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The B decay of '°41%2Zr and '“Tc was studied using the technique of total absorption spectroscopy. The
experiment was performed at the National Superconducting Cyclotron Laboratory using the Summing Nal(Tl)
(SuN) detector in the first-ever application of total absorption spectroscopy with a fast beam produced via
projectile fragmentation. The S-decay feeding intensity and Gamow-Teller transition strength distributions were
extracted for these three decays. The extracted distributions were compared to three different quasiparticle
random-phase approximation (QRPA) models based on different mean-field potentials. A comparison with
calculations from one of the QRPA models was performed to learn about the ground-state shape of the parent
nucleus. For '©'Zr and !92Zr, calculations assuming a pure shape configuration (oblate or prolate) were not
able to reproduce the extracted distributions. These results may indicate that some type of mixture between
oblate and prolate shapes is necessary to reproduce the extracted distributions. For '®Tc, a comparison of the
extracted distributions with QRPA calculations suggests a dominant oblate configuration. The other two QRPA
models are commonly used to provide B-decay properties in r-process network calculations. This work shows
the importance of making comparisons between the experimental and theoretical S-decay distributions, rather
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than just half-lives and B-delayed neutron emission probabilities, as close to the r-process path as possible.
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I. INTRODUCTION

The rapid neutron-capture process, or r process, is the
mechanism cited to explain the abundance of roughly half of
the stable nuclides beyond the iron peak that are observed in
the solar system [1]. Now that the r process has been observed
to occur in the merger of two neutron stars [2], improving the

“Present address: Department of Physics and Joint Institute for Nu-
clear Astrophysics, University of Notre Dame, Notre Dame, Indiana
46556, USA; adombos@nd.edu

TPresent address: Pacific Northwest National Laboratory, Richland,
Washington 99352, USA.

Present address: P. Moller Scientific Computing and Graphics,
P. O. Box 75009 Honolulu, Hawaii 96836-0009, USA.

2469-9985/2021/103(2)/025810(20)

025810-1

accuracy of calculated nuclear physics quantities is necessary
for r-process network calculations to reproduce the observed
abundance pattern [3] and interpret the plethora of observa-
tional data offered by GW170817 and AT2017gfo [4]. In this
case, the calculated nuclear physics quantities are the relevant
nuclear physics properties of nuclides that participate in the
r process. The nuclear physics properties include masses, fis-
sion properties, neutron-capture cross sections, and S-decay
properties. More specifically, the S-decay properties are the
B-decay half-life (7 ;) and B-delayed neutron emission prob-
ability (P,).

Theoretical models are relied upon to provide B-decay
properties (71, and P,) for the thousands of nuclides in
r-process network calculations that are not yet accessible
by experiment. Therefore, the provided B-decay properties
should be as accurate as possible. Usually, the accuracy of a

©2021 American Physical Society
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theoretical model is evaluated by comparing its predictions
of Ty, and P, with experimental measurements of those
quantities. However, 71/, and P, are “integral quantities” or
“integral properties.” That is, they are single numbers that are
obtained from a summation of the Gamow-Teller transition
strength [B(GT)] distribution over different energy regions
in the level scheme of the daughter nucleus. These single
numbers do not provide information about the detailed struc-
ture of the B(GT) distribution that is used to calculate T/,
and P,. Furthermore, the summation in the calculation intro-
duces the possibility of obtaining the same T1,, and P, values
from different B(GT) distributions (for example, see Fig. 10
of Ref. [5] and Figs. 10-11, 14, and 15 of Ref. [6]). This
possibility casts uncertainty on which theoretical models are
most reliable for applications to nuclides relevant to the r
process, where experimental data are nonexistent and exper-
iments are currently unfeasible. A superior approach would
be to compare the theoretical models to the experimental
B(GT) distribution, because this distribution is sensitive to the
nuclear structure [7-9].

The A = 100-110 mass region is an intermediate mass
region that can be studied at current experimental facili-
ties, and nuclides in this region are expected to have an
appreciable amount of low-lying B(GT) [10] that can be ex-
tracted with B decay. Experimental B(GT) distributions in
this mass region can be used to constrain theoretical mod-
els and provide more confidence in the reliability of these
models far from stability. The A = 100-110 mass region
is also characterized by rapid changes in nuclear struc-
ture [11]. For nuclides in this mass region, a comparison
of theoretical and experimental B(GT) distributions may be
used to learn about the shape (spherical, oblate, or pro-
late) of the ground state of the parent nucleus. This idea
was proposed by Hamamoto et al. for neutron-deficient nu-
clides in the 28 < Z < 66 region [12,13], explored further
by Sarriguren et al. for neutron-deficient and neutron-
rich nuclides [5,6,14-25], and experimentally studied by
the Valencia-Strasbourg-Madrid-Surrey and Valencia-Nantes-
Surrey-Jyviskyld Collaborations [26—33]. Similar studies of
deformation effects on B(GT) were performed in the rubidium
isotope chain [7]. Nuclides in the A = 100-110 mass region
have been shown to have different B(GT) distributions de-
pending on the ground-state shape of the parent nucleus [5,6].

In the present work, the B(GT) distributions of nuclides
in the A =100-110 mass region were extracted. Specifi-
cally, the B-decay feeding intensity distributions of '°"1927y
and '®Tc were obtained experimentally and converted to
B(GT) distributions. The S-decay feeding intensity distribu-
tions were extracted using the total absorption spectroscopy
(TAS) technique [9] to avoid systematic errors from the pan-
demonium effect [34]. The B-decay feeding intensity and
B(GT) distributions were compared to three different quasi-
particle random-phase approximation (QRPA) models based
on different mean-field potentials. These comparisons were
performed to learn about the ground-state shape of the parent
nucleus and test models commonly used to provide B-decay
properties in r-process network calculations.

In addition to nuclear astrophysics and nuclear structure,
TAS measurements in this mass region have implications in

other areas of fundamental and applied science. For example,
other technetium isotopes near '“Tc have been studied with
the TAS technique. The 8 decay of '“’Tc was studied to pro-
vide experimental data in the A = 100 isobaric chain in order
to constrain theoretical models used in double-S-decay calcu-
lations of %Mo [35]. The B decays of 102,104,105,106,107 ¢ were
studied in order to assess their impact on the production of
decay heat [28,36] and antineutrino energy spectra [37] from
nuclear reactors. Another example is that the International
Atomic Energy Agency has deemed a TAS study of '°'Zr as
“priority I’ with regards to determining antineutrino energy
spectra from nuclear reactors (see Tables 2 and 3 of Ref. [38]).
Accurate antineutrino energy spectra are important for un-
derstanding fundamental properties of antineutrinos [39], and
noninvasive monitoring of nuclear reactors [40—42].

The present paper is organized as follows. The experi-
mental details are discussed in Sec. I, the TAS analysis is
described in Sec. III, and the results of the TAS analysis are
presented in Sec. IV. The experimental results are compared
to QRPA calculations relevant to nuclear structure in Sec. V
and nuclear astrophysics in Sec. VI. A summary of the paper
is presented in Sec. VII.

II. EXPERIMENTAL DETAILS

The experiment was the first-ever application of the TAS
technique with a fast beam produced via projectile fragmen-
tation and was performed at the National Superconducting
Cyclotron Laboratory (NSCL) at Michigan State University.
The experimental details were described in Ref. [43] and are
briefly described here.

The Coupled Cyclotron Facility produced a primary beam
of 12*Sn** with an energy of 120 MeV /u, which impinged
upon a *Be production target with a thickness of 403 mg/cm?.
The resulting ions were filtered with the A1900 fragment
separator [44] to produce a secondary cocktail beam that con-
sisted of neutron-rich nuclides with atomic numbers ranging
from 39 to 43 and mass numbers ranging from 100 to 110.
After the A1900 fragment separator, the ions were delivered
to the experimental end station, which consisted of two sili-
con PIN detectors, an implantation station, and the Summing
Nal(TI) (SuN) detector. The implantation station consisted
of a double-sided silicon-strip detector (DSSD) and a silicon
surface barrier detector. Signals from all of the detectors in
the end station were recorded with the NSCL Digital Data
Acquisition System (DDAS) [45].

The implantation station was installed in the center of the
borehole of SuN. The DSSD was positioned at the geometric
center of SuN and was used to detect high-energy ion implan-
tations and subsequent low-energy B-decay electrons, which
were spatially and temporally correlated to one another [46].
The silicon chip of the DSSD had a thickness of 1030 um,
dimensions of 21.8 mm by 21.8 mm, and an active area of
20.0 mm by 20.0 mm. There were 16 horizontal strips on
the front side and 16 vertical strips on the back side, effec-
tively creating 256 pixels. All strips had a pitch of 1250 um.
Roughly 25 mm downstream from the DSSD was a silicon
surface barrier detector (active area of 300 mm? and depletion
depth of 500 wm) that acted as a veto detector to detect any
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ions (particularly light, charged particles) that did not stop
in the DSSD. Surrounding the implantation station was the
SuN detector [47] to employ the TAS technique. SuN is a
segmented total absorption spectrometer, with eight segments
of Nal(T1). The individual segments of SuN provide a way of
performing low-resolution, discrete y -ray spectroscopy, while
the entire detector is used as a calorimeter to apply the TAS
technique.

