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Total absorption spectroscopy of two isomers in 70Cu influencing nucleosynthesis signatures
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Isomers have long been known to be important for astrophysical nucleosynthesis processes, yet they are
often neglected in network calculations due to computational limitations or lack of data. "Astromers" are
astrophysically metastable nuclear states that can greatly impact nucleosynthesis pathways. In this work we show
that astromers further impact the time-dependent electromagnetic signal during heavy element nucleosynthesis.
In an experiment performed at the National Superconducting Cyclotron Laboratory, three β-decaying states of
70Cu (6− ground state, and two isomeric states: 3− and 1+) were produced. β-feeding values were extracted
from experimental spectra and compared to shell-model and QRPA + PVC calculations. Average γ -ray energies
from the β-decay events were incorporated into simulations of heavy element nucleosynthesis and were found to
exhibit different energy release profiles over time, which may impact, in aggregate, time-dependent observable
signals.

DOI: 10.1103/sy2b-3pbr

I. INTRODUCTION

The important role played by nuclear isomers (long-lived
excited nuclear states) in nuclear astrophysics is well known
but often neglected [1–3]. 26mAl is a common example of the
impact that isomers have in astrophysical environments; the
half-life of the Jπ = 5+ ground state (7.17 × 105 years) is
much longer than the half-life of the Jπ = 0+ isomer (6.346
sec), which in the hot astrophysical environments typical of
nucleosynthesis processes can impact production. As a result
of the difference in lifetimes, it is well documented that the
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ground state and isomeric state of 26Al must be treated as
separate species in network calculations [4].

Astrophysically metastable isomers such as 26mAl are
called “astromers,” and they play a particularly important
role in the rapid neutron-capture process (r process), where
nuclear isomers are dynamically populated along the path
of nucleosynthesis [5]. The r process accounts for the pro-
duction of over half of the existing nuclei heavier than iron.
The astrophysical site of the r process (core-collapse su-
pernova, neutron star mergers, etc.) has been the subject of
extensive debate in the astrophysics community [6–8]. This
process has been recently associated with observed kilono-
vae, which are thought to arise from the energy release of
radioactively decaying species after the merger of compact
objects [9].

Predictions of nucleosynthesis in possible r process
sites require nuclear physics data input. Detailed nuclear
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structure and decay information are required to determine
if a nuclear isomer is indeed an astromer in a particular
environment (see the formalism developed in Refs. [10,11]).
When data are available, astromers have been shown to
impact nucleosynthesis pathways and the heat emitted as
nuclei radioactively decay [5]. Nuclear data are often lacking,
and measurements of nuclear properties can help resolve
present ambiguities, as was illustrated with the recent mass
measurement of 128mSb [12].

Here, we identify and study the β decay of a nucleus
produced in the r process that has not one but two astromers:
70Cu. There are three β-decaying states in 70Cu, the ground
state (Jπ = 6−, 70Cu

gs
) and two isomeric states: a 101.3-keV

(Jπ = 3−, 70Cu
m1

) state and a 242.6-keV (Jπ = 1+, 70Cu
m2

)
state [13,14]. The ground state has a half-life of 44.5(2) s, the
101-keV isomer has a half-life of 33(2) s, and the 242-keV
isomer has a half-life of 6.6(2) s [13,15]. The difference in
the spin parity and half-lives of the two isomeric states in
70Cu leads to astromeric behavior in the r process. Here, we
illustrate the potential impact of incorporating experimental
radioactive decay information on astromers into r process
simulations. We measure experimental average γ -ray ener-
gies from the β decay of two astromers in 70Cu using the
method of total absorption spectroscopy (TAS) and incor-
porate the experimentally determined average γ -ray energy
into energy-generation simulations to assess their impact on
energy release over time. We present the first isomer-separated
TAS study of the three β-decaying states in 70Cu to stable
70Zn. We extract the average energy release into electrons and
photons, and show that while 70Cu alone will not drastically
impact the r process, the energy generation in the r process
can depend on the presence of isomers.

