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Total absorption spectroscopy for the β+ decay strength distribution of 60Ga
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β-decay properties play an important role in most astrophysical processes. In the absence of experimental
data, astrophysical models rely on global theoretical calculations to provide the relevant properties. It is therefore
important to provide strong experimental constraints when possible. In the case of β-decay, the most sensitive
probe is the β-decay strength distribution. We report here on the first measurement of the latter quantity for the
β+ decay of 60Ga using the total absorption spectroscopy technique. The experimental results are compared to
theoretical calculations often used in astrophysical models, namely the shell model and the quasiparticle random
phase approximation (QRPA), as well as an extension of QRPA that includes higher-order nucleonic calculations.
Both models are in reasonable agreement with the experimental results.

DOI: 10.1103/PhysRevC.111.065801

I. INTRODUCTION

One of the goals of nuclear astrophysics is to understand
the various astrophysical events occurring in the cosmos. One
such event, type-I x-ray bursts (XRB1), is one of the most
common explosive events in the galaxy [1–4]. They are widely
accepted to result from neutron stars accreting mass from a
partner star in a binary system. In a binary system, hydrogen
and helium are pulled onto the surface of the neutron star
from its partner star. As the material builds up on the surface,
the rise in temperature and density reach conditions for a
thermonuclear runaway, which results in a XRB1. XRB1s
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are of particular interest because they provide insight into the
behavior of high-density matter in an unrelenting environment
[2,3].

The abundance outputs of astrophysical models of XRB1s
depend strongly on several nuclear reaction rates, occurring
both on the surface and inside the crust of neutron stars by
the buried ashes. This process is called the rapid proton (rp)
capture process. The rp process is dominated by the compe-
tition between proton-capture reactions and β+ decays. By
investigating the rp process, the dynamics of neutron stars
and features of XRB1 spectra can be better understood. Sen-
sitivity studies have shown that the nuclear properties within
the rp process have a significant impact on the light curve
of the XRB1 [5–7]. When experimental data are absent, as-
trophysical calculations rely on theoretical models to provide
the necessary nuclear input. Here, we focus in particular on
β+ decays. β-decay properties used in astrophysical calcula-
tions are often calculated using the shell model [8–10] where
available, and the quasiparticle random phase approximation

2469-9985/2025/111(6)/065801(8) 065801-1 ©2025 American Physical Society

https://orcid.org/0000-0002-0194-261X
https://orcid.org/0000-0001-8308-688X
https://orcid.org/0000-0002-8642-8352
https://orcid.org/0000-0002-6111-1906
https://orcid.org/0000-0001-5487-270X
https://orcid.org/0000-0002-8403-8879
https://orcid.org/0000-0003-2090-1255
https://orcid.org/0000-0002-7625-7772
https://orcid.org/0000-0001-6515-6266
https://orcid.org/0000-0001-9899-0716
https://orcid.org/0000-0001-7773-0616
https://orcid.org/0000-0001-7765-6188
https://orcid.org/0000-0002-1707-0844
https://orcid.org/0000-0002-3844-7540
https://orcid.org/0000-0003-2197-0797
https://orcid.org/0000-0002-6422-7015
https://orcid.org/0000-0001-5898-1989
https://orcid.org/0000-0002-5476-0369
https://orcid.org/0000-0002-9759-3476
https://ror.org/03r4g9w46
https://ror.org/05hs6h993
https://ror.org/00qerpb33
https://ror.org/04kq4yy23
https://ror.org/01jr3y717
https://ror.org/02hpadn98
https://ror.org/02k8cbn47
https://ror.org/01xtthb56
https://ror.org/02fa3aq29
https://ror.org/0432jq872
https://ror.org/03chnr738
https://ror.org/02xawj266
https://ror.org/05hs6h993
https://ror.org/00ax83b61
https://ror.org/00py81415
https://ror.org/00py81415
https://ror.org/05g3dte14
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevC.111.065801&domain=pdf&date_stamp=2025-06-02
https://doi.org/10.1103/PhysRevC.111.065801


G. OWENS-FRYAR et al. PHYSICAL REVIEW C 111, 065801 (2025)

(QRPA) [11]. Typically, these models are validated with β-
decay half-lives. However, β-decay half-lives are calculated
within these models by integrating the β-decay strength dis-
tribution as a function of excitation energy. Therefore, a more
sensitive test of the theoretical models is the direct compari-
son of the β-decay strength distribution to experimental data
[12–15].

