3− ground state,
while lower-spin states appear only at substantially higher
excitation energies.

4.2 Shell-model calculations

In order to understand the nature of the experimentally
observed states, shell-model calculations are necessary.
Shell-model calculations were earlier performed for the
negative-parity states in the odd-odd 70−78Cu isotopes by
Van Roosbroeck et al. [40] using an effective interaction
derived from a nucleon-nucleon potential within a G-matrix
approach, and a model space consisting of the 2p3/2, 2p1/2,
1 f5/2, and 1g9/2 orbitals for both protons and neutrons.
The calculations reflect a transition from particle-particle to
particle-hole coupling as neutrons fill the ν1g9/2 orbital, and
also find a higher density of negative-parity states at very low
energy in 74Cu, consistent with a near degeneracy of the pro-
ton 2p3/2 and 1 f5/2 orbitals. However, experimental data on
excited states were lacking at the time, and the calculations
were unable to predict the ground-state spins along the iso-
topic chain correctly. Later, Vingerhoets et al. [20] presented
shell-model calculations for the odd-odd isotopes 70−74Cu
using the JUN45 and jj44b interactions, which again could
not reproduce the correct ground-state spins.

More recently, large-scale shell-model calculations have
been performed with the LNPS interaction [29], which pre-
dict 1+ ground states for both 72Cu and 74Cu with low-lying
2− excited states, at variance with the experimentally estab-
lished 2− ground states. For 76Cu, the LNPS calculations
yield a 4− ground state with an almost degenerate 3− excited
level, whereas calculations with the PFSDG-U interaction,
using the full πp f − νsdg valence space outside a 60Ca core
predict a 3− ground state [29], in agreement with the exper-
imental assignment.

In the present work, we compare the experimental results
with Monte Carlo shell-model (MCSM) calculations [10]
using the A3DA-m effective interaction, which has success-
fully described the structure of nuclei in the 78Ni region
[5,6,11,13]. The valence space comprised the full p f shell
together with the 1g9/2 and 2d5/2 orbitals for both pro-
tons and neutrons without restrictions. States of both neg-
ative and positive parity are calculated. The negative-parity
states originate primarily from the coupling of a proton in the

1 f5/2 and/or 2p3/2 orbital to a neutron in the 1g9/2 orbital,
while positive-parity states arise from the coupling to a neu-
tron in the 2p1/2 orbital. Because of the inversion of the
π1 f5/2 and π2p3/2 orbitals near neutron number N = 48
[5], it can be expected that their relative weight changes
from 74Cu to 78Cu. It can be furthermore expected that mix-
ing is reduced, and that the wave functions exhibit a purer
single-particle character as the neutron degrees of freedom
are reduced when approaching the N = 50 shell closure. The
present experiment populated both negative- and positive-
parity states. Their comparison to the MCSM calculations
will be discussed in the following sections. The experimen-
tally obtained level scheme for 78Cu from the same experi-
ment has already been published [33] along with A3DA-m
calculations. For a more complete understanding of system-
atic trends along the isotopic Cu chain, results on 78Cu are
included in the discussion of experimental and theoretical
results below.

The ground state of all three Cu isotopes can be explained
as a member of the negative-parity multiplet based predom-
inantly on the π1 f5/2ν1g9/2 configuration. The MCSM cal-
culations were able to reproduce the experimentally known
spins [27] of the ground states correctly: 2− for 74Cu, 3−
for 76Cu, and (6−) for 78Cu. Furthermore, as more neutrons
fill the ν1g9/2 orbital, the occupation number for the π1 f5/2

orbital in the ground state increases from 0.66 in 74Cu to 0.71
in 76Cu, and finally reaches 0.96 in 78Cu. In contrast, the
occupation number for the π2p3/2 orbital in the ground state
decreases from 0.51 in 74Cu to 0.48 in 76Cu and to 0.24 in
78Cu. This is consistent with the inversion of the π2p3/2 and
π1 f5/2 orbitals, which was previously confirmed in studies
of the odd-mass isotopes 75Cu and 77Cu [3,5,13].

