
Acta Physica Polonica B Proceedings Supplement 16, 4-A14 (2023)

EXPERIMENTAL LEVEL SCHEME OF 78Cu∗

L.G. Pedersena, E. Sahina, A. Görgena, F.L. Bello Garrotea

Y. Tsunodab, T. Otsukac, M. Niikurac, S. Nishimurad, Z. Xuc,e

H. Babad, G. Benzonif , F. Browned,g, A.M. Bruceg, S. Cerutif

F.C.L. Crespif,h, R. Daidoi,d, G. de Angelisj, M.-C. Delattrek

Zs. Dombradil, P. Doornenbald, Y. Fangi,d, S. Franchook, G. Geym

A. Gottardoj, T. Isobed, P.R. Johnn, H.S. Jungo, I. Kojouharovp

T. Kubod, N. Kurzp, I. Kutil, Z. Liq, G. Lorussod, I. Mateak

K. Matsuic, D. Mengonin, T. Miyazakic, V. Modamioa, S. Momiyamac

A.I. Moralesf,h,r, P. Morfouacek, D.R. Napolij, F. Naqvis

H. Nishibatai, A. Odaharai, R. Orlandit,u, Z. Pateld,v, S. Riced,v

H. Sakuraic,d, H. Schaffnerp, L. Sinclaird,w, P.-A. Söderströmd,x

D. Sohlerl, I.G. Stefank, T. Sumikamay, D. Suzukik, R. Taniuchib,w

J. Taprogged,z, Z. Vajtad,l, J.J. Valiente-Dobónj, H. Watanabeα

V. Werners, J. Wud,q, A. Yagii,d, M. Yalcinkayaβ, R. Yokoyamab

K. Yoshinagaγ

aDepartment of Physics, University of Oslo, Norway
bCenter for Nuclear Study, University of Tokyo, Japan
cDepartment of Physics, University of Tokyo, Japan

dRIKEN Nishina Center, Wako, Saitama, Japan
eUniversity of Hong Kong, Hong Kong, China

f INFN, Sezione di Milano, Italy
gUniversity of Brighton, United Kingdom

hDipartimento di Fisica dell’Università degli Studi di Milano, Italy
iDepartment of Physics, Osaka University, Japan
jINFN, Laboratori Nazionali di Legnaro, Italy

kIPN, IN2P3-CNRS, Universite Paris-Sud, Orsay, France
lATOMKI, Debrecen, Hungary

mLPSC, Universite Joseph Fourier, CNRS/IN2P3, Grenoble, France
nINFN Padova and Dipartimento di Fisica, Università di Padova, Italy

oDepartment of Physics, University of Notre Dame, USA
pGSI Darmstadt, Germany

qDepartment of Physics, Peking University, Beijing, China
rIFIC, CSIC-Universitat de València, Spain

sYale University, New Haven, USA
tInstituut voor Kern- en StralingsFysica, K.U. Leuven, Belgium

uAdvanced Science Research Center, JAEA, Tokai, Japan
vDepartment of Physics, University of Surrey, United Kingdom
wDepartment of Physics, University of York, United Kingdom

xELI-NP and IFIN-HH, Bucharest, Romania
yDepartment of Physics, Tohoku University, Sendai, Japan

zCSIC, Madrid, Spain
αBeihang University, Beijing, China

βDepartment of Physics, Istanbul University, Turkey
γDepartment of Physics, Tokyo University of Science, Chiba, Japan

Received 1 December 2022, accepted 6 February 2023,
published online 22 March 2023

∗ Presented at the Zakopane Conference on Nuclear Physics, Extremes of the Nuclear
Landscape, Zakopane, Poland, 28 August–4 September, 2022.

(4-A14.1)

https://www.actaphys.uj.edu.pl/findarticle?series=sup&vol=16&aid=4-A14


4-A14.2 L.G. Pedersen et al.