Here, we present the first complete measurement of the
β-decay feeding intensity (Iβ) of 60Ga. This decay was stud-
ied previously using high-resolution γ -ray spectroscopy [16].
Such measurements, while ideal for identifying low-lying
discrete states and their corresponding γ -ray emission, are
known to suffer from the so-called “pandemonium effect”
[17]. This term refers to the phenomenon where the β-decay
feeding intensity into low-energy states is overestimated,
while the feeding into high-energy states is underestimated
or missing completely. The pandemonium effect is a result
of the limited detection efficiency of high-resolution systems,
and can be overcome when using a γ -ray total absorption
spectrometer (TAS) (e.g., Refs. [13,18,19]). Here we apply
the TAS method for the first time to the β+ decay of 60Ga and
compare the experimental results to models commonly used in
astrophysical calculations, namely the shell model and QRPA.

II. EXPERIMENTAL DETAILS

The experiment was performed at the National Supercon-
ducting Cyclotron Laboratory. A 150 MeV/u 78Kr36+ primary
beam impinged on a 517 mg/cm2 9Be target to produce the
isotope of interest. The projectile fragments were filtered by
the A1900 separator [20]. The fragment separator had a broad
momentum acceptance, so a “cocktail” beam of isotopes
around A = 55 reached the detector setup [12]. To remove
further contamination, the radio frequency fragment separator
(RFFS) was utilized [21]. The RFFS removed low-momentum
tails of more abundant nuclei to have better selection for
neutron-deficient isotopes.

The isotopes in the cocktail beam were identified using
time-of-flight and energy-loss data from a group of detec-
tors upstream of the experimental setup. This detector group
consisted of one plastic scintillator in the focal plane of the
A1900 providing timing information and two thin silicon PIN
detectors located just upstream of the implantation station,
each recording energy loss and time [20]. The particle identifi-
cation is shown in Fig. 1.The experimental setup incorporated
the summing NaI(Tl) (SuN) detector [22] and a double-sided
silicon strip detector (DSSD) placed in the center of the bore
hole of SuN [12] as an implantation surface. Following the
DSSD, a silicon surface-barrier veto detector capped off the
beam line to detect any contaminants not stopped in the DSSD
[14]. The details of this setup can be found in Ref. [23]; here,
we summarize the key features.

SuN is a segmented, high-efficiency, 4π γ -ray calorimeter.
It is 16 in. in diameter, 16 in. long, and has a 1.8 in. diam-
eter bore hole along the beam axis. There are eight optically
isolated NaI(Tl) scintillator segments; four along the length
of SuN on both the top and bottom halves, with three photo-
multiplier tubes (PMTs) on each crystal. SuN has an angular

FIG. 1. Particle identification plot of the “cocktail” beam deliv-
ered to the experiment area. The isotope of interest, 60Ga, is circled
in black.

coverage of 98% at its center with peak efficiency for 661 keV
γ -ray of 137Cs at 85(2)%.

The DSSD placed in the center of SuN was 1 mm thick,
with 32 1.2-mm wide strips in total; 16 strips on each side,
the front strips being perpendicular to the back strips. The
resultant DSSD signals passed through dual-gain preampli-
fiers, enabling simultaneous detection of the implanted ions
and β-decay positrons. This allowed the data to be correlated
in space and time, so the implant event could be matched to
its decay event.