II. EXPERIMENTAL DETAILS

The experiment was performed at the National Supercon-
ducting Cyclotron Laboratory at Michigan State University.
70Cu ions were produced from a 76Ge primary beam of 140
MeV/nucleon impinging on a 470 mg/cm2 9Be target. The
resulting fragmentation reaction products were separated by
the A1900 fragment separator [16] and passed through a mo-
mentum compression beamline where an Al wedge was used
to degrade the beam energy before entering the gas stopper
[17,18]. 70Cu ions were thermalized in the gas stopper.

Following extraction from the gas cell, 70Cu ions were
selected in a mass analyzer and transmitted to the Low Energy
Beam and Ion Trap (LEBIT) facility at rate of 4 kHz. LEBIT is
a 9.4-T Penning trap mass spectrometer [19]. The ground and
isomeric states of 70Cu ions were detected via the time-of-
flight ion-cyclotron-resonance (ToF-ICR) technique [20,21].
LEBIT was used to quantify the percentage of each spin-parity
state in the beam: 8(7)% 70Cu

m2
, 23(4)% 70Cu

m1
, and 69(4)%

70Cu
gs

; the three spin-parity states can be seen in the ToF-ICR
spectrum of Fig. 1.

The 70Cu ions were then transmitted to the summing
NaI(Tl) (SuN) total absorption spectrometer. In this experi-
ment, LEBIT sits on a high-voltage platform biased at 30 kV,
and SuN is at ground potential. Ions are ejected out of
the Penning trap by switching the potential applied to the

FIG. 1. Time-of-flight scans from LEBIT when 70Cu was deliv-
ered to the LEBIT facility. Time of flight in μs is on the y-axis,
and vr f centered around vc for the 3− state is on the x-axis. The

highest energy isomer (1+, 70Cu
m2

) on the left, the 3− (70Cu
m1

)
isomer is in the middle, and the 6− (70Cu

gs
) ground state is on the

left. Percentages of each spin-parity state correspond to the depths of
each well in the ToF-ICR spectrum.

electrodes and accelerating them to about 10 eV. They travel
through a series of focusing electrodes and are accelerated up
to about 2 keV before being accelerated up to 30 keV (across
a high-voltage break) for delivery to SuN.

SuN is a 16-inch-width by 16-inch-radius cylindrical
NaI(Tl) scintillating detector, with a 45-mm radius borehole
at the center [22]. SuN consists of two hemicylindrical halves,
each comprised of four optically isolated segments. Each of
the eight segments are attached to three photomultiplier tubes
(PMTs). Total absorption spectroscopy has been performed
using the SuN detector in various mass regions [23–25] and
on other Cu isotopes such as 74,75Cu [26]. A total absorption
spectrum, which is sensitive to the energy of the populated
level, is created by summing signals from the segments to-
gether. Additionally, because SuN has eight segments, spectra
from the isolated segments give individual γ -ray energies. A
multiplicity spectrum provides additional information about
the number of individual segments that register an event,
which is related but not equivalent to the number of γ -rays
involved in a cascade.

The 70Cu isotopes were implanted in a 1-mm-thick double-
sided silicon strip detector (DSSD) located at the geometric
center of SuN. The DSSD consists of 16, 1.2-mm-wide ver-
tical and horizontal strips. The 70Cu ions selected in the gas
cell passed through LEBIT and thus background contribu-
tions were negligible in the β-coincidence gated γ spectra;
negligible background in β-gated-γ spectra is similar to what
is shown in previous total absorption spectroscopy studies
using SuN [25,27]. The 70Cu beam was implanted for 600 sec,
followed by a 600-sec period of beam-off time to measure the
decay. This process created time-dependent activity profiles
that could be used to isolate β-decay spectra from 70Cu

m2
,

70Cu
m1

, and 70Cu
gs

based on their half-lives.
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FIG. 2. An example of a grow-in/decay curve fit to Bateman
equations. The gate in (c) was used to isolate the 70Cu

gs
β decays,

(b) was used to isolate 70Cu
m1

β decays, and (a) was used to isolate
70Cu

m2
β decays through a series of subtractions.

