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Near the doubly-magic nucleus 78Ni (𝑍 = 28, 𝑁 = 50), there has been a decades-long debate on the existence 
of a long-lived isomer in 76Cu. A recent mass measurement claimed to have settled the debate, by measuring 
the energy of the isomer and shedding light on the structure of the nucleus. In this work, we present new, more 
accurate, and precise values of the half-lives of the isomeric and ground states in 76Cu. Our findings suggest that 
both states have very similar half-lives, in the 600–700 ms range, in disagreement with the literature values, 
implying that they cannot be differentiated by their decay curves. These results raise more questions than they 
answer, reopening the debate and showing that the structures in 76Cu are still not fully understood.

1. Introduction

Isomers are intriguing excited nuclear states with long half-lives 
(T1∕2), sometimes comparable or even longer than that of the ground 
state (g.s.) of their nucleus. The reasons for these long half-lives are 
diverse, such as large angular momentum differences between states 
or shape coexistence [1]. There is a strong ongoing experimental ef-
fort to measure and understand the underlying nuclear structure effects 
that produce them, since they have a significant impact on other re-
search fields and practical applications [2]. In medicine, for instance, 
99𝑚Tc (T1∕2 = 6 h) is widely used as a 𝛾 -emitting radiotracer in scans of 
bone metastases, myocardial perfusion or thyroid [3]. Other practical 
uses that are currently being considered are nuclear batteries by isomer 
depletion [4] or a nuclear laser using 229𝑚Th [5]. Isomers that impact 
reaction rates in stellar environments have been coined as “astromers” 
(for isomers with astrophysical consequences), and recent works sug-
gest they may play a fundamental role in nucleosynthesis [6]. Finally, 
some studies have suggested that superheavy elements, which are rele-
vant for nuclear physics, atomic physics, and chemistry, might be more 
stable in isomeric states than in their g.s., thus enhancing the possibility 
of being created [7].

The region around the doubly-magic 78Ni is rich in isomers. With 
protons near the closed 𝑍 = 28 shell and neutrons filling the 𝑔9∕2 or-
bital between 𝑁 = 40 and 𝑁 = 50, there are ample opportunities for 
spin isomers to form. Isomers have already been observed in odd-odd 
Cu (𝑍 = 29) isotopes up to 72Cu [8]. Neutron excitations across 𝑁 = 40

create negative parity states via the 𝜋𝑝3∕2 ⊗ 𝜈𝑔9∕2 coupling. Transi-
tions from these states to the lower-lying positive-parity ones are hin-
dered, leading to long lifetimes. There is currently no information on 
excited states in 74Cu [9] and just recently an isomer has been located 
in 78Cu [10].

Following this trend, an isomer should be expected in 76Cu, and in-
deed it was reported by Winger et al. with T1∕2 = 1.27(30) s in a decay 
experiment performed over three decades ago [11]. However, subse-
quent laser spectroscopy, mass measurement, and decay spectroscopy 
experiments have not been able to replicate their result. Hence, the ex-
istence of this isomeric state in 76Cu seemed dubious, as it was reported 
in the NUBASE2020 evaluation [12]. Just recently, Canete and collab-
orators [13] were the first to provide firm evidence of the existence of 
this isomer by mass measurements. They used the evaluated half-lives 
to match the isomeric state as the one having 𝐽 = 3 and a short half-life, 
while the g.s. should have the longer one. Finally, they proposed the 
existence of an internal decay transition between the isomeric and the 
ground state and further elaborated on the possible nuclear structure of 
76Cu.

In this Letter, we present results of two 𝛽-decay experiments that 
call into question the T1∕2 = 1.27(30) s measured by Winger et al. [11]. 
This, in turn, challenges the interpretation from the results of Canete 
et al. [13], demonstrating that the 76Cu conundrum is far from being 
resolved.

Fig. 1. The 76Zn partial level scheme populated in the 76Cu decay. For clarity, 
only the levels and transitions relevant to this work have been included. The 
internal transition in 76Cu represented with a dashed line has never been ob-
served. The width of the lines is proportional to the intensity of the transition as 
observed in Exp. I and their color code follows the intensity scheme of NNDC. 
Similarly, the direct 𝛽-decay population (𝐼𝛽 ) and the log(ft) were extracted from 
Exp. I. The tentative spin-parities were deduced from the data of both experi-
ments.