The segmentation of SuN allows for the creation of many
spectra that can be used in the TAS analysis to extract the
B-decay feeding intensity distribution. One spectrum is the
TAS spectrum, which is created by summing the energy de-
position in all eight segments and is sensitive to the levels
populated in the daughter nucleus. Another spectrum is the
sum-of-segments spectrum, which is created by summing the
histograms from each segment and is sensitive to the indi-
vidual y-ray transitions between levels. Another spectrum
is the multiplicity spectrum, which is created by recording
the number of segments that participated in the event and is
sensitive to the number of y rays from the de-excitation of the
populated levels. Other spectra can be created with different
gating conditions and also used in the TAS analysis.

III. ANALYSIS

With a segmented total absorption spectrometer, a spec-
trum can be labeled with the subscript i (for example, one
value of i could correspond to the TAS spectrum, and another
value of i could correspond to the sum-of-segments spectrum).
In spectrum i, a bin can be labeled with the subscript j. The
number of counts in bin j is affected by the population of
different levels in the daughter from S decay. A level can
be labeled with the subscript k. Therefore, using a modified
version of the notation developed in Ref. [48], the experi-
mental spectra obtained with a segmented total absorption
spectrometer are described as

dij = ZRijkfk + Zcijl» (D
k ;

where d;; is the number of counts in bin j of experimental
spectrum i, R; j; is the detector response function with counts
in bin j of spectrum i due to the population of level k in the
daughter from B decay, f; is the number of 8 decays that feed
level k, and C;j; is the number of counts in bin j of spectrum i
due to contamination from source /.

The detector response functions of SuN, R;j; in Eq. (1),
were modeled with GEANT4 [49] and included phenomena
associated with the B-decay transition from the initial level
of the parent to the final level of the daughter nucleus, and
the possible subsequent electromagnetic de-excitation of the
final level. These phenomena included the S-decay electron
with a realistic kinetic energy distribution [50] and any y-
ray cascades to the ground state or isomeric state(s) of the
daughter. The simulated and experimental spectra had the
same coincidence requirements and detector thresholds. As
mentioned in Ref. [43], the thresholds for the strips in the
high-gain stage of the DSSD ranged from 150 to 200 keV.
Two distinct types of levels populated in the daughter were
simulated: known levels at discrete energies and pseudolevels

within a quasicontinuum. The boundary between these two
types of levels was called the critical energy (sometimes re-
ferred to as the cutoff energy).

Known levels were below the critical energy, where the
level scheme was assumed to be complete in terms of en-
ergies, spins, parities, and branching ratios. The Reference
Input Parameter Library (RIPL-3) [51] contained a suggested
value of the critical energy for the daughter nuclides '*!"'%*Nb
and '“Ru. In the present work, the critical energy was
determined by comparing the experimental TAS and sum-of-
segments spectra with those obtained from simulation using
the existing decay scheme as found in an Evaluated Nu-
clear Structure Data File (ENSDF) [52]. With this method,
the critical energy was different from the RIPL-3 suggested
value (Table I). Information about known levels usually came
from high-resolution measurements obtained with high-purity
germanium detectors, although segmented total absorption
spectrometers may also be used to estimate some of this
information [53].

The energies, spins, and parities of known levels and the
relative y-ray intensities for transitions between known levels
were taken from ENSDF [52]. Transitions included the possi-
bility of internal conversion according to internal conversion
coefficients calculated using Brlcc [54]. In the case of 8 decay
directly populating either the ground state or S-decaying iso-
meric state(s) of the daughter, the detector response function
was produced only from collisional energy losses between
B-decay electrons and the sensitive volume of SuN or the
associated bremsstrahlung radiation.

Some known levels had unknown or tentative spin and/or
parity assignments. This information determined the proba-
bility of internal conversion and affected transitions from the
quasicontinuum to known levels. In these cases, multiple level
schemes were constructed that differed in the spin and/or
parity assignments and used in the TAS analysis to assess
uncertainties in the extracted S-decay feeding intensity dis-
tribution.

Above the critical energy, a quasicontinuum was assumed
to exist, which was divided into energy bins. At the center
of each energy bin was placed a pseudolevel, which acted
as a representative for all nearby levels within the energy
resolution of SuN. The spacing between pseudolevels was
dependent on the energy resolution of SuN: Because the full
width at half maximum increases as the energy increases, the
spacing between pseudolevels (equivalently, the size of each
energy bin) increased as the energy increased. For example,
the spacing between pseudolevels near 2000 keV was approx-
imately 100 keV, whereas the spacing between pseudolevels
near 3000 keV was approximately 150 keV.

The y-ray cascades from pseudolevels were created with
the statistical model as implemented in DICEBOX [55]. In DICE-
BOX, the user inputs as much information as possible about the
known levels (for example, energies, spins, parities, relative
y-ray intensities, and total internal conversion coefficients).
The user also gives as input the critical energy (E). Above
the critical energy, the program uses statistical properties to
describe how levels are distributed and how they de-excite
with y rays. These statistical properties are the nuclear level
density (NLD) and y-ray strength functions (ySFs) for E1,
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TABLE I. The values used for different parameters in DICEBOX when creating pseudolevels above E; (critical energy) for the three
daughter nuclides in the present work. The parameters associated with giant resonances that were needed for the y-ray strength functions were
E, (resonance energy), I" (width), and o (peak cross section). The parameters for the E1 y-ray strength function were from the nearest nuclide
of the same type (even Z and even N, even Z and odd N, etc.) for which experimental measurements exist in RIPL-3. However, there were no
odd Z and odd N measurements near ' ’Nbg; and therefore the nearest measurement was used regardless of even-odd proton-neutron numbers.

The nearest nuclides for }3'Nbgo, }3*Nby;, and ¥ Rugs were |2 Rhsg, 1 Mosg, and & Sng;, respectively. The final results of this work were not

sensitive to small variations in these parameters.

y-ray strength function parameters

El Ml E2
E e E, r o E, r o E, r o
Nuclide [keV] [MeV] [MeV] [mb] [MeV] [MeV] [mb] [MeV] [MeV] [mb]
12" Nbsgg 2119 16.62 8.56 187.50 8.80 4.00 1.76 13.53 4.90 2.02
22 Nbg; 941 16.02 8.44 167.00 8.78 4.00 1.72 13.48 4.89 2.01
1P Rugs 1268 15.64 5.02 257.50 8.58 4.00 1.49 13.19 4.80 2.20

M1, and E?2 transitions. When running DICEBOX to generate
y-ray cascades from a pseudolevel, the user gives as input
the energy, spin, and parity of the pseudolevel. Between the
energy of the pseudolevel and the critical energy, DICEBOX
generates a set of levels using the nuclear level density. Tran-
sitions between levels in the quasicontinuum and transitions
between a level in the quasicontinuum to a known level are
governed by the y-ray strength function. When a transition
reaches a known level, the transitions between known levels
are determined by the input relative y -ray intensities and total
internal conversion coefficients. This procedure is repeated for
all pseudolevels within the quasicontinuum. Other implemen-
tations of the statistical model to create y-ray cascades can
be found in DECAYGEN [56], DEGEN [57], CASCADE [58-61],
yDEX [62], and RAINIER [63].

The relevant features of DICEBOX in the creation of the
y-ray cascades were the choice of a NLD, ySFs for E1, M1,
and E2 transitions, and E_;;. The NLD came from the Hartree-
Fock-Bogoliubov plus combinatorial method [64], the E'1
ySF was modeled as a modified Lorentzian with a constant
nuclear temperature (0.5 MeV), and the M1 ySF and E2
ySF were modeled as standard Lorentzians. The resonance
energy, width, and peak cross section for the E1 ySF were
taken from experimental measurements compiled in RIPL-3,
and for the M1 ySF and E2 y SF were taken from systematics
according to RIPL-3 [51]. Table I contains the relevant param-
eters used in DICEBOX for the different nuclides in the present
work.

The spins and parities of pseudo levels were determined
using S-decay selection rules assuming allowed Gamow-
Teller transitions (AJ = 0, +1; Az = +; no 0T to 0"). For
a given energy of a pseudolevel, the different spins will de-
cay differently via E1, M1, and E2 transitions within the
quasicontinuum and from the quasicontinuum to a known
level. Including the different spins was important because the
summing efficiency of SuN depends on how the de-excitation
of a pseudolevel is partitioned in terms of number of y rays
and their individual energies [47]. To reduce the number of
detector response functions used in the TAS analysis, an aver-
age detector response function was created from the different
spins.

The potential sources of contamination, C;;; in Eq. (1),
included room background, electronic pulse pileup, random
correlations of implantation and decay events, charge-state
contamination, and B-decay progeny. Each potential source
was investigated and included in the TAS analysis if neces-
sary.

The experimental spectra used in the TAS analysis were
obtained by correlating decay events to implantation events
with spatial and temporal information. Decay events were nat-
urally gated by a B-decay electron, producing 8-gated spectra.
A 2-us coincidence time window was used to create events,
which reduced the probability of recording room background
during a decay event. Therefore, contamination from room
background was negligible.

Electronic pulse pileup will depend on the counting rate
of each of SuN’s PMTs during the experiment. Throughout
the experiment, the average counting rate was approximately
900 Hz. For only decay events from all nuclides implanted
into the DSSD, the average counting rates were approximately
7 Hz for PMTs of the central segments and approximately
1 Hz for PMTs of the outer segments. These low counting
rates meant contamination from electronic pulse pileup was
negligible.