III. ANALYSIS

Time-dependent activity profiles created from cycling the
beam were fit to Bateman equations modeling the 70Cu

gs
,

70Cu
m1

, and 70Cu
m2

β decay using decay and internal conver-
sion branching ratios determined by Ref. [13], and the beam
composition determined from the LEBIT ToF-ICR spectra.
An example of the fit between the Bateman equations and
the time-dependent activity profile from this experiment is
shown in Fig. 2. In these fits, the β-decay half-lives of each
state were fixed to their literature values but allowed to vary
within their literature uncertainty. These uncertainties were
propagated through future analysis steps.

Gates were placed on the time-dependent activity profiles
to isolate total absorption spectra resulting from the decay
of different compositions of spin-parity states in the 70Cu
ion beam. The three selected time gates were applied to the
TAS, individual γ sum of segments and multiplicity spectra.
Gate (c) begins after the decays from the 70Cu

m2
and 70Cu

m1

states of 70Cu are negligible according to the Bateman fits,
effectively isolating a total absorption spectrum associated
with β decay from the 6− ground state. Gate (b) begins after
the 70Cu

m2
has fully decayed away, isolating a spectrum that

contains decays from only 70Cu
m1

and 70Cu
gs

; from this the
70Cu

m1
β-decay spectra were isolated. Gate (a) begins right

as the beam is turned on in the cycle, where the amount
of 70Cu

m2
β decays is the largest within the cycle; 70Cu

m2

β-decay spectra were isolated from this gate. To confirm the
isolation of the γ rays from each β-decaying state, lower-lying
excitation energies and γ rays were identified to match the
known 70Zn level schemes published by Refs. [13,28].

Known levels in 70Zn populated from the β decays of 70Cu
from each spin-parity state from Ref. [14] were simulated
in geant4 to account for detector response. The development
and characterization of this geant4 simulation for the SuN
detector is outlined in Ref. [22] with modifications for use in
β-decay experiments [26]. The deexcitation of known levels
up to 5.06 MeV for 70Cu

gs
β decay, 3.246 MeV for the

β decays from the 70Cu
m1

, and 3.635 MeV for β decays
from 70Cu

m2
were simulated. The β-decay Q values (Qβ) for

each spin-parity state are 6.588(3) MeV, 6.689(3) MeV, and
6.831(3) MeV, respectively [14], and thus to accurately fit the

experimental data, pseudolevels were constructed using the
statistical Monte Carlo simulation code rainier [29].

rainier relies on select models for the nuclear level density,
γ -ray strength function, and spin distribution and is used to
simulate γ -ray cascades from decays from a given excitation
energy level in the nucleus of interest. In our case, the nu-
clear level density was modeled with the constant temperature
model [30], and the γ -ray strength function was modeled with
a generalized Lorentzian [31] function. The spins and parities
of the entry state in the daughter nucleus are Jπ = 5−, 6−,
and 7− for 70Cu

gs
, 2−, 3−, and 4− for 70Cu

m1
, and 0+, 1+,

and 2+ for 70Cu
m2

, assuming allowed Gamow-Teller β-decay
transitions. The pseudolevels simulated in rainier do not rep-
resent an actual level energy but rather an energy bin that is
equivalent to the energy resolution of SuN. Pseudolevels are
simulated in rainier from above the highest known excitation
energy to the Qβ value. The size of the energy bins up to Qβ

are not constant but increase with the resolution of SuN; thus
the bins were 100 keV from 3–4 MeV, 150 keV from 4–6
MeV, and 200 keV from 6 MeV up to Qβ .