2. Prior experimental studies in 𝟕𝟔Cu

The existence of a 𝛽-decaying isomer in 76Cu was first suggested 
by Winger et al. [11]. They produced 76Cu via fission by bombarding 
thermal neutrons into an uranium target at TRISTAN, in Brookhaven 
National Laboratory. They studied its decay to 76Zn by gating on the 
4+ → 2+ and 2+ → 0+ transitions, deducing half-lives of 0.84(6) s and 
0.57(6) s, respectively. From that difference in half-lives, they inferred 
the existence of two 𝛽-decaying states in 76Cu and, after subtracting the 
contribution from the shorter-lived one, they concluded that the other 
isomer had T1∕2 = 1.27(30) s. They also proposed spins of 𝐽 ≤ 3 for the 
shorter-lived state and 𝐽 ≥ 4 for the longer-lived one based on the ob-
served 𝛽-feeding pattern, (see an updated version of the level scheme in 
Fig. 1). However, a number of the 𝛾 rays that this experiment attributed 
to 76Zn eventually were proven to belong to other decay products of the 
𝐴 = 76 decay chain [14], suggesting the presence of unresolved contam-
inants. Furthermore, a period of just 1.4 s was used to record the decay 
curves, thus not being optimal to measure a T1∕2 = 1.27(30) s value.

Since then, several experiments have studied the 76Cu structure but 
have failed to observe the T1∕2 = 1.27(30) s state [14–22]. In these ex-
periments, 76Cu isotopes were created using a wide range of production 
techniques and all of them found half-lives compatible with ∼ 0.6 s, but 
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no trace of a longer-lived isomer. Below we discuss in detail some of 
these works.

Van Roosbroeck et al. [14] performed their experiment at ISOLDE 
using 1-GeV protons impinging on a thick UC𝑥 target. They expanded 
and corrected the 76Zn level scheme proposed by Winger [11]. These 
corrections in the level scheme induced significant differences in the 
apparent 𝛽-decay feeding observed in the two experiments. In order to 
extract the 76Cu half-life, they fitted the time evolution of the same two 
transitions as Winger et al. Despite having accrued a similar amount of 
statistics, they observed no evidence of a longer-lived decaying state. It 
should be noted that the fitted time window only covered the range of 
0–1.6 s, again sub-optimal to measure a half-life of 1.27 s.

Prior to the present work, Silwal and collaborators performed the 
largest statistics experiment on this decay [21]. The production method 
was the bombardment of an UC𝑥 target by 54-MeV protons at Ho-
lifield Radioactive Ion Beam Facility (HRIBF), Oak Ridge National Lab-
oratory (ORNL). The very high statistics allowed them to greatly ex-
pand the 76Zn level scheme built by Van Roosbroeck et al. [14]. Like 
Winger et al. [11], Silwal et al. measured the 76Cu half-life by gating 
on the 4+ → 2+ and 2+ → 0+ transitions. The results from both tran-
sitions were in agreement with each other and yielded an average of 
T1∕2 = 637(20) ms, ruling out T1∕2 ∼ 1.27 s. In this experiment, they 
implanted for 5 seconds and let it decay for 1 s. They simultaneously 
fitted both time periods, which although not ideal to measure a 1.27-s 
half-life, should have been able to observe it.

De Groote et al. performed a collinear resonance ionization spec-
troscopy experiment at ISOLDE [20]. They generated neutrons by the 
impact of 1.4-GeV protons onto a neutron converter. Subsequently, the 
neutrons induced fission in a thick UC𝑥 target, producing Cu isotopes. 
At the time, they reported only one state in 76Cu and firmly assigned 
𝐽 = 3, which was hypothesized to be the ground state.

Additionally, two mass-measurement experiments were performed 
at ISOLDE using a Penning trap [16,19]. Once again, fast neutrons were 
used to induce fission in an UC𝑥 target to produce the Cu isotopes. Both 
experiments only reported observing one state and their results were in 
perfect agreement between each other.