Excited states in 78Cu were observed for the first time following the β
decay of 78Ni created by in-flight fission of 238U. Based on the coincidence
relationships between the observed γ-ray transitions, it was possible to
construct a level scheme comprising eight excited states with tentative spin
assignments for 5 of them. In addition to the γ-decaying states, an isomeric
state with a lifetime of 3.8(4) ms was found to decay by internal conversion.

DOI:10.5506/APhysPolBSupp.16.4-A14

1. Introduction

The doubly magic 78Ni represents an important benchmark for nuclear
structure studies, providing information on the consequences of a large neu-
tron excess. The properties of nuclei in the region of 78Ni are furthermore
important for the understanding of the astrophysical r-process. With one
additional proton and one neutron hole relative to 78Ni, 78Cu is an ideal
nucleus to study the proton–neutron interaction in this region of the nuclear
chart. Probing the structure of 78Cu can therefore reveal important aspects
of nuclear structure beyond 78Ni. Previous studies of odd–even 69−79Cu have
shown that the proton p3/2 and f5/2 orbitals shift in energy and cross when
moving away from stability and approaching N = 50 [1–3]. Low-energy
states in 78Cu are therefore expected to form a multiplet based on the cou-
pling of the πf5/2 and νg−1

9/2 orbitals. Given the large spin differences that
may arise from the multiplet structure in odd–odd nuclei, isomeric states
are common and may also be expected in 78Cu.

2. Experimental details and results

The experiment took place at the RIKEN Nishina Center, Saitama,
Japan, during the EURICA campaign [4]. A beam of 238U at 345 MeV/u
was incident on a 9Be target, producing a wide range of fission fragments,
which were separated and identified in the BigRIPS fragment separator.
The separator was optimized for the transmission of nuclei in the vicinity of
78Ni, and ions of interest were implanted into the WAS3ABi array of DSSSD
detectors, which was surrounded by the EURICA array of HPGe detectors.

In the first step of the analysis procedure, the β-decay half-life of 78Ni was
determined. Figure 1 shows the total decay curve for 78Ni, corresponding to
the time difference between ion implantation and detection of β-decay elec-
trons within the same or neighboring pixel of WAS3ABi. The decay curve
contains not only β-decay events from 78Ni, but also subsequent daughter
decays, including those populated by beta-delayed neutron emission. The
known half-lives and probabilities for neutron emission Pn [5] for the daugh-
ter decays were fixed in the fitting procedure, leaving only the half-life of
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78Ni and the total number of decay events as free parameters. The latter
can be used to determine the detector efficiency and is needed to determine
decay intensities. The half-life of 78Ni was found to be 122.2(51) ms [6].
Details of the procedure can be found in Ref. [7].
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Fig. 1. Total observed number of detected beta decays fitted with the corresponding
number of decays from implanted 78Ni and its daughters and grand-daughters.

Based on the time correlations between ion implantation and β decay, it
was possible to associate γ-ray transitions with the decay of excited states
in 78Cu. A γ-ray spectrum showing the four strongest transitions in 78Cu is
shown in Fig. 2 (a). Despite limited statistics, it was possible to analyze γ–γ
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Fig. 2. (Color online) (a) Single γ-ray spectrum. Peaks are marked by their energy
in keV. (b) Total projection γ–γ coincidence spectrum. (c) DSSSD signals for
200 ms (black) and 5 ms (red/gray, and scaled by a factor of 10 to clearly be
seen in the figure). (d) γ-ray spectrum gated on low-energy DSSSD events below
200 keV and using a short time-gate of 5 ms.
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coincidences and place several of the observed transitions in a level scheme
for 78Cu, which is shown in Fig. 3. The three low-energy transitions at 49, 79,
and 156 keV are in prompt mutual coincidence with each other, and in coinci-
dence with the 859, 985, and 1503 keV transitions. Being by far the strongest
transitions, it is reasonable to assume that the cascade of low-energy tran-
sitions is feeding the ground state, which has been tentatively assigned as
Iπ = (6−) in a previous experiment [8]. The three low-energy transitions
have comparable intensities when correcting for detector efficiency and elec-
tron conversion for M1 multipolarity. Other multipolarities for any of the
low-energy transitions would result in long lifetimes of the states and much
higher conversion coefficients, requiring a significant imbalance in either β
or γ feeding, for which there is no evidence in the data. It is, therefore,
concluded that the three low-energy transitions form a cascade of M1 tran-
sitions from a (3−) state at 284 keV to the (6−) ground state. Although there
is no experimental indication for the ordering of the three transitions, the
empiric parabolic rule for proton–neutron multiplets [9] suggests an ordering
as shown in Fig. 3. These negative-parity states are interpreted as members
of the πf5/2 × νg−1