The resulting rainier simulations are fed through the SuN
geant4 simulation to account for the detector response. A χ2

minimization procedure is employed to simultaneously fit the
simulated total absorption, sum of segments, and multiplicity
spectra from various excitation energies to experimental data,
where the amplitude of each level is allowed to vary. The χ2

value is then calculated between the magnitudes for each bin
for an experimental spectrum compared to the corresponding
simulated spectrum. The resulting amplitudes are used to cal-
culate the β-feeding intensity distribution resulting from the
β decays of the ground and isomeric states of 70Cu.

IV. RESULTS

The total absorption spectra produced via the β decay of
the 70Cu

m2
, 70Cu

m1
, and 70Cu

gs
are overlaid in Fig. 3 with

their corresponding χ2 minimization results. The 70Zn total
absorption spectrum populated via 70Cu

gs
β decay shows very

good agreement between the fits and the experimental data.
In the 70Zn total absorption spectrum populated via 70Cu

m1

β decay, the simulated fits do not account for some feeding
below 800 keV. This missing feeding amounts to 0.3% of the
total feeding and thus does not make a large impact on the
extracted β-feeding values reported below.

Isolation of the 70Zn total absorption spectrum from
70Cu

m2
β decay revealed the presence of unobserved TAS

peaks at excitation energies between 2.2 and 3.4 MeV. In order
to characterize these peaks, individual segment spectra of SuN
were used. Using each identified and previously unobserved
TAS peak as a gate (with 200-keV width), γ -γ coincidence
spectra were produced using individual segment spectra of
SuN. These γ -γ coincidence plots revealed that some of the
β-delayed γ -rays measured previously in Ref. [13] and as-
signed based on half-life to the 70Cu

m1
β decay only, were

also present after 70Cu
m2

β decay. These peaks are listed in
Table I.
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FIG. 3. The 70Zn total absorption (left), segments (middle), and multiplicity (right) spectra populated from the 70Cu
m2

(top), 70Cu
m21

(middle), and 70Cu
gs

β decays. Experimental spectra are in black and the χ2 fits are shown in red.

To accurately reproduce the low-energy portion of the
TAS spectrum from the β decay of 70Cu

m2
, a ground-state

branch was added into the geant4 simulations. This ground-
state branch is not included in the nuclear data evaluation
by Ref. [14]. Previous work by Ref. [13] stated that this

TABLE I. The excitation energies and γ -rays added into the
geant4 simulations for the β decay of 70Cu

m2
. These peaks were

determined from observed γ -rays in Ref. [13] and the γ -γ spectra
from SuN.

Excitation energy γ -rays in each
(MeV) cascade (keV)

2.348 208, 1255, 885
2.312 553, 874, 885
2.529 389, 1255, 885
2.860 1101, 874, 885
2.839 1954, 885
3.219 1460, 874, 885

branch is 0% based on the work of Ref. [32], where it was
assumed that no ground-state feeding occurred in the decay
of 70Cu. However, a ground state-to-ground state transition of
46(10)% from 70Cu

m2
(Jπ = 1+) β decay to the 0+ ground

state of the 70Zn daughter was previously observed by the
researchers of Ref. [33]. Furthermore shell-model calcula-
tions indicate the feeding should be 49.19%. Inclusion of
this ground-state branch in the χ2 minimization results in a
29(6)% ground-state feeding from 70Cu

m2
. With contribution

of the ground-state branch and the additional peaks from Ta-
ble I, the subtracted spectra from 70Cu

m2
β decay were fit with

good agreement to the geant4 simulations.
From the best fits for each of the spin-parity states, the

β-decay feeding intensities were extracted and the results
are shown in Fig. 4. The uncertainties were determined by
combining the statistical uncertainties from counts and var-
ious subtractions of the spectra with the uncertainties from
the χ2 fitting procedure. The β-feeding intensities (Iβ) from
the different spin-parity states in Fig. 4 follow the expected
allowed Gamow-Teller transitions. The β decay of 70Cu

m2

055802-4
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FIG. 4. The calculated cumulative Iβ values from 70Cu
m2