Up to this point in the story, it seemed that the existence of a sec-
ond 𝛽-decaying state in 76Cu was highly unlikely. In a turn of events, 
a very recent publication has presented the first firm evidence of its ex-
istence. Canete et al. performed high-precision mass measurements at 
the Ion Guide Isotope Separator On-Line (IGISOL) facility [13,23]. The 
76Cu isotopes were produced by 35-MeV protons impinging on an natU 
target. Using the time-of-flight ion-cyclotron-resonance (ToF-ICR) and 
phase-imaging ion-cyclotron-resonance (PI-ICR) techniques, they con-
clusively proved the existence of two long-lived states in 76Cu, and they 
established that they are 64.8(25) keV apart. By injecting the ions into 
the trap at three different times (389, 489, and 1089 ms), they attempted 
to measure the half-lives of both states. For what they established as the 
isomeric state, they obtained a T1∕2 = 672(110) ms, in agreement with 
the evaluated value of T1∕2 = 637(7)ms [24]. Since this was the half-life 
observed by most experiments previously, they assigned the 𝐽 = 3 mea-
sured by de Groote [20] to this state. For what they established as the 
g.s., there is no statistically significant variation between the number of 
ions for the three measured times. The error bars for this latter state are 
too large and they could not perform a reliable fit. According to Canete 
and collaborators, this hints at a longer half-life and was the basis for 
assigning the g.s. as the T1∕2 = 1.27(30) s level, inverting the ordering of 
states previously suggested [20]. The authors explained this rather flat 
time distribution (see Fig. 3 in Ref. [13]) by assuming the existence of 
an internal decay between the isomer and ground states with a branch-
ing ratio of 10–17%. A limitation of this approach is that they only had 
three experimental points to fit a complex time distribution with the 
Bateman equations.

Two even more recent experiments, whose data remain unpublished, 
were performed at RIKEN, which employs in-flight fragmentation, very 
different from all previous experiments, and that is expected to pro-

Fig. 2. The decay curve of 76Cu was measured by gating in the four most in-
tense 𝛾 -ray transitions in 76Zn using data from Exp. II. The fit was done to an 
exponential decay plus a constant background, with good agreement between 
the four values. Some of the data points and curves were vertically displaced to 
avoid overlapping. See text for details.

duce both states. The first experiment observed the 76Cu decay using 
the BRIKEN setup [25] to measure 𝛽-𝑛 branches and half-lives. As can 
be seen in Fig. C.6 of the Ph.D. thesis [26], the decay curve only presents 
one apparent half-life compatible with the evaluated T1∕2 = 637(7) ms. 
The second experiment was the first one to study the 𝛽 decay of 76Ni 
to 76Cu [22]. A decay from the 𝐽𝜋 = 0+ g.s. of 76Ni should (near-)ex-
clusively feed into a low-spin isomer in 76Cu. Despite their dedicated 
search for isomeric states in 76Cu, they did not detect any ∼ 65-keV 𝛾
ray that would originate from its internal decay. The only hint of the 
isomer is that their fit to the lifetime of 76Ni would slightly improve 
when introducing a second 𝛽-decaying state in 76Cu with a longer half-
life. However, they did not quantify this improvement, nor the required 
half-life.

3. Experimental details

The data presented in this Letter were obtained in two experiments 
performed at ISOLDE, in two different campaigns but using the same 
production method and very similar setups. Protons were accelerated to 
1.4 GeV and then impacted on a Ta proton-to-neutron converter. The 
neutrons induced fission on an UC𝑥 target and the Cu isotopes were 
ionized by Resonance Ionization Laser Ion Source (RILIS) using a broad-
band laser. Mass 𝐴 = 76 was selected using a magnetic mass selector.

In both experiments, the experimental setup employed was the 
ISOLDE Decay Station (IDS). The ions were implanted on a moving tape 
at the center of the setup. In front of the moving tape, a fast plastic scin-
tillator was installed to detect 𝛽 particles. To each side of it, two small 
LaBr3(Ce) crystals coupled to fast photomultiplier tubes (PMT) were in-
stalled. During the first experiment (Exp. I), the setup consisted of 4 
clover-type HPGe detectors, for a total of 16 germanium crystals. The 
data acquisition system employed was NuTAQ [27]. For further details 
of this setup, the reader is referred to Refs. [28,29]. For the second exper-
iment (Exp. II), the experimental setup was identical with the exception 
that two additional HPGe clovers were added downstream. Addition-
ally, the DAQ was changed to Pixie16 by XIA. Exp. I was focused on 
the study of the lifetimes of excited states in 76Zn, whereas Exp. II was 
devoted to studying the decay of 76Cu and its possible isomer.

4. Results

The half-life of 76Cu was extracted using the time of the proton beam 
impinging on the target as a reference. The four most intense 𝛾 -ray tran-
sitions in 76Zn, which form a cascade (see Fig. 1), were gated on to 
minimize contaminants and search for differences in decay rates. Fig. 2
shows the four time distributions from Exp. II and their fits to a single 
exponential decay plus a constant term to account for the time-random 
background. The Compton background was subtracted. Proton pulses 
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Table 1
Comparison of the measured half-lives in different decay experiments. When the half-life was deduced by gating 
on a specific transition, it is placed in the row of that transition. Final average values and results for which the 
information on gating was not given, are shown in the row “Total”. All half-lives are in ms. ∗ This is a corrected 
value of the uncertainty reported in Ref. [18], see main text for details.