The secondary beam was defocused to try to illuminate
as much of the surface of the DSSD as possible, and the
implantation rate was approximately 10 implantations per sec-
ond. For central pixels, there was on average approximately
0.25 observed decays per second. Within the correlation pro-
cedure, not all decay events were correlated to the correct
implantation event, resulting in random correlations. These
random correlations arose from many different scenarios that
occurred throughout the experiment. One scenario involved
the accumulated activity in the DSSD. For each implanted
ion in the experiment, an average of four to five B decays
were necessary to reach stability. This accumulated activity
in the DSSD from the relatively long decay chains created
a persistent background of decay events. Decays from this
persistent background may have been incorrectly correlated to
an implantation. Because the half-lives of the implanted ions
are on the order of seconds, the correlation time window was
relatively large in order to correctly correlate a decay to an
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implantation and collect enough statistics in the experimental
B-delayed y-ray spectra for the TAS analysis. However, a
relatively large correlation time window came at the expense
of an increase in random correlations due to the persis-
tent background of decays events. Another scenario that
contributed to random correlations occurred when a later im-
plantation was localized in the same spatial region of the
DSSD as an earlier implantation but before the earlier im-
plantation underwent 8 decay. If the earlier implantation then
underwent § decay, then the decay of the earlier implantation
was incorrectly correlated to the later implantation (in the
present work, decay events were only correlated to the most
recent implantation in the correlation field). A third scenario
that contributed to random correlations occurred when an
earlier implantation was localized to one pixel and the sub-
sequent B-decay electron was localized to a different pixel.
This was because the B-decay electron had a maximum en-
ergy deposition in that pixel. In between those two events, a
later implantation was localized in the same pixel as the one
where the S-decay electron from the earlier implantation will
be localized. The decay of the earlier implantation was then
incorrectly correlated to the later implantation. These random
correlations were characterized by performing correlations
backward in time [65].

The relatively heavy nuclides in the present work meant
that not all ions were fully stripped of electrons, resulting
in charge-state contamination in the particle identification
spectrum. For example, hydrogen-like 49“5§Zr39+ had a similar
mass-to-charge ratio as fully stripped )'Zr***. This made
SZr¥t a charge-state contaminant of the ion of interest
12! Zr'F . Charge-state separation is usually accomplished by
measuring the total kinetic energy of ions, but this was not
possible in the present work because implantation events sat-
urated the DSSD preamplifiers. Alternative methods to reduce
charge-state contamination will be described individually for
each nuclide.

Depending on the half-life of the daughter for a given
nuclide, there may be contamination from the decay of the
daughter within the correlation time window. Methods to
estimate or eliminate contamination from the decay of the
daughter will be described individually for each nuclide.

Once the contamination was accounted for as best as
possible, the detector response functions were used to simul-
taneously fit all the experimental spectra by minimizing the
global x? value

dij — Y Rijfi — 3, Cinn
Xelobal = Z Z ( 1= Rl = 2 jl) . @
i

dij

The experimental spectra included in the calculation of Xéoba]
included a total of nine spectra with various gates or re-
strictions applied to them. The nine spectra were the TAS
spectrum, sum-of-segments spectrum, multiplicity spectrum,
and the sum-of-segments and multiplicity spectra gated on the
TAS spectrum from 0-800 keV, 800-2500 keV, and 2500 keV
to the end of the TAS spectrum. These three energy re-
gions were appropriate based on the statistics in the gated
spectra. All nine spectra were included in the calculation to

further constrain the summing efficiency of SuN, make the
TAS analysis more sensitive to the finer details of the decay
scheme, and help find the true minimum in the ngmbm space. In

addition, after minimizing nglobal, the initial number of decay-
ing nuclei was compared between experiment and simulation.
This comparison was performed to assess uncertainties in the
extracted S-decay feeding intensity distribution.

Three different sources of uncertainty contributed to the
total uncertainty in the 8-decay feeding intensity distribution.
The first source of uncertainty was from the statistics of the
TAS spectrum. The inherent statistical uncertainty in the num-
ber of counts per bin in the TAS spectrum is directly related
to the uncertainty in the extracted f-decay feeding inten-
sity distribution. The second source of uncertainty was from
spin-parity variations in the level schemes of the daughter
(Sec. III). For each excitation energy, the minimum, average,
and maximum intensity using the different level schemes were
calculated. The difference between the average and the min-
imum (maximum) intensity contributed to the lower (upper)
bound on the uncertainty. The third source of uncertainty was
from the ground-state to ground-state transition or transition
from the ground state to the B-decaying isomeric state, de-
pending on the nuclide.

In Eq. (2), the number of decays feeding each level was
repeatedly adjusted until nglobal was minimized. The number
of decays feeding each level was then normalized to unity to
obtain the B-decay feeding intensity distribution

__Ji
DYy

The first demonstration of SuN’s ability to extract B-decay
feeding intensity distributions with the TAS technique was
presented in Ref. [66]. The B-decay feeding intensity distri-
bution was then converted to a B(GT) distribution

s 3)

Ip(Eex)

_— “4)
f(Qp — Ec)T1)2

2
B(GT, Eey) = K(‘gl)
8A

where E. is the excitation energy, K = 6143.6(17) s [67],
ga/gv = —1.270(3) [68], I is the B-decay feeding inten-
sity to a particular excitation energy, f(Qp — Ecx) is the
dimensionless Fermi integral corresponding to a particular
excitation energy, Qg is the ground-state to ground-state Q
value for B decay, and 77, is the B-decay half-life. The units
of B(GT) using Eq. (4) are g3 /47.

IV. RESULTS
A. WZrg — 1'Nbg
The half-life of the parent '°'Zr is 2.27(12) s [43], the
daughter '9'Nb is 7.1(3) s [69], and the charge-state con-
taminant *Zr*** is 30.7(4) s [70]. Because the experimental
spectra used in the TAS analysis were obtained with a corre-
lation time window of 1 s, the amount of contamination from
the decay of the charge-state contaminant was negligible (less

than 5%). Contamination from the daughter was estimated
with spectra obtained with a later correlation time window
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(6 to 7 s). These spectra were scaled by the Bateman equa-
tions [71] to estimate their contribution in the correlation time
window used in the TAS analysis (0 to 1 s). The ground-state
to ground-state Q value for the B decay of the parent '*'Zr
is 5726 keV, while the one-neutron separation energy of the
daughter '"'Nb is 7165 keV [72], making B-delayed neutron
emission energetically impossible.

Detector response functions were created for known levels
populated in B decay below the critical energy. They were
created using information from the existing level scheme of
the daughter from ENSDF [69]. All levels below the critical
energy have unknown or tentative spin and parity assignments,
and therefore four level schemes were constructed with differ-
ent spin and parity assumptions. The different level schemes
contributed to the uncertainty in the extracted S-decay feed-
ing intensity distribution. There were a total of 36 detector
response functions for known levels, starting at 0 keV and
ending at 2119 keV.

Detector response functions were created for pseudolevels
above the critical energy. The spin and parity of the ground
state of the parent '°'Zr is (3/2%) [69]. According to f-
decay selection rules for allowed Gamow-Teller transitions,
the states populated in the daughter are 1/2%, 3/2%, and
5/2%. Following these rules, y-ray cascades from three pseu-
dolevels were created with DICEBOX for each energy bin in the
quasicontinuum. These three pseudolevels had corresponding
detector response functions created with GEANT4, from which
an average detector response function was created and used
in the TAS analysis. There were a total of 17 average detec-
tor response functions for pseudolevels, starting at 2220 keV
(where the total level density is approximately 0.23 /keV [64]
and the energy resolution of SuN is approximately 115 keV)
and ending at 4195 keV (where the total level density is ap-
proximately 5.57/keV [64] and the energy resolution of SuN
is approximately 173 keV).

The TAS spectrum, sum-of-segments spectrum, and multi-
plicity spectrum are shown in Fig. 1. One dominating feature
of the TAS spectrum is the sum peak from a group of levels
(specifically, those levels between 1878.1 and 2030.65 keV,
inclusive) that collectively have a relatively large B-decay
feeding intensity. Previous fission-based experiments [73,74]
also observed that collectively these levels were strongly fed
in B decay. In the present work, the total S-decay feeding
intensity assigned to these levels is between 22.2% and 25.0%.
This agrees with the decay scheme of Ref. [74], which has
minimum and maximum values of 14.1% and 24.9%, respec-
tively.

Another dominating feature of the TAS spectrum is the
ground-state to ground-state transition. The ground-state to
ground-state transition does not emit any characteristic y rays
and instead appears as a broad continuum from the inter-
action of the emitted electrons with SuN. The ground-state
to ground-state transition was included as one of the re-
sponse functions in the fitting procedure. In the decay scheme
of Ref. [74], the B-decay feeding intensity assigned to the
ground-state to ground-state transition is 57(11)%. In the
present work, the B-decay feeding intensity for the ground-
state to ground-state transition is 51.2J_rff2%, in agreement
with the previous measurement [74].
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FIG. 1. Comparison of experimental (black, solid line) and re-
constructed (blue, solid line) spectra from the 8 decay of '*!Zr for the
(a) TAS spectrum, (b) sum-of-segments spectrum, and (c) multiplic-
ity spectrum. The experimental spectra were obtained by correlating
decay events to '°'Zr implantations with a correlation time window
of 1 s. Contamination from random correlations and the decay of
the daughter has been subtracted from the experimental spectra. The
ground-state to ground-state Q value for the 8 decay of '°'Zr is
5726 keV [72].