(a), 70Cu
m1

(b), and 70Cu
gs

(c) β decays compared to previous literature values

from Van Roosbroeck et al. [13], and two shell-model Hamiltonians: SM jun45 [35] and SM jj44b [36]. Data from the decay of 70Cu
m2

are
also compared to QRPA + PVC calculations [37,38].

feeds lower energies with lower spin states, 70Cu
gs

primarily
feeds higher energy levels in 70Zn (the lowest being 2.895
MeV), and 70Cu

m1
is in the middle but has a similar feeding

distribution to 70Cu
gs

.
The experimentally extracted feeding distribution from

70Cu
gs

β decay matches well with the previously reported
feeding intensities by Ref. [13]. For the β decay of 70Cu

m1
and

70Cu
m2

, however, the feeding distributions from Ref. [13] do
not match as well. The previously reported β-decay feeding
from 70Cu

m1
assumes that the last known fed level is at 3.2

MeV, whereas the experimental feeding we see here is far
more fragmented above these energies. For the β decay of
70Cu

m2
, the feeding is dispersed over a broader energy range

than is reported by Ref. [13].
From the experimental β-feeding values, the average γ -ray

energy per β-decay event was calculated for the ground state
and the two isomers following the methodology reported in
Ref. [34]. The average γ -ray energies from the β decay of
70Cu

gs
, 70Cu

m1
, and 70Cu

m2
are 3.62(21) MeV, 3.48(75) MeV,

and 1.57(36) MeV, respectively.

V. DISCUSSION

A. Shell-model and QRPA calculations

Experimental measurements of β-decay properties such
as half-lives, β-delayed neutron emission probabilities, β-
feeding values can all impact r process simulations [39–42].
When experimental β-decay information is unavailable, the-
oretical calculations are used across the nuclear landscape to
predict β-decay properties in these astrophysical simulations
[43–45]. Theoretical calculations are typically bench-marked
against known half-lives and β-delayed neutron emission
probabilities instead of comparing against the full distribution
of β-decay feeding (Iβ) values as a function of excitation
energy. A more direct comparison to theory is to then com-
pare experimental Iβ values with Iβ values used in theoretical
calculations. Here, we compare experimental Iβ values for the
β decay of ground and isomeric states in 70Cu with QRPA
(quasiparticle random phase approximation) and shell-model
(SM) calculations.

Comparisons of experimental β-decay feeding intensi-
ties to both shell-model calculations and quasirandom phase
approximation with particle-vibration coupling calculations
are shown in Fig. 4. The shell-model calculations were
carried out in the jj44 model space consisting of the
0 f5/2, 1p3/2, 1p1/2, 0g9/2 set of orbitals for protons and neu-
trons using the NUSHELLX code [46].

Two empirical Hamiltonians have been developed for this
model space: jun45 [35] and jj44b [36]. These Hamiltonians
are in isospin formalism with the T = 1 set of two-body
matrix elements being the same for protons and neutrons.
The Coulomb interaction is added in terms of a constant
Z-dependent shift. The methods used to obtain these Hamilto-
nians from fits to experimental binding energy and excitation
energy data for nuclei in the region of 28 � Z < 50 and
32 � N � 50 are summarized in the Appendix of [36].

Both shell-model Hamiltonians have some defects with
regard to the experimental energy levels; however, the jj44b
model matches the experimental data better than jun45, par-
ticularly at energies below 3 MeV. In particular, the 0+

2 state is
too high in energy with the jj44b model space. The 4+

1 and 6+
1

states are too high energy with jun45, as seen in Fig. 5. Given

FIG. 5. Comparison of experimental and calculated energy levels
for 70Zn with the SM Hamiltonians jj44b [36] and jun45 [35]. The
length of the horizonal lines is proportional to the J value. Positive-
parity levels are shown by red lines, and negative-parity levels are
shown by blue lines. The black dots on the experimental side indicate
the level does not have a definitive spin-parity assignment.
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the uncertainty associated with the differences between jun45
and jj44b Hamiltonians for the cumulative Iβ shown in Fig. 2,
the shell-model calculations are in excellent agreement with
the data.