Transition NNDC adopted Exp. I Exp. II Silwal Hosmer Van Roosbroeck Kratz Winger 
(keV) [24] [21] [18] [14] [15] [11] 

598.7 665(9) 657(2) 632(21) 1270(30) 
697.7 668(14) 656(2) 640(33) 570(60) 
1337.0 647(21) 651(4) 
340.8 670(21) 661(5) 

Total 637(7) 664(7) 656(2) 637(20) 599(108∗) 653(24) 641(6) 570(60) 

Fig. 3. Two fits to the 76Cu decay when gating on the 598-keV 2+ → 0+ tran-
sition in 76Cu. In black, the fit to a single exponential decay plus a constant 
background. In red, fit to two independent decays with a fixed component of 
10% and T1∕2 = 1.27 s. In blue, same as red, but the second decay component is 
instead a Bateman equation to simulate the internal decay between isomer and 
ground state in 76Cu. The two lower panels show the 𝜒2 of the fit as a function 
of the weight of the 1.27-s component. In both cases, an upper limit of < 2% can 
be set for such a long-lived state. Data from Exp II.

arrive at ISOLDE in multiples of 1.2 s. For Exp. II, a number of consec-
utive proton pulses would impinge on the target, followed by a ∼30 s 
decay time. Since the employed time reference resets to zero every time 
a proton bunch arrives at ISOLDE, this explains the step observed at 
1.2 s in the decay curves. As it can be observed, all four curves follow 
the same decay rate. The apparent deviations at later times are due to 
differences in the peak-to-background ratio. The results are shown in 
Table 1 and yield an average half-life of T1∕2 = 656(2) ms for Exp. II. 
The results from Exp. I are deemed of lower quality for this specific ob-
servable and are just presented to show that they are compatible. The 
decaying rate of the 1053-keV (6)+ → 4+ transition was also fitted, yield-
ing T1∕2 = 657(22) ms, in agreement with the other values, although 
with a much larger error bar due to its lower statistics. For this reason, 
it was not included in Fig. 2.

It should be highlighted here that these results are not only more 
precise due to the much higher level of statistics accumulated, but they 
are potentially more accurate due to the significantly longer decay time. 
On top of performing the fit to a time range of several lifetimes, this al-
lows the fitting of the background, which has a non-negligible influence 
on the result. None of the previous experiments could accurately assess 
this.

To study a possible feeding from a T1∕2 = 1.27(30) s decay in 76Cu, 
additional fits to the time distribution of the 598.7-keV 2+ → 0+ tran-
sition were performed. Given that it is the lowest-lying transition, it is 
expected to collect the intensity from the transitions populated by both, 
the ground and isomer states in 76Cu, as suggested by Winger [11]. The 
fit was performed assuming two decaying states, one with a fixed half-
life of T1∕2 = 1.27 s and the other with a free T1∕2. Fig. 3 shows the 

Fig. 4. Fit to the 76Zn decay when selecting the 199-keV 1+ → 2(−) transition in 
76Ga. The black dots represent the experimental data. The vertical black-dashed 
line represents the closing of the beam gate. The color lines represent the fits 
to the whole distribution. In these functions, two contributions were included. 
First, the decay of 76Zn that is already present when the beam gate is closed. The 
second contribution accounts for the later population of 76Zn produced by the 
decay of 76Cu after the beam-gate closure. The blue, red, and green curves cor-
respond to the cases when a 0%, 10%, and 20% of 76Cu with T1∕2 = 1.27(30) 
s are considered, respectively. The inset shows a zoom in the area of the max-
imum activity, a few seconds after the closure of the beam gate. This region 
corresponds to the area where the influence of the 76Cu activity is most rele-
vant. Data from Exp II.

result when the ratio between the two components was fixed as 10%
for the longer T1∕2 and 90% for the free one. The red fit simulates that 
both states in 76Cu decay via 𝛽− emission independently. The blue fit 
makes use of the Bateman equations to simulate an internal decay with 
a branching ratio of 10%, plus a 90% direct 𝛽− emission. In both cases, 
the normalization factor (related to the initial number of nuclei) and 
the constant background remained as free parameters. The black fit is 
a single exponential decay with a free half-life, same as Fig. 2, and it 
is shown for reference. The fits containing two half-lives clearly deviate 
from the experimental data, ruling out the presence of a T1∕2 = 1.27 s 
at the 10% level, as suggested by Canete [13] and Winger [11]. In the 
two lower panels, the 𝜒2 of the fits were studied as a function of the 
proportion of the 1.27-s component [be it as two independent decays 
(red, left panel) or via an internal decay following the Bateman equa-
tion (blue, right panel)]. These set an upper limit of < 2% for either the 
direct production of the T1∕2 = 1.27(30) s state or of an internal decay 
to it.