In the sum-of-segments spectrum, noticeable features in-
clude peaks corresponding to y rays with a relatively large
absolute y-ray intensity [69]. This includes a peak corre-
sponding to the 119.3-keV y ray, a peak corresponding to the
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TABLE II. The f-decay feeding intensity distribution of '°!Zr as a function of excitation energy in the daughter nucleus '°'Nb. Intensity

values below 107#% are set to 0.

Energy Intensity Error Error Energy Intensity Error Error
(keV) (%) ) + (keV) (%) ) +)
0 51.2 12.2 2.8 1844 0.0002 0.0002 0.0003
119 0.0002 0.0002 0.0003 1878 8.01 0.43 0.43
206 0.0001 0.0001 0.0001 1925 3.92 0.26 0.26
208 0 0 0 1929 0.0038 0.0038 0.0032
255 0.0000 0.0000 0.0001 1958 4.15 0.23 0.25
346 0.0011 0.0011 0.0024 2010 1.98 0.11 0.14
374 1.94 0.25 0.26 2031 5.51 0.31 0.31
532 0.0000 0.0000 0.0001 2096 0.010 0.010 0.015
593 2.95 0.50 0.51 2119 1.78 0.13 0.13
598 0.0000 0.0000 0.0001 2220 0.837 0.092 0.094
673 1.21 0.18 0.18 2320 0.016 0.015 0.035
703 0.0014 0.0014 0.0017 2420 1.20 0.18 0.18
722 0.68 0.15 0.15 2520 0.0013 0.0013 0.0021
778 0 0 0 2620 0.350 0.171 0.098
782 0.90 0.14 0.14 2720 0.0001 0.0001 0.0001
879 0.025 0.024 0.016 2820 0.34 0.12 0.24
900 0 0 0 2920 1.40 0.25 0.19
912 2.08 0.28 0.28 3020 0.012 0.012 0.015
922 0.013 0.009 0.015 3145 0.84 0.15 0.15
953 0 0 0 3295 0.0001 0.0001 0.0002
1061 0.0020 0.0020 0.0025 3445 1.27 0.27 0.28
1110 0 0 0 3595 1.28 0.27 0.27
1120 0.0015 0.0015 0.0029 3745 0.47 0.20 0.19
1126 0 0 0 3895 0.0001 0.0001 0.0001
1180 3.12 0.32 0.32 4045 0.53 0.16 0.16
1294 0.0012 0.0011 0.0020 4195 0.109 0.065 0.065
1620 1.89 0.20 0.20

205.7- and 208.5-keV y rays, and a broad peak corresponding
to y rays with energies between 1810.1 and 2009.5 keV.

The B-decay feeding intensity distribution of 1°!'Zr as a
function of excitation energy in the daughter nucleus '*'Nb
is reported in Table II. The B-decay feeding intensity distri-
bution in Table II is an average of the different level schemes
assumed for the daughter (Sec. III). The amount of B-decay
feeding intensity to known levels is 91.4% and to pseudolevels
is 8.6%. The weighted averages of the uncertainty were 10%
from statistics and 2% from multiple level schemes. The un-
certainty from the ground-state to ground-state transition is
discussed below.

Extracting the B-decay feeding intensity for the ground-
state to ground-state transition relies on the collisional energy
losses between B-decay electrons and the sensitive volume of
SuN or the associated bremsstrahlung radiation. Because the
B-decay electrons lose energy in materials encountered prior
to reaching the Nal(TI) in SuN and their energy spectrum is
broad, and no characteristic y rays are emitted, identifying
the signature of this transition is difficult and the sensitivity
of SuN to this type of transition is reduced. An additional
analysis procedure was performed to test the sensitivity of
SuN to the ground-state to ground-state transition.

The B-decay feeding intensity was fixed for the ground-
state to ground-state transition while the fB-decay feeding
intensity was allowed to vary for all other levels. In total,

100 fits were performed. In these fits, the B-decay feeding
intensity was fixed for the ground-state to ground-state tran-
sition in the ranges 0-1%, 1-2%, ..., 98-99%, 99-100%. For
each fit, the reduced Xéobal was calculated. The ground-state
to ground-state transition probability in the S-decay feed-
ing intensity distribution reported in Table II was also the
minimum of the reduced nglobal distribution of the 100 fits.
Additionally, for each of the 100 fits, the initial number of
decaying nuclei with uncertainty of '°!Zr was calculated using
the B-decay feeding intensity distribution of each fit and the
detection efficiency of SuN. The initial number of decaying
nuclei with uncertainty from each fit was then compared to the
experimental value with uncertainty (in this case, the number
of decay events correlated to '°'Zr implantations). The calcu-
lated initial number of decaying nuclei for the fit that had the
ground-state to ground-state transition probability reported in
Table II was in agreement with the experimental value, within
the uncertainty. The uncertainty in the agreement contributed
to the uncertainty in the reported ground-state to ground-state
transition probability.

B. WZrg — 'PNbg
The half-life of the parent 'Zr is 2.01(8) s [43], that

of the daughter '92"Nb is 1.33(27) s [43], and that of the
charge-state contaminant *Zr*** is 2.1(1) s [75]. Contami-
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nation from the daughter was estimated with spectra obtained
with a later correlation time window (6 to 7 s). These spectra
were scaled by the Bateman equations [71] to estimate their
contribution in the correlation time window used in the TAS
analysis (0 to 1 s). Charge-state contamination from *°Zr**
was additionally minimized with conservative gates in the par-
ticle identification spectrum. No features associated with the
charge-state contamination were observed in the final spectra,
and the amount of contamination was estimated to be less
than 5%. The ground-state to ground-state Q value for the g
decay of the parent '%2Zr is 4717 keV, while the one-neutron
separation energy of the daughter '®>Nb is 5484 keV [72],
making B-delayed neutron emission energetically impossible.

The half-life extracted from a decay curve gated simulta-
neously on the TAS and sum-of-segments spectra led to the
conclusion that the 8 decay of '92Zr populates levels in '°*Nb
that are built on top of the B-decaying isomeric state [43].
The same conclusion was found in Ref. [76], and therefore
the excitation energy, x = 93 keV, of the 8-decaying isomeric
state was included in the energy of the states here.

Similar to the process described for 1017, detector
response functions were created for known levels from
ENSDF [77] populated in 8 decay below the critical energy.
There were a total of 12 detector response functions for known
levels, starting at O 4+ x keV and ending at 941 + x keV.

The level at 20 4 x keV has a single transition to the level
at 0 4+ x keV. This transition has a large total internal con-
version coefficient [76,77]. Any radiation emitted during this
transition, regardless of whether internal conversion occurred,
is below the detection threshold of SuN. As a consequence,
the detector response functions for the levels at 0 + x keV
and 20 + x keV were nearly identical, and a single detector
response function was used for both levels in the TAS analysis
at 0 + x keV.

Detector response functions were also created for pseu-
dolevels above the critical energy. The spin and parity of the
ground state of the parent '>Zr is 0* [77]. According to
B-decay selection rules for allowed Gamow-Teller transitions,
the states populated in the daughter are 17. Following these
rules, y-ray cascades from one pseudolevel were created with
DICEBOX for each energy bin in the quasicontinuum. Each
pseudolevel had a corresponding detector response function
created with GEANT4. There were a total of 28 detector re-
sponse functions for pseudolevels, starting at 1000 + x keV
(where the total level density is approximately 0.08/keV [64]
and the energy resolution of SuN is approximately 71 keV)
and ending at 3000 4 x keV (where the total level density
is approximately 3.50/keV [64] and the energy resolution of
SuN is approximately 143 keV).

The TAS spectrum, sum-of-segments spectrum, and mul-
tiplicity spectrum are shown in Fig. 2. The sum peak corre-
sponding to the level at 599.48 4 x keV is one of the domi-
nating features in the TAS spectrum. A previous experiment
studying the B decay of '°Zr assigned a S-decay feeding in-
tensity of 25(2)% to this level [76,77]. In the present work, the
B-decay feeding intensity extracted for this level is 23. 1ﬂ1§%,
in agreement with the previous measurement [76,77].
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FIG. 2. Comparison of experimental (black, solid line) and re-
constructed (blue, solid line) spectra from the 8 decay of '®Zr for the
(a) TAS spectrum, (b) sum-of-segments spectrum, and (c) multiplic-
ity spectrum. The experimental spectra were obtained by correlating
decay events to '2Zr implantations with a correlation time window
of 1 s. Contamination from random correlations and the decay of the
daughter has been subtracted from the experimental spectra. There
is a label for the ground-state to ground-state Q value in the TAS
spectrum for the 8 decay of '®Zr at 4717 keV [72].
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TABLE III. The S-decay feeding intensity distribution of '2Zr as a function of excitation energy in the daughter nucleus '°’Nb. Intensity
values below 1074% are set to 0. As explained in Sec. IV B, each level was assumed to be built on top of the B-decaying isomeric state. That
is, a value of x = 93 keV as determined by Ref. [76] should be added to each level. As explained in Sec. IV B, the detector response function

for the level at 20 + x keV was not used in the TAS analysis.