The relativistic quasiparticle random phase approxima-
tion (RQRPA) calculations have been done using the NL3
parametrization of the meson-exchange interaction [47] for
the particle-hole channel. The isovector pairing interaction
is a simple monopole force and the isoscalar pairing is not
included. More details can be found in Refs. [48,49]. The
odd-odd nucleus 70Cu is treated in the same way as even-even
nuclei, with a constraint on the number of particles, and is also
considered to be spherical.

In order to capture correlations beyond the relativistic
QRPA (RQRPA), (quasi)particle-vibration coupling (PVC)
effects are included, which take into account the interplay be-
tween single (quasi)nucleons and collective vibrations of the
nucleus. Such coupling typically constitutes the leading corre-
lation mechanism in midmass and heavy nuclei and is known
to largely improve Gamow-Teller strength and β-decay half-
lives of several nuclei in the β− channel. In particular, PVC
provides spreading width of Gamow-Teller resonances, as
well as fragmentation of the low-energy strength [37,38]. In-
cluded in Fig. 4 are the QRPA + PVC calculations, because
with the NL3 functional considered here and in the absence
of static isoscalar pairing force, RQRPA predicts no states
below the decay Q value and thus an infinite lifetime. On the
other hand, the PVC correlations bring fragmentation of the
strength distribution and states appear in the decay energy
window. The QRPA-PVC calculations compare best to the
feeding from the 1+ isomer, which is consistent with assumed
physics in the calculation and thus we only compare the
calculations to the 1+ isomer in Fig. 4. The QRPA + PVC
calculations are only in very qualitative agreement with the
data.

The above QRPA + PVC calculations are representative
of calculations typically used in astrophysical simulations.
However, these calculations cannot predict spin-dependent
behavior, and in the case of the ground and isomeric β-
decaying states of 70Cu, the QRPA + PVC calculations are
in poor agreement with experimental data. The shell-model
calculations presented in Fig. 4 can predict spin-dependent
behavior and thus are in better agreement with experimental
data, particularly for the ground state and 3− isomer, but
these calculations are not standard input into astrophysical
simulations.

B. Impact on time-dependent energy generation in the r process

We find the behavior of 70Cu and its two potential as-
tromers to be sensitive to the thermodynamic evolution of
explosive nucleosynthesis. Here we report on a temperature
and density profile found in one of the 460,000 trajectories
of a black hole accretion disk by Ref. [50]. This particular tra-
jectory was chosen as it is representative of the mass-weighted
average conditions found in the disk. Using the computational
methods of Refs. [10,11,51], we simulate r-process nucle-
osynthesis with (colored lines) and without (black line) the
two nuclear isomers in 70Cu (Fig. 6).

FIG. 6. Time evolution of 70Cu abundances assuming individual
states are populated (colored lines) vs the ground state only (“no iso,”
solid black line). After thermal equilibrium breaks (roughly 1 sec),
70Cu contains two astromers.

The initial population of the states in 70Cu come from two
sources: the β decay of 70Ni and neutron capture from 69Cu.
At these early times in the simulation (< 1 sec), the envi-
ronment is hot and thermal equilibrium quickly reorders the
state populations; the individual states of 70Cu are populated
according to a Boltzmann distribution. At high temperatures,
the relative population of the states in 70Cu only depend on
the spin and excitation energy of the state, which is reflected
in the relative population fraction with gs > m1 > m2. The
sum of the population of all three states of 70Cu is indicated
by the “Total” curve (orange dash dot). The ground-state
population (red curve) is higher than in the case of the “70Cu
no iso” (black curve) where no isomers are considered in the
simulation. This observation highlights the intricate influence
neighboring isomers can have on each other. In the simulation
with isomers, the population of 69Cu is high at early times
owing to the fast β-decaying isomer in 69Ni. Since no isomers
are present in the “70Cu no iso” simulation, this effect is not
present and the black curve is lower than the red curve.