The possibility that the T1∕2 = 1.27(30) s 76Cu decay populates 
mostly the g.s., preventing its observation in the time distribution of 
76Zn 𝛾 -rays, was also studied. To investigate this hypothetical scenario, 
𝛾 -ray transitions in the 76Ga granddaughter were analyzed. Fig. 4 shows 
the time distribution of the 199-keV 𝛾 -ray, which is the most intense 
transition in 76Ga. After the closure of the beam gate, the implantation 
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Fig. 5. Fit to the time profile of the 2+ → 0+ transition in 76Zn to two indepen-
dent half-lives. One was fixed to T1∕2 = 656 ms while the other and the ratio 
between both components was free. The x-axis represents the free half-life in 
ms. The y-axis shows the percentage initial population of both decaying states. 
The top of the y-axis represents that 100% of the population is that of the fixed 
half-life component and at the bottom, 75% is the fixed half-life and 25% the 
free one. The z-axis shows the normalized 𝜒2 of the fit.

period is stopped, therefore the time distribution can be described as 
the sum of two components. The first component corresponds to the de-
cay of the 76Zn already present when the beam-gate is closed and thus, 
it has an exponential decay with the half-life of 76Zn. The second one 
arises from the decay of 76Cu after the closure, causing an increase in 
the activity whose shape depends on the half-life of 76Cu. Therefore, 
the shape of the decay curve of the 199-keV transition is described by 
the Bateman equations. The fitting results of the time distribution were 
obtained by fixing the half-lives and setting the normalization factors 
as free parameters. In this case, only the contribution of the 656(2) ms 
state (blue-line curve) was assumed, and hence, an excellent match to 
the time distribution was achieved, see Fig. 4. On the other hand, when 
assuming that 10% or 20% of 76Cu belongs to a possible feeding of the 
1.27-s component the fit deteriorates significantly, see the red and green 
lines in the same figure. This is highlighted in the inset of Fig. 4, where 
the fits with a 10% or 20% component clearly show a deviation at the 
4-s time mark. The analysis yielded an upper limit of 5% for the 1.27-s 
component, if any. This result supports the conclusion derived from 𝛾
rays in the previous analysis, excluding the existence of any significant 
T1∕2 = 1.27(30) s decay. It should be noted that during the analysis of 
these data, a half-life for 76Zn of 6.44(4) s was measured. This value sig-
nificantly deviates from the adopted T1∕2 = 5.7(3) s [24]. However, the 
adopted value was obtained from the integral of the 𝛽(t) [30] without 
any 𝛾 -ray selectivity.

The T1∕2 = 1.27(30) s value reported by Winger has a large error 
bar [11], so the actual half-life of the decaying state might be signifi-
cantly lower. A fit to the activity versus time of the 2+ → 0+ transition 
in 76Zn was performed, similarly to Fig. 3. This time one of the lifetimes 
was fixed to T1∕2 = 656 ms, while the other one and the ratio between 
both components was free. Fig. 5 shows a color map with the result, see 
its caption for details. The result presents a sharp minimum along the 
line of both half-lives having very similar values. The free component 
has an upper limit of about 970 ms (the lower one-sigma bound of the 
value reported by Winger) when its weight reaches ∼ 1.5%. When the 
free component of the half-life is lower than the fixed T1∕2 = 656 ms, 
the increase in 𝜒2 seems to be less steep. This possibility is discussed, 
and discarded, in depth in the discussion section.

5. Discussion

5.1. Are both 76Cu decaying states produced?

Before any discussion can proceed, whether or not 76Cu is being pro-
duced in two different long-lived states needs to be established. Canete 
et al. [13] have conclusively proven that that is the case at IGISOL, when 

using 35-MeV protons on a U thin target. It is known that isomeric ra-
tios can change for different fissions systems or projectile energies, but 
it is a modest change, not an order of magnitude. In fact, at ISOL facili-
ties that employ thick targets, the release speed plays a more dominant 
role. This is the case for Cu isotopes, that can take up to a few seconds 
to exit a thick target as the ones employed at ISOLDE [31]. Short-lived 
species will decay before they can diffuse out of the target, tilting the 
ratio towards the longer-lived isomer. Compounding these two effects, 
it could be expected that the isomeric ratio between IGISOL and ISOLDE 
to be of the same order of magnitude.