Energy Intensity Error Error Energy Intensity Error Error
(keV) (%) =) +) (keV) (%) ) +)
0 45.0 9.0 7.0 1480 1.18 0.28 0.28
20 0 0 0 1540 0 0 0
64 0.0003 0.0001 0.0001 1600 0 0 0
94 0 0 0 1660 2.82 0.39 0.39
156 0.74 0.13 0.13 1720 1.29 0.13 0.13
161 0 0 0 1780 0.0011 0.0001 0.0001
246 0 0 0 1840 0.828 0.094 0.094
258 0 0 0 1900 4.04 0.51 0.51
431 0.93 0.18 0.18 1960 4.17 0.62 0.62
599 23.1 1.5 1.5 2020 0 0 0
705 4.82 0.61 0.61 2100 1.57 0.36 0.36
941 0 0 0 2200 0.0333 0.0080 0.0080
1000 3.27 0.72 0.72 2300 0.087 0.021 0.021
1060 0 0 0 2400 1.36 0.33 0.33
1120 0.212 0.054 0.054 2500 0 0 0
1180 0.51 0.13 0.13 2600 0.59 0.14 0.14
1240 0 0 0 2700 0.59 0.13 0.13
1300 0 0 0 2800 0.98 0.35 0.35
1360 1.02 0.30 0.30 2900 0.89 0.22 0.22
1420 0 0 0 3000 0.0005 0.0004 0.0004

The transition from the ground state to the 8-decaying iso-
meric state is another dominating feature of the TAS spectrum.
In the decay scheme of Refs. [76,77], an upper limit of 59(3)%
was assigned to the transition from the ground state to the
B-decaying isomeric state. In the present work, the §-decay
feeding intensity for the transition from the ground state to the
B-decaying isomeric state is 45.0“:;%. This value is consistent
with the upper limit placed by the authors of the decay scheme
in Ref. [76]. An upper limit could only be placed on the transi-
tion from the ground state to the §-decaying isomeric state in
Ref. [76] because the decay scheme ended at 940.5 + x keV.
With a ground-state to ground-state Q value for the 8 decay
of 1927y at 4717 keV [72], the authors of Ref. [76] noted that
there was probably some B-decay feeding intensity to higher
lying levels that was missed due to their limited detection
sensitivity.

Peaks corresponding to y rays with a relatively large abso-
lute y-ray intensity [69] can be seen in the sum-of-segments
spectrum. There are peaks corresponding to y-ray energies of
64.46, 152.4, 156.14, 535.13, and 599.48 keV. The strongest
transitions observed in Ref. [76] had energies of 64, 535, and
599 keV.

The pB-decay feeding intensity distribution of '*Zr as a
function of excitation energy in the daughter nucleus '"*Nb
is reported in Table IIl. The B-decay feeding intensity dis-
tribution in Table III is the result of the single level scheme
assumed for the daughter. The amount of S-decay feeding
intensity to known levels is 74.6% and that to pseudolevels
is 25.4%. The weighted average of the uncertainty from
statistics was 13%. There was only one level scheme as-
sumed for '92Nb, so there was no uncertainty from multiple

level schemes. The uncertainty from the transition from the
ground state to the B-decaying isomeric state is discussed
below.

The analysis procedure for determining the uncertainty in
the transition from the ground state to the S-decaying isomeric
state was already discussed for the similar case (ground-state
to ground-state transition) of '"'Zr in Sec. IV A. From this
procedure, an additional B-decay feeding intensity distribu-
tion that fit the experimental spectra was obtained, in which
the transition probability from the ground state to the S-
decaying isomeric state was held fixed between 60% and 61%
(Table IV). Extracting the transition from the ground state
to the B-decaying isomeric state in TAS measurements is a
challenging task. Since we cannot exclude any of the two sets
of B-decay feeding intensity distributions reported here, we
present both, similar to Ref. [28] for '%Tc. When comparing
the experimental results to QRPA calculations relevant to nu-
clear structure in Sec. V and nuclear astrophysics in Sec. VI,
the B-decay feeding intensity distribution reported in Table 11T
was used because the fit that resulted in that distribution had
the smallest reduced x2,.-

Additionally, the S-decay feeding intensity distribution of
1027 was recently estimated [33,78,79] with the Decay Total
Absorption y-ray Spectrometer (DTAS) [80]. As mentioned
in the publication, due to the limited sensitivity of their anal-
ysis for this specific case, the transition from the ground state
to the B-decaying isomeric state was held fixed to the 59%
value from Ref. [76]. The TAS spectrum from the analysis
with DTAS and the present work are qualitatively similar,
although the statistics are different. It should be noted that
the cumulative B-decay feeding intensity distribution of '92Zr
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TABLE IV. The B-decay feeding intensity distribution of '°*Zr as a function of excitation energy in the daughter nucleus '°’Nb. Intensity
values below 107#% are set to 0. As explained in Sec. IV B, each level was assumed to be built on top of the B-decaying isomeric state. That
is, a value of x = 93 keV as determined by Ref. [76] should be added to each level. As explained in Sec. IV B, the detector response function
for the level at 20 4 x keV was not used in the TAS analysis. As explained in Sec. IV B, the values reported in this table are from the fit in

which the transition from the ground state to the B-decaying isomeric state was held fixed between 60 and 61%.

Energy Intensity Error Error Energy Intensity Error Error
(keV) (%) =) (+) (keV) (%) () +)
0 60.0 9.0 7.0 1480 0.50 0.12 0.12
20 0 0 0 1540 0 0 0
64 0 0 0 1600 0 0 0
94 0 0 0 1660 2.52 0.35 0.35
156 0 0 0 1720 0.533 0.056 0.056
161 0 0 0 1780 0 0 0
246 0 0 0 1840 1.07 0.12 0.12
258 0 0 0 1900 2.93 0.37 0.37
431 0.170 0.033 0.033 1960 3.15 0.47 0.47
599 17.1 1.1 1.1 2020 0 0 0
705 4.11 0.52 0.52 2100 1.15 0.26 0.26
941 0 0 0 2200 0.070 0.017 0.017
1000 2.19 0.48 0.48 2300 0 0 0
1060 0 0 0 2400 1.06 0.25 0.25
1120 0.271 0.070 0.070 2500 0 0 0
1180 0.040 0.011 0.011 2600 0.364 0.088 0.088
1240 0 0 0 2700 0.60 0.13 0.13
1300 0 0 0 2800 0.66 0.23 0.23
1360 0.79 0.24 0.24 2900 0.72 0.18 0.18
1420 0 0 0 3000 0 0 0

from the analysis with DTAS and the present work (Table IV)
are in agreement within the uncertainty.

C. 5&91‘(366 - a&gles

The half-life of the parent '*Tc is 0.87(7) s [43], that of the
daughter ' Ru is 34.4(2) s [81], and that of the charge-state
contaminant '°°Tc*?* is 35.6(6) s [82]. Because the experi-
mental spectra used in the TAS analysis were obtained with a
correlation time window of 1 s, the amount of contamination
from the decay of the daughter and charge-state contaminant
was negligible (less than 3%). The ground-state to ground-
state Q value for the 8 decay of the parent '%Tc is 6456 keV,
while the one-neutron separation energy of the daughter '®’Ru
is 5148 keV [72], making B-delayed neutron emission ener-
getically possible. However, previous experiments obtained
B-delayed neutron emission probabilities of 0.08(2)% [83]
and <1% [84]. Additionally, there was no evidence in the
TAS spectrum of a sum peak around 7 MeV, which would
have resulted from thermal neutron capture on the »*Na or
1277 of SuN. Therefore, B-delayed neutron emission was not
incorporated into the analysis.

Similar to 11927y, detector response functions were cre-
ated for known levels populated in 8 decay below the critical
energy. Creating the response functions involved using infor-
mation from ENSDF [81] and also a recent high-resolution
study of the B decay of '®Tc [85].

All levels below the critical energy have tentative spin and
parity assignments, and therefore four level schemes were

constructed with different spin and parity assumptions. The
different level schemes contributed to the uncertainty in the
extracted f-decay feeding intensity distribution. There were
a total of 21 detector response functions for known levels,
starting at O keV and ending at 1268 keV.

Detector response functions were also created for pseu-
dolevels above the critical energy, as described earlier. The
spin and parity of the ground state of the parent '®Tc is
(5/2%) [81]. According to B-decay selection rules for al-
lowed Gamow-Teller transitions, the states populated in the
daughter are 3/2%, 5/2%, and 7/2". Following these rules,
y-ray cascades from three pseudolevels were created with
DICEBOX for each energy bin in the quasicontinuum. These
three pseudolevels had corresponding detector response func-
tions created with GEANT4, from which an average detector
response function was created and used in the TAS analysis.
There were a total of 33 average detector response functions
for pseudolevels, starting at 1350 keV (where the total level
density is approximately 0.07 /keV [64] and the energy resolu-
tion of SuN is approximately 82 keV) and ending at 5110 keV
(where the total level density is approximately 25/keV [64]
and the energy resolution of SuN is approximately 194 keV).