As the environment expands and cools, the thermal equilib-
rium breaks down, and the excited-state population decreases
as these states can no longer be populated by thermal transi-
tions. A new population fraction arises at around 1 sec . At
this time most of the free neutrons have been consumed, so
the population of the states are now primarily populated via β

decay from 70Ni. Between one and 100 sec, we also observe
that these states are indeed astromers, which is evident from
the ordering of their population (now the excited states are on
par, or more populated than the ground state). At 10 sec, the
first astromeric state (dotted blue line) is most populated fol-
lowed by the second astromeric state (green dashed line), and
then the ground state (red line). At the end of the simulation, a
small amount of residual neutron capture on 69Cu, which pre-
dominantly populates the ground state and first excited states
of 70Cu, lengthens the effective half-lives of these two states.
This behavior demonstrates the importance of understanding
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FIG. 7. The top panel shows the γ -ray energy release from
the population of 70Cu using the experimental data of this work,
where the bands surrounding the colored lines indicate experimental
uncertainties. The energy release is substantially altered from the
ground-state-only calculation (“no iso,” black) when excited states
are included (colors). The bottom panel shows the ratio of the γ -ray
energy release in the simulation with isomers relative to the simula-
tion with no isomers (“70Cu no iso,” black) where the ratio is 1. The
orange line represents the present work and the purple line represents
previous data from Ref. [13].

not only the decay of isomers in astrophysical environments
but also the role they may play in nuclear reactions.

The average γ -ray energy released in the β decay of
each spin-parity state from our experiment was directly in-
corporated into the nucleosynthesis simulation to estimate
the time-dependent γ -ray energy release. The population of
the two astromers substantially impacts the energy release in
comparison to the treatment of 70Cu as a single species, as
shown in Fig. 7.

The top panel of Fig. 7 shows the γ -ray energy release
from 70Cu when considering isomers (colored lines) versus
the no-isomer case (black line). In the top panel, the bands
surrounding the colored lines indicate the experimental uncer-
tainties associated with the present experimental work. The
total energy release when considering isomers (orange dash
dot curve) is substantially different than in the case of the
ground state only (black). This can be seen more quantita-
tively by taking the ratio of the γ -ray energy release in the
simulation with isomers relative to the simulation with no
isomers (ground states only), see bottom panel of Fig. 7.
During the time in which 70Cu is significantly populated,
the ratio of the energy release is on average 6 times higher
when considering isomers than when considering the case
of no isomers. In the bottom panel we also plot a line as-
suming use of experimental data from Ref. [13] (purple). A
significant deviation in the average γ -ray energy of the first
excited state causes this difference, indicating the importance
of continued measurements, even where data may presently
exist.

Our finding provides the first indications of how the
populations of astromers will impact time-dependent energy
release in the synthesis of heavy elements. While 70Cu alone
may not drastically impact the r process, the culmination of
many of these effects in various nuclei will have a strong influ-
ence on the time-dependent γ -ray spectra, and this change in
energy release may subsequently alter the observable kilonova
signal and heating. Such a calculation is presently out of reach
due to the lack of nuclear data on excited states. Our results
therefore may be taken as further impetus for experimental
exploration of the properties of short-lived nuclei.

VI. CONCLUSION

Here we identified the presence of two astromers in 70Cu
and performed the first isomer-separated total absorption
spectroscopy experiment to study the impact of its β decay
using the SuN total absorption spectrometer and LEBIT at
the NSCL. β-feeding values for the β decays of the 70Cu

gs
,

70Cu
m1

, 70Cu
m2

have been isolated and are reported, which
are compared to shell-model and QRPA + PVC calculations.
We show that the inclusion of astromers can impact the γ -ray
spectra of r-process nucleosynthesis, and our results are in-
dicative of the importance of including detailed microphysics
to understand heavy element formation.
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