A strong hint of this being the case arises from the two mass mea-
surements performed at ISOLTRAP [16,19]. Both experiments yielded 
masses that are within one standard deviation from each other, indi-
cating that the results are consistent. However, when compared with 
the ones obtained at IGISOL [13], the ISOLDE results are 29.8(22) keV 
higher than the g.s. and around halfway to the excitation energy of the 
isomer state. The most likely explanation for this situation is that the 
experiments were not able to separate their masses, yielding an inter-
mediate result. This interpretation was already suggested in Ref. [13]. 
The fact that the experiments yielded an average of the masses of the 
two states is a known feature of mass measurements for unresolved 
species [32].

Another indication of the production of both 76Cu states at ISOLDE 
comes from a reexamination of the laser spectroscopy experiment per-
formed by de Groote [20]. A new analysis of the data presented in 
their Fig. 1, top panel, showed hints of a 𝐽 = 6 state (see the excess 
counts above background around −370 and 50 MHz), compatible with 
a production at the level of a few % for this higher-spin state [33]. 
This is a tentative result that requires of a dedicated laser spectroscopy 
experiment to exhaustively scan an appropriate frequency range to con-
clusively identify this state and assign it as 𝐽 = 6.

A more general hint, not specific to ISOLDE, arises from the 𝛽-feeding 
pattern of states in 76Zn. All decay experiments so far have observed a 
significant direct 𝛽-decay population of the main four states shown in 
the partial level scheme of Fig. 1. The first two levels have been firmly 
established as the 2+

1
and 4+

1
states [24]. There are different suggestions 

for the spins and parities (𝐽𝜋 ) of the other two levels, although the 
consensus seems to be that they belong to a negative-parity multiplet {3, 
4, 5, 6} originating from a 𝜋𝑝3∕2 ⊗ 𝜈𝑔9∕2 coupling. Especially relevant 
is the state at around 2.6 MeV, which strongly feeds the 4+

1
state but 

does not feed the g.s., and probably does not feed the 2+
1
state. This 

suggests a 𝐽𝜋 ≥ 4− assignment. Although not impossible, it is extremely 
unlikely that a single 𝐽𝜋 = 3− state in 76Cu simultaneously populates 
with log(ft)∼6 states with spins 2+ and 4+ (which would be of first 
forbidden character) and states with spins 3− or 4− (which would be of 
allowed character) [34]. If any of the negative-parity states have 𝐽 ≥ 5, 
as has been suggested, the forbiddenness of the transition would be of 
second or higher order, making this direct transition even more unlikely. 
A much more plausible explanation is that the decay of 76Cu originates 
from two different states.

Although all experiments have observed strong population to the 
four states discussed in the previous paragraph, the exact 𝛽 intensities 
vary from work to work, which could be an indication of different iso-
meric ratios. However, comparing 𝛽-decay feedings between different 
experiments is troublesome. Experiments that record different amount 
of statistics will measure a different number of 𝛾 -ray transitions. This, in 
turn, can have a significant influence on the apparent 𝛽 feeding, which 
is known as the Pandemonium effect [35]. Moreover, due to the complex-
ity of building a level scheme with dozens or hundreds of transitions, 
it is not uncommon that they contain small errors, such as overlooked 
transitions or wrongly placed ones. This compounds with the previous 
effects to further complicate the comparison between different experi-
ments.

To avoid these issues, instead of comparing 𝛽 feeding between the 
different experiments, the relative intensities of the four most intense 
transitions are compared, see Table 2. The 2350-keV state has been sug-
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Table 2
Relative intensities of the four most intense 𝛾 -ray transitions in 76Zn following 
the decay of 76Cu. The 1053.1-keV (6)+ → 4+ transition has also been included 
as a clear example of a transition decaying from a high-spin state [𝐽 𝜋 = (6+)]. 
Exp. I and II refer to the results from this work. In all experiments, the intensities 
have been normalized for the 598.7-keV 2+ → 0+ transition to have an intensity 
of 100. As can be seen, the results of Silwal et al. [21] significantly deviate from 
the other experiments. See text for details.