The TAS spectrum, sum-of-segments spectrum, and mul-
tiplicity spectrum are shown in Fig. 3. There are many small
sum peaks in the TAS spectrum. The transition in the daughter
109Ru from the first excited state at 68.75 keV to the ground
state has a total internal conversion coefficient of 4.97 [54,81].
Many levels populated in 8 decay pass through the first ex-
cited state, which means that many y-ray cascades will not
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FIG. 3. Comparison of experimental (black, solid line) and re-
constructed (blue, solid line) spectra from the 8 decay of '*Tc for the
(a) TAS spectrum, (b) sum-of-segments spectrum, and (c) multiplic-
ity spectrum. The experimental spectra were obtained by correlating
decay events to ' Tc implantations with a correlation time window
of 1 s. Contamination from random correlations has been subtracted
from the experimental spectra. The ground-state to ground-state Q
value for the 8 decay of '®Tc is 6456 keV [72].

emit a 68.75-keV y ray but instead a conversion electron. This
conversion electron will not deposit energy in SuN. There are
other transitions in '’ Ru with non-negligible total internal
conversion coefficients. As mentioned in Sec. III, internal

conversion was included in the analysis. Due to internal con-
version, counts for some of the sum peaks will be displaced
by a certain energy, resulting in broadened sum peaks. Two
larger sum peaks are noticeable at 1159.0 and 1267.8 keV.

The decay scheme of Ref. [81] assigned a B-decay feeding
intensity of 35(6)% for the ground-state to ground-state tran-
sition based on a measurement by Ref. [8§6]. Meanwhile, the
decay scheme of Ref. [87] did not assign a B-decay feeding
intensity for the ground-state to ground-state transition. In the
current work, the B-decay feeding intensity for the ground-
state to ground-state transition is 5.7f§:§%. With a fixed value
of 35% in the analysis, the experimental spectra could not be
fit. The value of 35(6)% may be the result of the pandemonium
effect.

In the sum-of-segments spectrum, noticeable features in-
clude peaks corresponding to y rays with a relatively large
absolute y-ray intensity [69]. For example, there is a peak
corresponding to the 195.0-keV y ray.

The B-decay feeding intensity distribution of '®Tc as a
function of excitation energy in the daughter nucleus '“Ru
is reported in Table V. The B-decay feeding intensity dis-
tribution in Table V is an average of the different level
schemes assumed for the daughter (Sec. III). The amount of
B-decay feeding intensity to known levels is 67.4% and to
pseudolevels is 32.6%. The three different sources of uncer-
tainty contributing to the total uncertainty that is reported in
Table V were discussed for the case of '*!Zr in Sec. IV A. The
weighted average of the uncertainty from statistics was 11%.
The weighted average of the uncertainty from multiple level
schemes was 30%. The uncertainty from the ground-state
to ground-state transition was determined by comparing the
initial number of decaying nuclei between experiment and
simulation.

V. NUCLEAR STRUCTURE

The nuclides studied in this work are located in a region
characterized by shape coexistence and shape transitions and
even axially asymmetric ground-state shapes [88—90]. There-
fore, comparison to models can offer insight into the shape
of the decaying state of the nuclide. This examination is per-
formed by comparing the experimental results with deformed
proton-neutron QRPA calculations.

The theoretical formalism was introduced in Refs. [14—17]
and is only briefly summarized here. The method starts
with a quasiparticle basis constructed from axially deformed
Hartree-Fock (HF) mean-field calculations with density-
dependent Skyrme forces and pairing correlations between
like nucleons treated in the Bardeen-Cooper-Schrieffer (BCS)
framework. The equilibrium deformation is obtained self-
consistently as the shape that minimizes the energy. Con-
strained calculations allow for analyzing the potential energy
surfaces and finding various HF energy minima at the cor-
responding nuclear deformations. A separable spin-isospin
residual interaction is then added to the mean field in both
particle-hole and particle-particle channels and treated in
QRPA to obtain the B(GT) distribution. The calculations
of B(GT) within the HF + BCS + QRPA approach are
performed for the various equilibrium deformations of each
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TABLE V. The B-decay feeding intensity distribution of '®Tc as a function of excitation energy in the daughter nucleus '”Ru. Intensity

values below 10™#% are set to 0.

Energy Intensity Error Error Energy Intensity Error Error
(keV) (%) ) + (keV) (%) () +
0 5.7 5.7 5.8 1830 1.0 0.9 1.2
69 0.35 0.33 0.19 1910 0.50 0.50 0.88
96 0.05 0.05 0.11 1990 23 1.1 1.2
132 0.0001 0.0001 0.0002 2080 1.6 1.5 1.5
138 0 0 0 2180 0.5 0.5 14
185 3.34 0.32 0.39 2280 0.52 0.52 0.80
191 0 0 0 2380 0.57 0.57 0.97
195 5.26 0.68 0.48 2480 1.24 0.43 0.41
197 0 0 0 2580 0.010 0.010 0.029
230 0.0001 0.0001 0.0002 2680 5.9 2.2 1.1
256 0.0001 0.0001 0.0002 2780 23 23 3.1
332 3.98 0.50 0.49 2880 25 22 35
405 0.0002 0.0002 0.0005 2980 1.6 1.6 4.0
408 1.55 0.23 0.24 3080 2.6 2.6 14
498 0.0001 0.0001 0.0003 3205 0.7 0.7 1.5
515 6.28 0.88 0.88 3355 2.1 1.4 1.0
628 1.73 0.43 0.33 3505 0.39 0.37 0.82
811 4.00 0.51 0.50 3655 0.24 0.24 0.28
995 8.07 0.82 0.82 3805 0.032 0.032 0.094
1159 16.2 1.2 1.2 3955 0.76 0.36 0.77
1268 10.90 0.83 0.80 4105 0.34 0.34 0.27
1350 0.18 0.18 0.52 4255 0.015 0.015 0.045
1430 0.24 0.24 0.31 4405 0.32 0.25 0.50
1510 0.08 0.08 0.24 4570 0.40 0.40 0.33
1590 1.16 1.06 0.44 4750 0.97 0.58 0.73
1670 0.15 0.15 0.38 4930 0.13 0.13 0.12
1750 1.28 1.02 0.63 5110 0 0 0

nucleus under the assumption that the parent nucleus and the
states fed in the daughter nucleus have the same deformation.

In the following discussion, the Skyrme interaction
SLy4 [91] is used. It has been widely used in the past with
successful results. The results for the S-decay properties in
this mass region with other Skyrme forces are qualitatively
similar to these although they may differ in details. The sen-
sitivity of the B(GT) distributions to the residual interactions
has been studied elsewhere [5,6,23] and the parameters used
in this work correspond to the most reasonable choices found
previously in this mass region. It is worth noting that in gen-
eral the B(GT) distributions are more sensitive to the nuclear
deformation than to the nuclear interactions and this feature
was used in the past to learn about the shape of the decaying
nucleus [26-32].

For 1911927y and '"Tc, the total energy as a function of
the quadrupole deformation parameter 8, shows two minima,
oblate and prolate. In the case of the even-even nuclide 1027,
the ground state is found to be prolate at 8, = 0.373 and
the oblate state appears at B, = —0.193 at about 2 MeV.
The odd-A nuclide '°'Zr has a prolate ground state (8, =
0.362) and an oblate excited state 8, = —0.207 separated
by about 2 MeV. Both states are 3/2% neutron states with
asymptotic quantum Nilsson numbers given by [Nn,A]K™ =
v[411]3/27F, in agreement with experiment and associated to
the spherical shell g7/,. In the case of 109T¢, the ground state

is a m[422]5/2% (g9/2) state that corresponds to an oblate
minimum at 8, = —0.214. In addition, an isomer prolate state
appears at less than 1 MeV with 7[303]5/27 (fs5,2) at B, =
0.320. These states agree well with the observed spectrum
in '“Tc that shows a J™ = 5/2% ground state, as well as a
J* =5/27 excited state at only 7 keV. In the calculations, the
5/27" state would be the oblate state, whereas the 5/2~ excited
state would be the shape isomer prolate state.

The comparisons between experiment and the HF + BCS
+ QRPA calculations are shown in Figs. 4-6. In these figures,
the HF + BCS + QRPA calculations are labeled as “QRPA
1>

A. §Zrg — ' Nbg

Figure 4 shows a comparison of experimental and theo-
retical cumulative 8-decay feeding intensity distributions and
cumulative B(GT) distributions for the 8 decay of '*'Zr. Fig-
ure 4(a) contains the cumulative S-decay feeding intensity
distribution for the present work and QRPA 1 calculations.
The QRPA 1 calculations were performed assuming the
ground-state shape of '”'Zr is oblate (8, = —0.207) and pro-
late (8, = 0.362). Both shapes have similar half-lives (7, =
3.34 s for the oblate shape and T;,, = 3.73 s for the prolate
shape), but different cumulative B-decay feeding intensity
distributions. The ground-state to ground-state transition in
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FIG. 4. (a) Cumulative S-decay feeding intensity and (b) cumu-
lative B(GT) for the B decay of '°!Zr as a function of excitation
energy in the daughter '"'Nb. The present work (black, solid line,
with uncertainty in orange shading) is compared to QRPA calcula-
tions assuming the ground state of the parent is oblate (red, dashed
line) and prolate (blue, dotted line). There is an arrow indicating
the ground-state to ground-state Q value for the 8 decay of '°!'Zr
at 5726 keV [72]. The half-lives 7, and quadrupole deformation
parameters f, are provided in parentheses.

experiment is better reproduced by the prolate shape. Between
approximately 500 and 2000 keV, the current work is in agree-
ment with the oblate shape. After approximately 2300 keV, the
current work is in agreement with both shapes. Both shapes
have a relatively large increase in the cumulative B-decay
feeding intensity distribution between approximately 1000
and 1200 keV that is not observed in the current work. The
same situation occurs at approximately 3500 keV. Only the
oblate shape has a relatively large increase in the cumulative
B-decay feeding intensity distribution at levels near 2000 keV
that is observed in experiment.