Calculated levels from the A3DA-m interaction are pre-
sented together with the experimental level scheme in Figs. 3
and 5, respectively. In both cases, the calculated levels are
presented in the right part of the figures, with negative and
positive-parity states separated for better readability. A sim-
ilar figure for 78Cu is presented in Ref. [33]. The calcula-
tions show that all low-lying excited states are negative-parity
states, based on the coupling of a neutron in the ν1g9/2 orbital
and a proton in either the π2p3/2 or π1 f5/2 orbital. For 74Cu
the π2p3/2 and π1 f5/2 proton orbitals are mostly mixed, as
shown by the doubling of spins at similar energies. This is in
contrast to the 76Cu calculations, which show a larger split-
ting between the two orbitals resulting in different ordering
of the calculated states. It is interesting to note that the pre-
dictions for low-lying states in 76Cu from the calculations
with the PFSDG-U interaction [29] and the present calcula-
tions with the A3DA-m interaction are very similar, despite
the differences between the models.

The calculations show that the lowest positive-parity states
are based on the coupling between a neutron in the ν2p1/2

orbital and a proton either in the π2p3/2 or the π1 f5/2 orbital.
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These configurations are expected to result in doublets of
spin (1+,2+) and (2+,3+). However, the configurations are
not pure and remain somewhat fragmented, leading to more
positive-parity states with similar occupation numbers for
different spin couplings as shown in Figs. 3 and 5. A (1+)
state is observed at 858.9 keV for 74Cu and at 1531.8 keV
for 76Cu. The increased trend of these states from N = 46 to
N = 48 can be related to the fact that they originate from
the π2p3/2ν2p1/2 configuration where the energy of the
proton 2p3/2 state increases towards N = 50 due to the
monopole tensor interaction [7]. A similar trend is repro-
duced by the MCSM calculations resulting in the states with
the π2p3/2ν2p1/2 configurations around 1 MeV for 74Cu
and 1.3 for 76Cu.

Based on the shell-model calculations, the lowest-lying
states can be associated with the negative-parity multiplets,
although firm spin assignments are difficult to make. The
states belonging to the multiplets are expected to be inter-
connected by γ -ray transitions, without receiving significant
β feeding. Both of these expectations are in accordance with
experimental observations for the low-lying states in both
nuclei. In 74Cu, the states at 147, 298, 511, and 718 keV are
candidates to be negative-parity states, as no or little β feed-
ing is observed. An assignment of negative parity and spin
I ≥ 3 is also consistent with the fact that the 859 keV (1+)
state only decays to the 2− ground state, but not to the other
low-lying states, which would be hindered by the large spin
difference. The strong beta feeding to the 859 keV state is
reproduced by the MCSM calculations, which find a large
Gamow–Teller strength to the lowest 1+ state with predom-
inant π2p3/2ν2p1/2 configuration. The calculations predict
a second low-lying 1+ state with similar configuration (but
slightly higher occupation of the π1 f5/2 orbital) and large
Gamow–Teller strength. However, there is no indication for a
second low-lying 1+ state in the experimental data. The state
at 694 keV is strongly fed by the states at 859 and 2590 keV,
which are both assigned tentatively as (1+) states. As it also
decays to the 2− ground state, the 694 keV state is a candi-
date for a low-spin, positive parity state, most likely 2+ or 3+.
The shell-model calculations predict the 3+ state based on the
π1 f5/2ν2p1/2 coupling to be the lowest positive-parity state,
but other low-spin, positive-parity states are also predicted
within approximately 300 keV and could be consistent with
the observed decay pattern. The 819 keV state is also directly
fed by the high-lying (1+) states at 2590 and 2460 keV. How-
ever, unlike the 694 keV state, the 819 keV state is not feeding
the 2− ground state, but other low-lying negative-parity states
with presumably higher spin. To bridge the angular momen-
tum gap between high-lying (1+) and low-lying I ≥ 3 states
with negative parity, the most consistent spin-parity assign-
ment for the 819 keV state is therefore 3+.