Different γ -ray spectra can be taken with SuN. The TAS
spectrum illustrates the total energy level of the child nucleus
populated by β-decay. In a TAS spectrum, SuN is treated as
one large, continuous detector. In addition, the spectra from
the individual crystals can be added together to create a single
sum of segments (SoS) spectrum. This spectrum was used to
analyze the de-excitation of single levels by γ emission. The
multiplicity is the number of crystals that detect energy above
the threshold during an event. Multiplicity spectra were used
to understand how many γ rays were observed during the de-
excitation of the child nuclei.

III. ANALYSIS

Implantation and β-decay events were correlated within a
400 ms time window. This time window was chosen because
it was large in comparison to previously measured half-lives,
minimized uncorrelated data, and maximized real correla-
tions. Events fulfilling criteria for each type of event were
separated for analysis. An implantation event was defined by
having signals in both PIN detectors, and at least one strip
on both sides of the DSSD in low gain. A decay event was
defined by having no signal in either PIN detector, but a signal
in both sides of the DSSD in high gain. The implantation
and decay pixels were determined by the front and back strip
with the maximum energy during the respective events. Once
identified, the decay events were correlated with the implan-
tation events. First, a decay event and implantation events in
the time window within the same pixel were identified (real
correlations). There is no guarantee that the selected decay
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FIG. 2. A χ 2 fit of a typical: (a) Total absorption spectrum (TAS),
(b) sum of segments, and (c) multiplicity. The experimental results
are shown in black and the line of best fit is in red.

event is coming from the particular ion with which it was
correlated. Decays from other ions are also included in these
“real correlations.” To account for this, random correlation
spectra were also generated by grouping decay events that oc-
curred before their corresponding implantation events within
the specified time window (random correlations). The random
correlation spectra were then subtracted from the real correla-
tion spectra.

In order to extract the β-decay feeding intensity at the
various excitation energies, the detector response had to be
accounted for. This was done using a GEANT4 [24] simu-
lation of the detector geometry and response of the setup for
the measured decay [22,24,25], taking into account the experi-
mental β-decay Q value of 13.56 MeV [26]. In GEANT4, the
energy of electrons, positrons, and γ rays were tracked and
recorded into spectra analogous to the experimental spectra.
First, the de-excitation of discrete states of the child nucleus
from the RIPL-3 library [27] were simulated individually us-
ing GEANT4. Then, the de-excitation of continuum states of
the child nuclei were simulated with the Monte Carlo sim-
ulation code RAINIER [28]. RAINIER assumes the RIPL-3
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FIG. 3. Fit of the 60Ga decay half-life. The black line shows
number of events detected over time. The cyan line shows random
correlations which serves as a background. The red line is an expo-
nential + linear fit of the data.

level scheme is complete up to an energy defined by the
user. In this work, the level scheme was assumed complete
up to 4.9 MeV to include all known states with energies
below the proton separation energy of 5.1 MeV. Above this
energy, it created a simulated level scheme of the child nu-
cleus based on a user-defined level-density model. Here, the
continuum region simulations were created using the constant
temperature model [29,30] assuming a spin distribution from
rigid-sphere nucleus model [31]. The user also needs to de-
fine the initial excitation energy and Jπ and select a γ -ray
strength-function model. For this experiment, the excitation
energies were a sample of continuum-state energies from just
above the discrete region to the Q value of the decay, with
energy steps that followed the energy resolution of the SuN
detector. The γ -ray strength function was described with a
generalized Lorentzian distribution [32]. It should be noted
that the aforementioned statistical properties affect only the
detector efficiency estimate (which has a 10% uncertainty
[22]). Therefore the β-decay feeding intensity when varying
these properties is consistent within the total uncertainty of
our results.

The RAINIER output was then converted to GEANT4
input files for each excitation energy. Each of these simu-
lated components, together with the discrete levels, output
TAS, SoS, and multiplicity spectra. A χ2 minimization was
performed to extract the β-feeding intensity of each level,
simultaneously fitting the experimental TAS, SoS, and multi-
plicity spectra as shown in Fig. 2. The best fit had a reduced χ2

of 1.37. This technique has been previously applied to study
β− decays [12–14,33].