Transition Exp. I Exp. II Silwal Van Roosbroeck 
(keV) [21] [14] 

598.7 100(2) 100(2) 100.0(21) 100(5) 
697.7 60(1) 59.5(6) 66.6(11) 59(3) 
1337.0 33.1(6) 32.8(6) 38.3(7) 30(2) 
340.8 17.0(3) 19.1(2) 19.5(4) 16(1) 
1053.1 3.82(8) 4.0(1) 5.06(17) 3.1(9) 

gested to have 𝐽𝜋 = (6+) [21,36], which is the highest spin proposed 
for a level in this nucleus. Therefore, the 1053-keV (6)+ → 4+ transi-
tion is a candidate to observe population from the higher-spin decaying 
state in 76Cu and has been included in the table despite its lower inten-
sity. As can be seen, there is a good agreement among Exp. I and Exp. II 
from this work and the results of Van Roosbroeck [14], also performed 
at ISOLDE. However, those of Silwal [21] that employed a different fis-
sion system and beam energy, are more than four standard deviations 
away. Such a discrepancy may be due to a different isomeric ratio at 
that facility compared to ISOLDE.

While IGISOL is the only facility that has firmly established the 
production of both the ground and isomer states, we believe that the 
previously discussed points prove that both states are produced in other 
laboratories as well, particularly at ISOLDE.

5.2. The different 76Cu half-lives

Once established that there is an isomer in 76Cu [13] and that labo-
ratories produce 76Cu in its two 𝛽-decaying states, it raises the question 
as to why no other experiment has observed the T1∕2 = 1.27(30) s pro-
posed by Winger et al. [11]. As can be seen in Table 1, all half-lives but 
that obtained by Hosmer [18], agree on a value of 𝑇1∕2 = 630–660 ms. 
Hosmer et al. performed their experiment at the NSCL in-flight frag-
mentation facility, using a thin target, which should be more sensitive 
to shorter-lived isomers when compared to facilities employing thick 
targets such as ISOLDE or HRIBF-ORNL. While the reported half-life is 
indeed shorter, we note that for the values of 76Cu and 81Ga in col-
umn 3 of their Table I, there was an accidental mix-up between relative 
uncertainty (%) and absolute uncertainty (ms), as evident from the low 
number of implanted ions. In reality, the relative uncertainty of the 76Cu 
half-life is 18%, or ∼ 100 ms absolute uncertainty. Therefore, the value 
from Ref. [18] provides insufficient constraints on the half-life and will 
be disregarded in the further discussion. We note that the value of Hos-
mer and its erroneously small uncertainty also entered the weighted 
average providing the half-life adopted by ENSDF [24].

The most likely scenario is that the half-lives of both decaying states 
are in the 600–700 ms range. It is nearly impossible to disentangle two 
half-lives in a mixed decay when their values are so similar. There are 
multiple instances of this phenomenon throughout the nuclear chart (see 
a few examples of such nuclei in Refs. [37–41]).

The only way to discriminate between such similar half-lives would 
be by identifying states that are only directly fed by one of the decays 
and not indirectly fed by the other one. While it is likely that some of 
the levels at higher energy fulfil these conditions, none of their transi-
tions have high-enough intensity to perform the analysis with sufficient 
precision.

The other possible scenario in which one of the decaying states in 
76Cu has a very short half-life can be excluded. The fact that the mass 
measurement experiments seem to observe both states at late times [13, 
16,19], excludes the possibility of half-lives below a few hundred of ms.

5.3. The 𝐽 = 3 assignment to the isomeric state and the internal decay 
branch

Excluding the existence of a 1.27(30) s half-life in 76Cu calls into 
question some of the conclusions reached by Canete et al. [13]. As ex-
plained earlier, from the observed time distributions, they assigned the 
T1∕2 = 1.27(30) s value to the g.s. and the 𝐽 = 3 spin measured by de 
Groote [20] to the isomer, which was an inversion to what had been 
previously proposed. However, now that it has been proven that both 
states have similar half-lives, these assignments are challenged. If the 
half-lives of both states are so close that they cannot be easily differen-
tiated, the time distributions observed by Canete et al. cannot be used 
to assign spins. Therefore, which of the two states has the 𝐽 = 3 spin 
remains unanswered.

This has further implications. In their work, Canete et al. [13] as-
sumed that most 76Cu was produced in the T1∕2 ∼ 650 ms isomeric state 
and a 10–17% internal decay branch populated the T1∕2 = 1.27(30) s 
g.s. They claimed this was necessary to explain the flatness of the ob-
served time distribution, which they fitted using the Bateman equations. 
Given that every decay experiment observed a ∼0.65 s decay, under 
this scenario 76Cu would be mainly produced in its isomeric state in ev-
ery laboratory. The subsequent 10–17% internal decay branch would 
populate the g.s. and every decay experiment should have observed a 
longer-lived component in their decay curves. Fig. 3 excludes this sce-
nario, when even a 10% component of the T1∕2 = 1.27(30) s strongly 
distorts the fit.