For 76Cu, the 171 and 483 keV states are candidates for
low-lying negative-parity states. Fewer states are observed at

low energy compared to the 74Cu case, which is consistent
with the shell-model prediction of Iπ = 4−, 5−, 6− for the
lowest excited states, as such higher-spin states are harder
to observe following the β decay of an even-even nucleus.
The 1532 keV (1+) state receives strong β feeding of similar
intensity as the 859 keV state in 74Cu, suggesting a sim-
ilar structure for both states. The shell-model calculations
find two 1+ states with similar configuration at ∼ 1.3 MeV,
which are based on a mixed proton 2p3/2 and 1 f5/2 config-
uration coupled to a neutron in the 2p1/2 orbital. The higher
excitation energy of the 1+ states in 76Cu compared to 74Cu
is consistent in both experiment and theoretical calculations,
although the energy difference between 74Cu and 76Cu is
larger for the experimental states.

With the feeding from the (1+) state at 1532 keV and its
decay to the 3− ground state, the state at 1052 keV is limited
to I ≤ 3. The shell-model calculations find the (2+, 3+) dou-
blet based on the π1 f5/2ν2p1/2 configuration at 1.0 MeV
excitation energy, making this configuration a good candi-
date for the structure of the 1052 keV state. In this scenario,
the main decay path of 76Ni would proceed via a ν2p1/2 →
π2p3/2 Gamow–Teller transition to the 1532 keV state in
76Cu, followed by a 2p3/2 → 1 f5/2 proton de-excitation
to the 1052 keV state, and a 1g9/2 → 2p1/2 neutron de-
excitation to the ground state. However, the shell-model cal-
culations also find the 2− member of the π1 f5/2ν1g9/2 mul-
tiplet at a similar energy of 755 keV, which could provide an
alternative interpretation of the 1052 keV state. The 943 keV
state, with its direct decay to the 3− ground state, is another
potential candidate for a state within a negative-parity mul-
tiplet, including the 2− state, but also a candidate for the 2+
or 3+ state of the π1 f5/2ν2p1/2 doublet. Without clear evi-
dence for other allowed Gamow–Teller transitions and other
candidates for 1+ states, it is difficult to constrain the spins
of higher-lying states and draw further conclusions from the
comparison with the results of the shell-model calculations.

4.3 Systematics of occupation numbers

Calculated proton and neutron occupation numbers for
selected negative-parity states in 74,76,78Cu are shown in
Fig. 6. Note that the graphs show cumulative occupation
numbers for 9 protons and 25 (74Cu), 27 (76Cu), and 29
(78Cu) neutrons filling the orbitals of the shell-model valence
space. The calculations for the 3−

1 and 3−
2 states indicate that

the 3−
1 states have stronger occupation of the π1 f5/2 orbital

compared to the π2p3/2 orbital, while the opposite is true for
the 3−

2 states. The two 4− states in 74Cu are calculated to lie
very close in energy (see Fig. 3). The 4−

1 state in 74Cu is dom-
inated by the π2p3/2 configuration, while the 4−

2 state has
stronger π1 f5/2 occupation. For 76Cu and 78Cu, the char-
acter of the 4− states is equivalent to the 3− states, with
the π1 f5/2 configuration lower in energy than π2p3/2. The
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Fig. 6 Cumulative occupation numbers for protons (top) and neutrons
(bottom) for selected negative parity states in 74Cu, 76Cu, and 78Cu.
Note that the occupancy of the 1 f7/2 orbitals is not fully shown, with
the y-axis starting at 7 for the protons and at 5 for the neutrons

proton occupation numbers calculated for the 3−
1,2 and 4−

1,2
states indicate a strong mixing between the π1 f5/2ν1g9/2

and π2p3/2ν1g9/2 configurations in 74Cu, which become
purer toward 78Cu. This is in accordance with the cross-
ing of the 1 f5/2 and 2p3/2 orbitals, which lie very close in
energy for 74Cu, and have increased separation when moving
towards N = 50 due to the monopole tensor interaction [7].
The calculated neutron occupation numbers show that the
last unpaired neutron fills the ν1g9/2 orbital, while the p f
orbitals are fully occupied for both 3−

1,2 and 4−
1,2 states.