IV. RESULTS

A. Half-life

The β-decay half-life of 60Ga was measured by tracking
the time between the implant event and the correlated decay
event. From this, a decay curve was extracted as shown in
Fig. 3 and was fit with an exponential function with a linear
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FIG. 4. Cumulative Iβ of measurement compared to various
shell-model Hamiltonians. Despite disagreements in energy, the
overall shape of the various sets is consistent. The Iβ at each energy
is listed in Table I.

background. The extracted half-life of 57.7 ± 9.8 ms can be
compared with previously measured values of 70 ± 15 ms
[16], 69.4 ± 2 ms [34] and 76 ± 3 ms [35]. The estimated un-
certainty was determined by calculating the standard deviation
of multiple fits performed across the correlation window.

B. Total absorption spectroscopy

Experimental spectra from the decay of 60Ga are presented
in Fig. 2. From the simultaneous χ2 fit of the three experimen-
tal spectra, the feeding intensities of each excitation energy
component were extracted and normalized to 100% (Fig. 4
and Table I). The uncertainty band includes: varying spins for
states with uncertain spin assignments, statistical uncertainty,
detector efficiency, the fit uncertainty, as well as the differ-
ences between the average to the maximum and minimum Iβ
calculated at each energy. To vary the states without known
spin assignments, several copies of the RIPL-3 [27] input file
were made varying the spin and parity (Jπ ) values. The simu-
lation process was repeated for each of these inputs as a part
of the error analysis. The final Iβ values for each excitation
energy bin are shown in Table. I, together with the upper and
lower limits of the uncertainty estimate. We recognize that
the uncertainty for some energies is large compared to the
measurement. This arises from the fact that for some of the
variations particular energy bins appeared with zero values of
the Iβ . While it is not immediately clear why such differences
are present, we include the extreme limits for completeness.
In the future, when firm spin assignments are available, this
analysis could be repeated to improve its accuracy. The data
show that there is an Iβ intensity of 12.8% above the proton
separation energy. The isobaric analog state (IAS) is shown
in Fig. 4 as the dramatic increase in β feeding percentage.
The intensity was then converted to Gamow-Teller transi-
tion strength [B(GT)] with the method used in Refs. [12,15]
as shown in Fig. 6. For a consistent comparison to theory,
the substantial contribution from the Fermi transition of the

TABLE I. Table listing Iβ values at each energy level included
in the χ 2 minimization along with the average of the uncertainties
above and below the distribution. Intensities below 1 × 10−3 are set
to zero due to sensitivity limitations.

Energy (keV) Iβ (%) Upper Limit (%) Lower Limit (%)

0 3.8 4.4 3.2
1 004 0.2 1.5 0.0
2 193 0.0 0.0 0.0
2 559 7.8 8.8 6.6
3 035 0.4 0.7 0.0
3 200 0.0 0.0 0.0
3 510 2.1 2.7 1.4
3 627 5.8 6.9 4.6
3 710 0.0 0.0 0.0
3 808 0.0 0.0 0.0
3 812 5.3 6.7 0.1
3 972 8.6 11.4 7.0
4 180 0.0 0.0 0.0
4 200 0.0 0.0 0.0
4 351 0.0 0.0 0.0
4 400 0.0 0.0 0.0
4 776 0.0 0.0 0.0
4 852 37.7 45.2 33.0
4 913 11.0 13.2 6.9
5 200 4.7 6.2 0.0
5 460 3.1 5.2 2.3
5 733 4.9 6.2 0.0
6 020 1.0 8.4 0.0
6 321 0.0 0.0 0.0
6 637 0.1 1.0 0.0
6 969 0.0 0.0 0.0
7 317 0.0 0.0 0.0
7 683 0.0 0.3 0.0
8 067 0.0 0.0 0.0
8 470 1.7 3.0 0.6
8 894 0.1 0.5 0.0
9 338 1.2 2.1 0.0
9 805 0.5 1.8 0.1