9/2 multiplet. The remaining 2− and 7− members of the
multiplet are unobserved and expected to lie at higher excitation energy.
The 859 and 985 keV transitions are in mutual coincidence and therefore
placed as a cascade feeding the (3−) state. Besides the three low-energy
transitions, no coincident γ rays were observed for the 1503 keV transition,
which is consequently also assumed to be feeding the (3−) state. Due to the
lack of further coincidence relations and the resulting incompleteness of the
level scheme, it would be highly speculative to attempt spin assignments for
the higher-lying states.

Fig. 3. Experimentally obtained level scheme.
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The three low-energy transitions and the 859 keV transition are seen as
weak lines in the decay following the implantation of 78Cu, which suggests
that they depopulate an isomeric state in 78Cu. Figure 2 (c) shows the en-
ergy signals in WAS3ABi during the first 5 ms after implantation (red/gray)
and during the first 200 ms after implantation (black). The low-energy signal
in the spectrum for short correlation time is consistent with the detection of
conversion electrons from a low-energy transition, whereas the spectrum for
the longer correlation time is characteristic for β-decay electrons. Gating
on the low-energy electron signal and short correlation times below 5 ms
results in a very clean γ-ray spectrum showing the 49, 79, 156, and 859 keV
transitions in 78Cu, as shown in Fig. 2 (d). This is a clear proof of an iso-
meric state at a small energy above the state at 1143 keV excitation energy,
and it determines the ordering of the 859 and 985 keV transitions. With a
clean tag on γ rays and electron energy, the lifetime of the isomeric state
was found to be 3.8(4) ms. Based on the lifetime of the isomeric state, to-
gether with the observation of conversion electrons and the non-observation
of γ rays, the transition that depopulates the isomer is most likely of M2
multipolarity. The isomeric state is therefore interpreted as a (0−) state
based on the πf5/2 × νd−1

5/2 configuration, with the state at 1143 keV ex-
citation energy assigned as (2+). This interpretation is supported by shell
model calculations [10].

The γ-ray singles spectrum shows a clear peak at 283 keV, as can be seen
in Fig. 2 (a). One could be tempted to place the transition in parallel to the
cascade of three low-energy transitions, as it corresponds approximately to
the energy sum of the three transitions. However, the 283 keV transition has
no coincidence relation with any other transition. This can be seen from its
absence in the total projection of the γ–γ coincidence matrix, which is shown
in Fig. 2 (b). Given the strength of the 283 and 859 keV transitions in the
singles spectrum, any coincidence relation between them should have been
observed. The absence of coincidences suggests that the 283 keV transition
is feeding the isomeric state. More details and evidence will be presented
in a forthcoming publication, together with a comparison to shell model
calculations [10].

3. Conclusions

To summarize, 78Cu has been studied by analyzing γ rays following the
β decay of 78Ni, produced by in-flight fission. A γ–γ coincidence analysis
allowed constructing a partial level scheme for 78Cu, comprising eight ex-
cited states. A sequence of low-lying states is interpreted as members of
the πf5/2 × νg−1

9/2 multiplet. The energies of these states provide direct in-
formation on the proton–neutron interaction outside 78Ni. In addition, an
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isomeric state with a half-life of 3.8(4) ms has been observed to decay by
electron conversion. This state is tentatively assigned as (0−) and inter-
preted as based on the πf5/2 × νd−1

5/2 configuration, providing information
on the size of the N = 50 shell gap.
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