Cumulative occupation numbers for a selection of low-
lying positive-parity states are shown for both protons and
neutrons in Fig. 7. The calculations show that all low-lying
positive-parity states are based on a neutron excitation from
the ν2p1/2 to the ν1g9/2 orbital, leaving an unpaired neu-
tron in the ν2p1/2 orbital, and 6, 8, and 10 neutrons in the
ν1g9/2 orbital for 74Cu, 76Cu, and 78Cu, respectively. The
2+

1 and 3+
1 states are dominated by the π1 f5/2ν2p1/2 con-

figuration, whereas the 1+
1 and 2+

2 states are predominantly
based on the coupling of a ν2p1/2 neutron with a π2p3/2

proton. However, the proton configurations are not pure and
give rise to alternative spin couplings, notably additional 0+
and 1+ states, as can be seen in the calculated level schemes
of Figs. 3 and 5. The occupation numbers indicate again that
the purity of the proton configuration increases with neutron
number, similar to what was found for the negative-parity
states and consistent with the crossing of the π2p3/2 and
π1 f5/2 orbitals.

Fig. 7 Cumulative occupation numbers for protons (top) and neutrons
(bottom) for selected positive-parity states in 74Cu, 76Cu, and 78Cu.
Note that the occupancy of the 1 f7/2 orbitals is not fully shown, with
the y-axis starting at 7 for the protons and at 4 for the neutrons

Figure 8 shows the excitation energies of negative- and
positive-parity states from the MCSM calculations as a func-
tion of angular momentum for 74,76,78Cu. The calculated
occupation numbers for states with negative parity were
used to assign the states to multiplets with predominant
π1 f5/2ν1g−1

9/2 or π2p3/2ν1g−1
9/2 configuration. In the case of

78Cu, the calculations also find a multiplet of states with rel-
atively pure π1 f5/2ν2d5/2 configuration, which includes the
isomeric 0−

1 state [33] as well as the 1−
1 , 2−

2 , 3−
3 , 4−

3 , and 5−
3

states. The corresponding states in 74Cu and 76Cu, with more
vacancies in the ν1g9/2 orbital, have a more mixed neutron
configuration, and their ν2d5/2 occupation number is smaller
than in the case of 78Cu. The low-lying positive-parity states
from the MCSM calculations, shown in the lower part of
Fig. 8, can be grouped into doublets of states with predomi-
nant π2p1/2ν1 f5/2 and π2p1/2ν2p3/2 configuration. Exper-
imental excitation energies of states with a tentative spin
assignment based on experimental observations are included
in Fig. 8 and marked with filled symbols. Experimental states
with plausible spin assignments based on their feeding and
decay pattern and the comparison with the shell-model cal-
culations are shown with open symbols.

There is a relatively good agreement between the experi-
mental excitation energies of the low-lying states and those
found in the MCSM calculations, which supports their inter-
pretation in terms of proton-neutron multiplets. The mul-
tiplets involving a hole in the ν1g9/2 orbital for 76Cu and
78Cu show an approximate parabolic dependence on angular

123



  114 Page 14 of 18 Eur. Phys. J. A           (2026) 62:114 

0 1 2 3 4 5 6 7
0

0.5

1

1.5

2
E 

 (M
eV

)

74
Cu

0 1 2 3 4 5 6 7
I  (h-)

f5
f5
f5

0 1 2 3 4 5 6 7

� f
5/2 
�g

9/2

� p
3/2
�g

9/2

��f5/2 �d5/2

1 2 3
I  (h-)

f5
f5

1 2 3
0

0.5

1

1.5

2

E 
 (M

eV
)

1 2 3

� f5/2 �p1/2
� p3/2 �p1/2

78
Cu

76
Cu

147

511

298

859 819

946

718

943

1326

1532

1052

65
171

Fig. 8 Excitation energies of the negative-parity multiplets with pre-
dominant π1 f5/2ν1g−1

9/2, π2p3/2ν1g−1
9/2, and π1 f5/2ν2d5/2 configura-

tions (top) and positive-parity doublets with predominant π1 f5/2ν2p1/2
and π2p3/2ν2p1/2 configuration from the MCSM calculations as a
function of spin for 74Cu, 76Cu, and 78Cu. The symbols indicate experi-
mental excitation energies for states with tentative spin assignment (full
symbols) and for states with a plausible spin assignment based on the
comparison with the MCSM (open symbols)