4.85 MeV IAS was removed from the total experimental
Gamow-Teller transition strength.

C. Shell-model calculations

Calculations for the β-decay of 60Ga were carried out
within the (0 f7/2, 0 f5/2, 1p3/2, 1p1/2) ( f p) model space. We
compare the results for two commonly used Hamiltonians
in this model space, GXPF1A [36] and KB3G [37]. We use
the shell-model code NuShellX [38]. A calculation of the β

strength observed in this experiment requires on the order of
3000 final states with Jπ = (1, 2, 3)+. The full f p model-
space dimension of 2 292 604 744 J-states for 60Zn is much
larger than can be used for calculations. Thus, we explore a
series of truncations based upon the number of 0 f7/2 nucleons
excited across the Z = N = 28 magic number. The simplest
of these is to assume that the 0 f7/2 orbital is filled. These are
labeled by � = 0 indicating that no nucleons are excited out
of 0 f7/2. For � = 0 there are 640 J states for 60Zn, and the
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FIG. 5. Gamow-Teller strength calculated for the β-decay of
60Ga (2+). The results for two Hamiltonians KB3G [37] and
GXPF1A [36] are obtained in the f p model space with truncations
labeled by � as described in the text. In addition, the results with the
j j44b Hamiltonian in the j j44 model space are shown. Each has the
resultant half-life written next to the Hamiltonian name.

decay to all final states can easily be calculated. The results
for B(GT) summed up to a given final-state energy are shown
in Fig. 5, � = 1. All of the results for B(GT) are multiplied
by a quenching factor of (0.774)2 = 0.55 from Ref. [39] to
take into account the average observed differences between

experimental GT and theoretical B(GT) observables calcu-
lated within the f p model space. This quenching is ascribed
to missing nuclear correlations as well as neglected contri-
butions from mesonic-exchange currents [40]. In Ref. [41]
most of this quenching was reproduced by many-body com-
putations of nuclei based on effective field theories, including
an unprecedented amount of correlations in the nuclear wave
functions.

In addition to Gamow-Teller decay, the β-decay contains
a Fermi branch which is observed to the 2+ T=1 state at
4.85 MeV. This is the IAS of the 60Ga ground state. The main
difference between experiment and theory in Fig. 4 is that
the IAS energy is too low in the calculation; 1 MeV too low
for GXPF1A and 1.5 MeV too low for KB3G. For all of our
calculations the Fermi transition strength [B(F)] is 2 for this
Fermi decay.

Next we allow for up to one proton and/or one neutron
to be excited out of 0 f7/2. For � = 1 there are 293 662 J
states for 60Zn, and the decay to about 3000 final states can
be considered. The B(GT) results for � = 1 are shown by the
pink line in Fig. 5, � = 1. There is large change going from
� = 0 to � = 1 that is due to the addition of the 0 f7/2 to 0 f5/2

“spin-flip” component. This leads to a “giant” Gamow-Teller
state near 15 MeV. Strength is removed from the low-lying
states into the region of 15 MeV.

Shell-model calculations in heavier nuclei often do not
include the orbitals that are required for all of the spin-
flip transitions. For example, the region of nuclei from A =
56–100 are commonly treated in a (0 f5/2, 1p3/2, 1p1/2, 0g9/2)
( j j44) model-space basis. Representative results for the j j44
model space obtained with the j j44b Hamiltonian [42] are
shown in Fig. 5, � = 0. The B(GT) below about 10 MeV are
reduced about a factor of two compared to the � = 0. Thus we
can expect the effective quenching factor for B(GT) calculated
in the j j44 model space to be as small as (0.5)(0.55) = 0.27.