There is an additional nuance. The internal decay suggested by 
Canete [13] would proceed by a low-energy 64.8-keV 𝛾 transition, 
which would be strongly converted. The emission of a conversion elec-
tron would increase the charge state of the ion to Cu2+ (or higher con-
sidering subsequent emission of Auger electrons). This would change 
the q/m of the ions and not be counted by the device, i.e. the actual 
branching ratio of the internal decay would be significantly higher. For 
instance, the conversion coefficient for an E2 transition is 3.17 and for 
M3 it is 39 [42]. This translates the 10% lower bound of the branching 
ratio to 37% and 98%, respectively. Such intense decay branches would 
have been observed by these and previous experiments, which is not the 
case.

Returning to the long half-life fit reported by Canete et al. [13], it is 
clear that the authors were limited by the experimental conditions. Their 
fitting conditions, i.e. the time range, the number of data points, and the 
technique, were not optimal for this kind of measurements, making this 
endeavor very challenging. It might be possible to repeat now the analy-
sis using similar half-lives of T1∕2 ∼ 650ms for both states. However, the 
change induced in the effective half-life when compounding two similar 
lifetimes in the decaying part of the Bateman equations is nearly negli-
gible. Even the high-statistics experiments presented here did not attain 
enough precision to differentiate such an effect. Given the current exper-
imental knowledge, the existence of this internal decay branch cannot 
be confirmed or refuted, but it is currently not needed to explain the 
experimental observations.

5.4. Possible 𝐽𝜋 assignments of the long-lived states

Tentative spin and parity assignments may be explored for the long-
lived states in 76Cu. One of these states has been firmly assigned 𝐽 = 3

based on laser spectroscopy [20]. However, there is no experimental 
evidence to determine its parity. Nevertheless, based on systematics of 
even-Cu isotopes and shell-model calculations, it is likely to have neg-
ative parity and will therefore be considered 𝐽𝜋 = 3(−). The 𝛽-decay 
pattern in Fig. 1 shows a strong population of the 2974.5-keV 𝐽𝜋 = (3−)

state in 76Zn, and a slightly weaker one to the 2+
1
and 4+

1
states, which 

can be explained as allowed and first-forbidden transitions from the par-
ent 𝐽𝜋 = 3(−). For the 2633.6-keV state, the shell-model calculations in 
Ref. [43] seem to favor 𝐽𝜋 = 5−,6− over the (4−) suggested in NNDC [9]. 
In this case, it could be directly populated, as the data show, if the other 
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𝛽-decaying state in 76Cu also has 𝐽𝜋 = 6−. This high-spin would also ex-
plain its isomeric, 𝛽-decaying character, as an M3 transition of 65 keV 
would be significantly hindered.

As mentioned earlier, there are tentative indications of a 𝐽 = 6 state 
in the laser spectroscopy [33]. This high-spin assignment is further 
supported by the 76Ni → Cu76 experiment by Pedersen [44]. A decay 
from a 0+ state would be greatly suppressed to even indirectly popu-
late 𝐽𝜋 = 6− states. The Monte Carlo shell-model calculations using the 
A3DA-m interaction from that work also rule out any low-lying positive-
parity state in 76Cu, discarding 𝐽𝜋 = 1+, for example. Therefore, we 
propose 𝐽𝜋 = 3(−) and 𝐽𝜋 = (6−) for the two decaying states in 76Cu, in 
either order. It should be emphasized, however, that these assignments 
are highly tentative and that more experiments are needed for a firm 
assignment.

6. Conclusions

We have performed two high-statistics experiments to study the 𝛽−

decay of 76Cu. The results presented here, especially when added to the 
experimental corpus accumulated so far, clearly exclude the existence of 
a T1∕2 = 1.27(30) s half-life in 76Cu. While the existence of two long-lived 
states was firmly established by Canete et al. [13], the exact half-lives 
of these levels remain a mystery. After demonstrating that both, the 
isomer and ground state, are produced in the experiments, we propose 
that the most likely explanation for the current situation is that the two 
states have similar half-lives in the 600 to 700 ms range, making their 
separation significantly more difficult.

This change in the half-lives, in turn, questions some of the con-
clusions reached by Canete et al. [13]. Which state has 𝐽 = 3 cannot 
currently be affirmed and the existence of an internal decay branch 
between them is highly unlikely. Experiments using isomerically pure 
beams could elucidate the situation, which, for now, remains unsolved.
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