momentum, with the extreme couplings I = jν ± jπ having
the highest energy, as expected for particle-hole coupling
[52]. It can be noted that the separation between the two
parabolas is larger for 78Cu, consistent with an increasing
separation between the π2p3/2 and π1 f5/2 orbitals toward
N = 50. In the case of 74Cu, on the other hand, the states
of the π1 f5/2ν1g9/2 multiplet exhibit a more or less lin-
ear increase with angular momentum. This can again be
understood from the fundamental interaction between the
odd proton and neutron. With the ν1g9/2 orbital half filled
in 74Cu, quadratic terms are expected to vanish, while the
linear slope is expected to be positive for Nordheim number
N = jπ −lπ + jν −lν = 0 [52]. The deviation from the linear
trend is likely due to the strong mixing between the π1 f5/2

and π2p3/2 configurations. For the multiplet based on the
latter, with N = 1, one would in principle expect negative
slope. However, this might be obscured by the strong mix-
ing. The π1 f5/2ν2d5/2 multiplet in 78Cu has particle-particle
character, which favors (anti-)parallel coupling.

The overall agreement between experiment and MCSM
calculations is very satisfactory also for the positive-parity
states. The comparison between experiment and theory pro-
vides further support for the inversion of the π1 f5/2 and
π2p3/2 orbitals. The energy separation between the parabo-
las with predominant π1 f5/2 and π2p3/2 configuration
increases from near degenerate in 74Cu to ∼ 250 keV in
76Cu and ∼ 500 keV in 78Cu, consistent with near degener-

ate single-particle states for 74Cu and increasing separation
with increasing neutron number. The calculations indicate
furthermore that the occupancy of the ν2d5/2 orbital is not
negligible, illustrating the need for a large valence space to
correctly describe the neutron-rich Cu isotopes. The ν2d5/2

occupation numbers for the positive-parity states are typi-
cally in the range between 0.3 and 0.4.

5 Summary and conclusions

Excited states in 74Cu and 76Cu have been observed for the
first time following the β decay of 74Ni and 76Ni, respec-
tively. The neutron-rich Ni isotopes were produced at the
Radioactive Isotope Beam Factory at RIKEN Nishina Cen-
ter, Japan, by in-flight fission induced by a primary beam
of 238U at 345 MeV per nucleon incident on a 9Be target.
The secondary beams of fission fragments in the region of
78Ni were separated by the BigRIPS separator and trans-
ported to the decay station, where they were implanted into
the WAS3ABi detector. The HPGe detectors of the EURICA
array were used to detect γ rays following the β decay of
the short-lived Ni isotopes. Sufficient γ γ -coincidence data
allowed building partial level schemes for both odd-odd Cu
isotopes under investigation. Spins and parities could be ten-
tatively assigned for some of the states by using information
on their β-decay feeding and γ -decay.

The non-observation of the isomeric state at 65 keV in
76Cu and the observed decay scheme can only be explained
if the ground state has Iπ = 3− and the isomer has higher
spin, most likely Iπ = 6−.

The experimental results were compared to large-scale
MCSM calculations using the A3DA-m interaction and a
valence space comprising the 1 f7/2, 2p3/2, 1 f5/2, 2p1/2,
1g9/2, and 2d5/2 orbitals for both protons and neutrons.
The shell-model calculations show a very satisfactory agree-
ment with the experimental results. In addition to the cor-
rect reproduction of the ground-state spins and parities, the
calculations also reproduce many features of the observed
excitation schemes for both isotopes. Combining the experi-
mental results with the calculations, it was possible to inter-
pret the low-lying states in terms of spin multiplets arising
from the coupling of an odd proton in either the π1 f5/2 or
π2p3/2 orbital with an odd neutron in the ν1g9/2 or ν2p1/2

orbital. The results confirm the previously observed cross-
ing between the π2p3/2 and π1 f5/2 orbitals, which are near
degenerate in 74Cu, and provide quantitative information on
their increased energy separation toward 78Cu. The exper-
imental results as a whole serve as benchmarks for shell-
model calculations that will allow fine-tuning effective inter-
actions to improve the accuracy in predicting the structure of
nuclei beyond 78Ni. In addition, experimental information
on excited states can be relevant for astrophysical calcula-
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tions. Many transitions that were observed in the present
experiment could not be placed in the level schemes. Fur-
ther experiments to complete the decay schemes and exper-
iments using total absorption spectroscopy to determine β-
decay intensities are therefore desirable. Extending the work
to 80Cu would represent an important step for investigating
the proton-neutron interaction beyond 78Ni.
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