The largest dimensional calculations we can carry out cor-
responds to � = 2, where up to two protons and/or neutrons
are excited out of 0 f7/2. For � = 2 there are 18 201 538 J-
states for 60Zn, and the decay to about 1500 final states can
be considered. The B(GT) for � = 2 results are shown by the
purple line in Fig. 5, � = 2. The results for � = 1 and � = 2
are similar. This shows that � = 1 provides a good truncation
for the inclusion of the “spin-flip” contributions.

The � = 1 calculations are compared to experimental
results in Fig. 4 and Fig. 6. The shape of the calculations gen-
erally agrees with that of the experiment, with the GXPF1A
interaction being in better agreement. Both calculations un-
derestimate the strength at high energies.

D. Relativistic proton-neutron QRPA

Relativistic QRPA [(R)QRPA] calculations of the Gamow-
Teller strength have been performed in the framework of
Ref. [11] which presented a global set of β-decay rates that
is now commonly used for astrophysical simulations of the
r process. These calculations use the D3C∗ parametrization
of the meson-nucleon Lagrangian [43] for the particle-hole
channel of the interaction, and the D1S parametrization of the
Gogny force [44] for the like-particle pairing channel.
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FIG. 6. Comparison of calculated B(GT) from data (black) with
various QRPA calculations and shell-model Hamiltonians. See text
for details.

The Gamow-Teller response, which is generated by the
spin-isospin-dependent interaction, also includes pion ex-
change in the particle-hole component as well as the
proton-neutron particle-particle interaction. The pion is in-
cluded with bare coupling constant and the corresponding
contact Landau-Migdal term is adjusted to the experimen-
tal Gamow-Teller resonance energy in 208Pb. The isovector
proton-neutron particle-particle interaction is determined by
isospin symmetry, i.e., it is the same as for the like-particle
pairing, while the isoscalar pairing is taken as a Gogny-like
form with parameters adjusted to reproduce global β-decay
half-lives.

As is often the case in QRPA calculations, the B(GT)
distribution, Fig. 6, is found to lack fragmentation compared
to the data, as a large part of the strength is concentrated in one
single peak and is typically shifted to lower energies. Within
this framework we find a β-decay Q-value of 9.16 MeV, about
4.5 MeV less than the β+ Q value of 13.56 MeV reported on
National Nuclear Data Center. This discrepancy is somehow
compensated by the fact that the strength is shifted to lower
energies compared to the data, resulting in a calculated half-
life of 58.30 ms (obtained without quenching).

We note that here the odd-odd nucleus 60Ga 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.
Including the effect of deformation could potentially improve
the agreement with the experimental data.

In general, accounting for complex nucleon-nucleon cor-
relations is necessary in order to reproduce the details of
the low-energy transition strength that determines β-decay,
particularly in the present β+ channel. This is especially im-
portant for nuclei with small Q values. One way to improve
the (R)QRPA framework is to include the coupling between
single nucleons and collective vibrations of the nucleus, or
quasiparticle-vibration coupling (QVC), which constitutes the
leading correlation mechanism in mid-mass and heavy nu-
clei. In general, this approach has been successful in largely

improving GT strength and β-decay half-lives of several nu-
clei in the β− channel [45,46]. We show in Fig. 6 the results
obtained without and with such QVC.

These 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 in-
cluded. More details can be found in Refs. [45,48]. The QVC
correlations appear to yield fragmentation of the strength
distribution, particularly near to the Q value. However, the
appearance of strength at very low energy remains. Such shift
could potentially be corrected by including consistent QVC
effects in the description of the ground state, as was found in
studies of doubly-magic nuclei [49], which also improve the
Q value. When QVC is included, the half-life is reduced from
127.71 ms to 86.72 ms.