Figure 4(b) contains the cumulative B(GT) distribution for
the present work and QRPA 1. The cumulative B(GT) dis-
tributions in Fig. 4(b) correspond to the cumulative B-decay
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FIG. 5. (a) Cumulative §-decay feeding intensity and (b) cumu-
lative B(GT) for the B decay of 10271 as a function of excitation
energy in the daughter '’Nb. The present work (black, solid line,
with uncertainty in orange shading) is compared to QRPA calcula-
tions assuming the ground state of the parent is oblate (red, dashed
line) and prolate (blue, dotted line). There is an arrow indicating
the ground-state to ground-state Q value for the B decay of '®Zr
at 4717 keV [72]. The half-lives T;,, and quadrupole deformation
parameters §, are provided in parentheses.

feeding intensity distributions in Fig. 4(a). As with the cumu-
lative B-decay feeding intensity distributions in Fig. 4(a), both
shapes have similar half-lives and yet different cumulative
B(GT) distributions. Between 0 and approximately 1800 keV,
the current work is in better agreement with the prolate shape.
Between approximately 1800 and 3500 keV, the current work
is not in agreement with any shape. However, unlike the pro-
late shape, the oblate shape has an increase in the cumulative
B(GT) distribution in this energy region, which is observed in
experiment. The cumulative B(GT) distribution in the current
work ends approximately in between the cumulative B(GT)
distributions for the different shapes. Only the oblate shape
has a relatively large increase in the cumulative B(GT) distri-
bution at levels near 2000 keV that is observed in experiment.
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FIG. 6. (a) Cumulative 8-decay feeding intensity and (b) cumu-
lative B(GT) for the B-decay of '®Tc as a function of excitation
energy in the daughter 'Ru. The present work (black, solid line,
with uncertainty in orange shading) is compared to QRPA calcula-
tions assuming the ground state of the parent is oblate (red, dashed
line) and prolate (blue, dotted line). There is an arrow indicating
the ground-state to ground-state Q value for the 8 decay of '“Tc
at 6456 keV [72]. There is an arrow indicating the one-neutron
separation energy S, of the daughter '“Ru at 5148 keV [72]. The
half-lives 7j,, and quadrupole deformation parameters f, are pro-
vided in parentheses.

The QRPA 1 calculations correspond to pure shape con-
figurations, either oblate or prolate. None of these pure
shape configurations reproduce the experimental cumulative
B-decay feeding intensity distribution or B(GT) distribution.
This may indicate that some type of mixture between these
two shapes is necessary to reproduce the result from the cur-
rent work.

102 102
B. 40 Zl'62 - 4 Nb61
Figure 5 shows a comparison of experimental and theo-

retical cumulative S-decay feeding intensity distributions and
cumulative B(GT) distributions for the B decay of '*Zr.

The cumulative B-decay feeding intensity distributions for
the present work and QRPA 1 calculations are shown in
Fig. 5(a). The QRPA 1 calculations were performed assum-
ing the ground-state shape of '%2Zr is oblate (8, = —0.193,
Tij, = 143 s) and prolate (B, =0.373, T;, = 4.01 s).
The transition between the ground state of '°°Zr and the g-
decaying isomeric state of '°>Nb that is extracted in the current
work is in between that of the oblate shape and prolate shape.
There is good agreement between the current work and the
prolate shape between approximately 800 and 1500 keV, and
there is agreement between the current work and both shapes
after approximately 1700 keV. One feature not observed in
the current work, but present in both shapes, is the sudden
and relatively large increase in the cumulative 8-decay feed-
ing intensity distribution between approximately 1800 and
2000 keV. The present work has a relatively large B-decay
feeding intensity to 599 + x keV, which is only seen in the
oblate shape.

Figure 5(b) contains the cumulative B(GT) distribution for
the present work and QRPA 1. The current work is in agree-
ment with both shapes between 0 keV and approximately
700 keV, and in between both shapes after approximately
1000 keV. The total B(GT) at approximately 3000 keV for the
current work is slightly closer to the oblate shape. However,
no shape satisfactorily describes the experimental result.

As already mentioned in Sec. V A, the QRPA 1 calcula-
tions correspond to pure shape configurations, either oblate
or prolate. None of these pure shape configurations repro-
duce the experimental cumulative S-decay feeding intensity
distribution or B(GT) distribution. Similar to '°'Zr, this may
indicate that some type of mixture between these two shapes
is necessary to reproduce the result from the current work.

C. ag?TC“ - a?Rllﬁs

Figure 6 shows a comparison of experimental and theo-
retical cumulative §-decay feeding intensity distributions and
cumulative B(GT) distributions for the 8 decay of '®Tc. Fig-
ure 6(a) contains the cumulative S-decay feeding intensity
distribution for the present work and QRPA 1 calculations.
The QRPA 1 calculations were performed assuming the
ground-state shape of 'Tc is oblate (8, = —0.214, T 2=
0.99 s) and prolate (8, = 0.320, T, = 3.04 s). Both calcu-
lations are in agreement with zero B-decay feeding intensity
for the ground-state to ground-state transition. Only the oblate
shape has any significant S-decay feeding intensity below
2000 keV. Below approximately 1200 keV, the present work
and the oblate shape are qualitatively similar. The prolate
shape has a sudden and relatively large increase in the cumu-
lative B-decay feeding intensity distribution at approximately
2500 keV, which is not observed in the present work. The
current work is not in agreement with the prolate shape until
approximately 2500 keV. After approximately 2500 keV, the
present work is in agreement with both shapes.

Figure 6(b) contains the cumulative B(GT) distribution for
the present work and QRPA 1. Only the oblate shape has any
significant B(GT) below 2000 keV. Between approximately
2800 and 3400 keV, the present work is in agreement with
both shapes. Between approximately 3400 and 4800 keV, the
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present work is in between both shapes. By the energy of the
last pseudolevel, the total B(GT) for the present work is in
agreement with the oblate shape.

For the oblate shape, the increase in S-decay feeding in-
tensity and B(GT) below 1 MeV is mainly due to transitions
from neutron states within the g7,2, ds/», and ds3 > shells to the
unpaired proton state 7 [422]5/2" (g9,>). From approximately
2.5 to 3.5 MeV, the increase in §-decay feeding intensity and
B(GT) is mainly due to transitions connecting neutron states
from g7/2, ds;2, 512, and d35 shells to other proton states of
the gg» shell different from the unpaired state.

For the prolate shape, there is minimal B-decay feeding
intensity and B(GT) below approximately 2.5 MeV because
the unpaired proton 7[303]5/27 (f5,2) of negative parity is
not connected by allowed Gamow-Teller transitions with the
neutron states around the Fermi level (g7/2, ds/2, $12, d3)2),
which are positive-parity states. Only above approximately
2.5 MeV (about twice the pairing gap) do new transitions
occur with the odd proton as a spectator, leading to three
quasiparticle states of one unpaired neutron and two un-
paired protons. The increase in S-decay feeding intensity and
B(GT) at approximately 2.5 MeV corresponds to neutrons in
the v[413]5/2% (ds;,) orbital converted into protons in the
[413]7/2% (g9,2) orbital.

The cumulative S-decay feeding intensity distribution for
the oblate shape better describes the current work. In addition,
the half-lives for the present work and the oblate shape are
in agreement. The total B(GT) for the present work and the
oblate shape are in agreement below the one-neutron separa-
tion energy of the daughter. All these facts suggest a dominant
oblate deformation for 'Tc, in agreement with the J* =
5/2% of the ground state. In Ref. [92], 8- and y-coincidence
spectroscopy of the nearby technetium isotope ' Tc provided
evidence of oblate deformation for that nucleus. Therefore,
the current work is in agreement with Ref. [92] in terms of a
nearby technetium isotope in the same mass region having a
similar deformation.

VI. NUCLEAR ASTROPHYSICS

In this section, the experimental results are compared to
QRPA models that are commonly used to provide B-decay
properties in r-process network calculations. These compar-
isons are shown in Figs. 7-9. Two different QRPA models are
used in these comparisons.

One model is labeled as “QRPA 2” in Figs. 7-9. Within
QRPA 2, the large-scale calculation of B-decay half-lives
was performed in two steps: (i) determination of the ground
state of the parent nucleus and (ii) calculation of transition
energies and strengths in the B decays of neutron-rich nuclei.
The ground state of a nucleus was obtained within the fully
microscopic theoretical framework based on the relativis-
tic nuclear energy density functional (RNEDF). The nuclear
ground-state properties are described using the relativistic
Hartree-Bogoliubov (RHB) model, which is able to prop-
erly treat the pairing effects in open shell nuclei. The actual
calculation was performed using the D3C* interaction [93],
which includes momentum-dependent terms in the underlying
Lagrangian.
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FIG. 7. (a) Cumulative 8-decay feeding intensity and (b) cumu-
lative B(GT) for the B decay of '°!Zr as a function of excitation
energy in the daughter '"'Nb. The present work (black, solid line,
with uncertainty in orange shading) is compared to QRPA 2 (cyan,
dash-dotted line) and QRPA 3 (green, dotted line). There is an arrow
indicating the ground-state to ground-state Q value for the g decay
of ''Zr at 5726 keV [72]. The half-lives 7, and quadrupole defor-
mation parameters 8, are provided in parentheses.