V. CONCLUSIONS

The β+ decay of 60Ga has been studied using total
absorption spectroscopy for the first time at the National
Superconducting Cyclotron Laboratory. The half-life of the
decay was measured to be 57.7 ± 9.8 ms agreeing with
shell-model calculated half-life of 64 ms for the GXPF1A
Hamiltonian as well as some previous experimental measure-
ments [16,34]. The Gamow-Teller strength distributions and β

feeding intensity, extracted from data, were compared to dif-
ferent theoretical models across a large range of energies. The
QRPA models tended to overestimate the strength while the
shell-model calculations were in good agreement with data,
except at high energies. In this nucleus, a β-decay feeding
intensity of 12.8% was observed above the proton separation
energy of 5.1 MeV compared to 7% for KB3G and 9% for
GXPF1A.

We find excellent agreement in B(GT) between the
experimental data and the GXPF1A Hamiltonian with single-
particle excitation. The low-energy discrepancies between the
other models and data show a need for continued improvement
of nuclear models far from stability.

ACKNOWLEDGMENTS

The authors acknowledge support of the operations staff
at the National Superconducting Cyclotron Laboratory. The
work was supported by the National Science Foundation
under Grants No. PHY-1913554, No. PHY-2209429, No.
PHY 1565546, No. PHY-1613188, and No. PHY-2110365.
This material is based on work supported by the Depart-
ment of Energy/National Nuclear Security Administration
through the Nuclear Science and Security Consortium un-
der Award No. DE-NA0003180. This material is based upon
work supported by the U.S. Department of Energy, Office of
Science, Office of Nuclear Physics, under Contract No. DE-
AC02-06CH11357. This work was also supported by the U.S.
Department of Energy Office of Science under Grants No.
DE-FG02-88ER40387 and No. DE-SC0019042 and the U.S.
National Nuclear Security Administration through Grant No.
DE-NA0003909. This work was also partially supported by
the Norwegian Research Council under Project No. 262952.
This work also received support from the Natural Sciences
and Engineering Research Council of Canada (NSERC) S.L.

065801-6



TOTAL ABSORPTION SPECTROSCOPY FOR THE … PHYSICAL REVIEW C 111, 065801 (2025)

was supported by the Laboratory Directed Research
and Development Program at Pacific Northwest National
Laboratory operated by Battelle for the U.S. Department
of Energy. Part of the theory work was supported by Uni-
versität Bielefeld and ERC-885281-KILONOVA Advanced
Grant.

DATA AVAILABILITY

The final results of this work are included in the paper in
tabulated form. The raw data and software are not publicly
available, but can be made privately available upon reasonable
request to the primary author.

[1] J. Grindlay, H. Gursky, H. Schnopper, D. R. Parsignault, J.
Heise, A. C. Brinkman, and J. Schrijver, Discovery of intense
X-ray bursts from the globular cluster NGC 6624., Astrophys.
J. 205, L127 (1976).

[2] H. Schatz and K. Rehm, X-ray binaries, Nucl. Phys. A 777, 601
(2006), Special Issue on Nuclear Astrophysics.

[3] W. H. G. Lewin, J. van Paradijs, and R. E. Taam, X-Ray Bursts,
Space Sci. Rev. 62, 223 (1993).

[4] T. Strohmayer and L. Bildsten, New views of thermonuclear
bursts, in Compact Stellar X-ray Sources, Cambridge Astro-
physics, edited by W. Lewin and M. van der Klis (Cambridge
University Press, Cambridge, 2006), pp. 113–156.

[5] R. H. Cyburt, A. M. Amthor, A. Heger, E. Johnson, L. Keek,
Z. Meisel, H. Schatz, and K. Smith, Dependence of x-ray burst
models on nuclear reaction rates, Astrophys. J. 830, 55 (2016).

[6] A. Parikh, J. José, F. Moreno, and C. Iliadis, The effects of
variations in nuclear processes on type I x-ray burst nucleosyn-
thesis, Astrophys. J. Suppl. Ser. 178, 110 (2008).

[7] H. Schatz and W.-J. Ong, Dependence of x-ray burst models on
nuclear masses, Astrophys. J. 844, 139 (2017).

[8] M. G. Mayer, The shell model, Science 145, 999 (1964).
[9] J. H. D. Jensen, Nuclear shell models, Rev. Mod. Phys. 29, 182

(1957).
[10] M. G. Mayer and J. H. D. Jensen, Elementary Theory of Nuclear

Shell Structure (Wiley, New York, Chapman & Hall, London,
1955).

[11] T. Marketin, L. Huther, and G. Martínez-Pinedo, Large-scale
evaluation of β-decay rates of r-process nuclei with the in-
clusion of first-forbidden transitions, Phys. Rev. C 93, 025805
(2016).

[12] S. Lyons, A. Spyrou, S. N. Liddick, F. Naqvi, B. P. Crider,
A. C. Dombos, D. L. Bleuel, B. A. Brown, A. Couture, L. C.
Campo, J. Engel, M. Guttormsen, A. C. Larsen, R. Lewis, P.
Möller, S. Mosby, M. R. Mumpower, E. M. Ney, A. Palmisano,
G. Perdikakis et al., 69,71Co β-decay strength distributions from
total absorption spectroscopy, Phys. Rev. C 100, 025806 (2019).

[13] A. C. Dombos, A. Spyrou, F. Naqvi, S. J. Quinn, S. N. Liddick,
A. Algora, T. Baumann, J. Brett, B. P. Crider, P. A. DeYoung, T.
Ginter, J. Gombas, S. Lyons, T. Marketin, P. Möller, W.-J. Ong,
A. Palmisano, J. Pereira, C. J. Prokop, P. Sarriguren et al., Total
absorption spectroscopy of the β decay of 101,102Zr and 109Tc,
Phys. Rev. C 103, 025810 (2021).

[14] J. Gombas, P. A. DeYoung, A. Spyrou, A. C. Dombos, A.
Algora, T. Baumann, B. Crider, J. Engel, T. Ginter, E. Kwan,
S. N. Liddick, S. Lyons, F. Naqvi, E. M. Ney, J. Pereira, C.
Prokop, W. Ong, S. Quinn, D. P. Scriven, A. Simon, and et al.,
β-decay feeding intensity distributions for 103,104mNb, Phys.
Rev. C 103, 035803 (2021).

[15] E. Nácher, B. Rubio, A. Algora, D. Cano-Ott, J. L. Taín, A.
Gadea, J. Agramunt, M. Gierlik, M. Karny, Z. Janas, E. Roeckl,
A. Blazhev, R. Collatz, J. Döring, M. Hellström, Z. Hu, R.

Kirchner, I. Mukha, C. Plettner, M. Shibata et al., Observations
of the gamow-teller resonance in the rare-earth nuclei above
146Gd populated in β decay, Phys. Rev. C 93, 014308 (2016).

[16] C. Mazzocchi, Z. Janas, J. Döring, M. Axiotis, L. Batist, R.
Borcea, D. Cano-Ott, E. Caurier, G. de Angelis, E. Farnea, A.
Faßbender, A. Gadea, H. Grawe, A. Jungclaus, M. Kapica, R.
Kirchner, J. Kurcewicz, T. Lenzi, S.M.and Martínez, I. Mukha,
E. Nácher et al., First measurement of β-decay properties of the
proton drip-line nucleus 60ga, Eur. Phys. J. A 12, 269 (2001).

[17] J. Hardy, L. Carraz, B. Jonson, and P. Hansen, The essential
decay of pandemonium: A demonstration of errors in complex
beta-decay schemes, Phys. Lett. B 71, 307 (1977).

[18] E. Nácher, A. Algora, B. Rubio, J. L. Taín, D. Cano-Ott, S.
Courtin, P. Dessagne, F. Maréchal, C. Miehé, E. Poirier, M. J. G.
Borge, D. Escrig, A. Jungclaus, P. Sarriguren, O. Tengblad, W.
Gelletly, L. M. Fraile, and G. Le Scornet, Deformation of the
n = z nucleus 76Sr using β-decay studies, Phys. Rev. Lett. 92,
232501 (2004).
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