The nuclear response is obtained using the proton-neutron
relativistic quasiparticle random-phase approximation (pn-
RQRPA). The identical D3C* interaction is used at the
RQRPA level as at the RHB level; that is, the model is fully
self-consistent in both the particle-hole and particle-particle
channels. By solving the pn-RQRPA matrix equations, en-
ergies and amplitudes are obtained from which the nuclear
response to a particular operator can be determined. The de-
tails of the calculation, together with exact expressions for the
matrix elements involved, can be found in Ref. [94].

QRPA 2 is based on a relativistic model, is fully
self-consistent, and includes first-forbidden transitions, but
assumes spherically symmetric nuclei. Therefore, there is an
implicit 8, = 0 for QRPA 2.
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FIG. 8. (a) Cumulative §-decay feeding intensity and (b) cumu-
lative B(GT) for the B decay of '®>Zr as a function of excitation
energy in the daughter '">Nb. The present work (black, solid line,
with uncertainty in orange shading) is compared to QRPA 2 (cyan,
dash-dotted line) and QRPA 3 (green, dotted line). There is an arrow
indicating the ground-state to ground-state Q value for the g decay
of '27r at 4717 keV [72]. The half-lives T} 2 and quadrupole defor-
mation parameters 3, are provided in parentheses.

Another model is labeled as “QRPA 3” in Figs. 7-9. The
QRPA 3 calculations are done as described in Refs. [95,96].
As stated in Ref. [96], the recently enhanced mass model
FRDM (2012) and more accurate ground-state shapes and
corresponding Qg values are used.

A. §Zrg — 1{'Nbg

Figure 7(a) contains the cumulative 8-decay feeding inten-
sity distribution for the present work, QRPA 2, and QRPA 3.
None of these QRPA calculations reproduce the ground-state
to ground-state transition from the current work. None of
these calculations reproduce the structure in the cumulative
B-decay feeding intensity distribution from the current work.
The half-life from QRPA 3 is longer than the half-life ex-
tracted in the current work by more than a factor of 10.
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FIG. 9. (a) Cumulative S-decay feeding intensity and (b) cumu-
lative B(GT) for the B decay of '®Tc as a function of excitation
energy in the daughter '®Ru. The present work (black, solid line,
with uncertainty in orange shading) is compared to QRPA 2 (cyan,
dash-dotted line) and QRPA 3 (green, dotted line and purple, dashed
line). There is an arrow indicating the ground-state to ground-state Q
value for the B decay of '®Tc at 6456 keV [72]. There is an arrow
indicating the one-neutron separation energy S, of the daughter 'Ru
at 5148 keV [72]. The half-lives T;,, and quadrupole deformation
parameters S, are provided in parentheses.

Figure 7(b) contains the cumulative B(GT) distribution for
the present work, QRPA 2, and QRPA 3. The cumulative
B(GT) distributions in Fig. 7(b) correspond to the cumula-
tive B-decay feeding intensity distributions in Fig. 7(a). The
cumulative B(GT) distribution from the current work is not
in agreement with QRPA 2 or QRPA 3 at any energy. Note
that the quadrupole deformation parameter used in QRPA 3
is B2 = 0.376. This is similar to the value used in QRPA 1
(B2 = 0.362). In addition, the cumulative B(GT) distributions
for these prolate shapes are qualitatively similar. For exam-
ple, both calculations have a small cumulative B(GT) at low
energies and then a relatively large increase in the cumulative
B(GT) at approximately 3500 keV. The total B(GT) within the
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ground-state to ground-state Q value is similar for both cal-
culations. However, the half-lives for the prolate calculations
(3.73 s and 37.48 s) are different. In addition, the cumulative
B-decay feeding intensity distributions for the prolate shapes
are markedly different.

B. W'Zre — 'Nbg

Figure 8(a) contains the cumulative 8-decay feeding inten-
sity distribution for the present work, QRPA 2, and QRPA 3.
The transition between the ground state of '*Zr and the B-
decaying isomeric state of '"?Nb that is extracted in the current
work is not reproduced by either calculation. Only QRPA 3
has a relatively large B-decay feeding intensity to a level with
very low energy (less than 100 keV). Almost 100% of the
B-decay feeding intensity goes to a level at approximately
1300 keV in QRPA 2. Levels between approximately 1500
and 2000 keV collectively receive most of the B-decay feeding
intensity in QRPA 3. None of these calculations reproduce the
relatively large increase in the cumulative S-decay feeding
intensity distribution at 599 + x keV that is observed in the
current work.

Figure 8(b) contains the cumulative B(GT) distribution for
the present work, QRPA 2, and QRPA 3. The cumulative
B(GT) distribution from the current work is not in agree-
ment with either QRPA calculation at any energy. In this
QRPA calculation, the quadrupole deformation parameter is
B> = 0.376. The QRPA 1 calculation uses a similar value
for the prolate shape of 8, = 0.373. The cumulative B(GT)
distributions for these prolate shapes are qualitatively sim-
ilar between 0 and 4000 keV. The total B(GT) from 0 to
4000 keV is similar for both calculations. In addition, the
cumulative B(GT) distributions from both calculations are
always less than experiment. However, the half-lives for the
prolate calculations (4.01 and 9.27 s) are different.

C. Eg?TC“ g a(zgRllﬁs

Figure 9(a) contains the cumulative 8-decay feeding inten-
sity distribution for the present work, QRPA 2, and QRPA
3. The calculated ground-state shape in the FRDM model
is axially asymmetric [89] but the QRPA 3 computer code
cannot accommodate such shapes. Therefore, the QRPA 3
calculations were performed assuming the ground-state shape
of '®Tc is either oblate (8, = —0.2481) or prolate (8, =
0.309), that is, for the constrained minima on the oblate and
prolate axes. All calculations are in agreement with zero 8-
decay feeding intensity for the ground-state to ground-state
transition. All calculations have a sudden and relatively large
increase in the cumulative B-decay feeding intensity distri-
bution. However, the cumulative B-decay feeding intensity
distribution for the present work shows more fragmentation
and a gradual increase throughout the entire energy range.

Figure 9(b) contains the cumulative B(GT) distribution for
the present work, QRPA 2, and QRPA 3. The cumulative
B(GT) distribution from the current work and QRPA 3 are
rarely in agreement for any energy. Between 0 keV and the
one-neutron separation energy of the daughter, the present
work is in between both shapes. At the one-neutron separation

energy of the daughter, the total B(GT) for the present work is
in agreement with the oblate shape.

There are many similarities in the calculations from QRPA
1 and QRPA 3. The quadrupole deformation parameters of
the oblate shapes (8, = —0.214 and 8, = —0.2481) are close
in value, as well as the prolate shapes (8, = 0.320 and 8, =
0.309). The half-lives of the oblate shapes (772 = 0.99 s and
Ti» = 0.32 s) are similar, and the same is true for the prolate
shapes (77, = 3.04 s and 71, = 4.50 s). The half-lives of the
oblate shapes are shorter than those of the prolate shapes.

The oblate shapes have a relatively large increase in the
cumulative B-decay feeding intensity distribution at low en-
ergies. The increase occurs at similar energies for the oblate
shapes. In QRPA 1, the increase occurs at approximately
400 keV. In QRPA 3, the increase occurs at approximately
300 keV. The increase is larger in the QRPA 3 calculation.
The prolate shapes have a small cumulative 8-decay feeding
intensity at low energies, and then a sudden and relatively
large increase in the cumulative S-decay feeding intensity
distribution at higher energies. The increase occurs at similar
energies for the prolate shapes. In QRPA 1, the increase occurs
at approximately 2500 ke V. In QRPA 3, the increase occurs at
approximately 3000 keV. The cumulative B(GT) distributions
for the prolate shapes are less than the current work.

VII. CONCLUSIONS

In the first-ever application of the total absorption spec-
troscopy technique with a fast beam produced via projectile
fragmentation, the B-decay feeding intensity distributions and
B(GT) distributions were extracted for ' Zr, '°2Zr, and '®Te.
The experiment was performed at the National Superconduct-
ing Cyclotron Laboratory using the Summing Nal(TI) (SulN)
detector. The extracted distributions were compared to calcu-
lated results from three different quasiparticle random-phase
approximation (QRPA) models to learn about the ground-state
shape of the parent nucleus and test models commonly used
to provide S-decay properties in r-process network calcula-
tions. For 1°'Zr and '%2Zr, calculations assuming a pure shape
configuration (oblate or prolate) were not able to reproduce
the extracted distributions. These results may indicate that
some type of mixture between oblate and prolate shapes oc-
curs in actual nuclei, which is not yet taken into account in
model calculations. For '®Tc, a comparison of the extracted
distributions with QRPA calculations suggests a dominant
oblate configuration. Comparing the extracted distributions
to the models used in r-process network calculations shows
the importance of making comparisons between the ex-
perimental and theoretical distributions, rather than integral
quantities such as f-decay half-lives and B-delayed neu-
tron emission probabilities, as close to the r-process path as
possible.
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