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The determination of the f3 intensity probability between the ground states of
parent and daughter nuclei has traditionally been a difficult task with standard
y-spectroscopy approaches due to the lack of the associated y emission. In the
last years, the total absorption y-ray spectroscopy technique has successfully
proven its ability to deal with this problem by means of different procedures. This
article discusses the potential of these methods, and a new approach for
segmented total-absorption y-ray spectrometers is also introduced. An
overview of applications is presented based on past, present, and future
p-decay experiments.

pB-decay, total absorption y-ray spectroscopy, reactor physics, astrophysics, electroweak
interaction

1 Introduction

The study of -decay properties provides valuable information for our understanding of
the nuclear structure. Among these properties, the determination of the p-decay
probabilities to populate each level in the daughter nucleus is typically accomplished
with y-spectroscopy techniques. The traditional approach relies on HPGe detectors for the
measurement of the individual y-rays de-exciting the levels fed in the daughter nucleus. One
difficulty arises when dealing with the probability to populate the ground state (g.s.), I g‘s‘,
because of the absence of the y-ray emission. For this reason, I7™ is typically obtained
indirectly as the difference between the total number of decays and the number of decays
feeding excited states in the daughter nucleus. The latter are evaluated from y-ray intensity
imbalances using absolute y intensities per 3 decay. A drawback of this method is the limited
efficiency of HPGe detectors, especially for high-energy y-rays, which translates into an
underestimation of the probability to feed levels at high excitation energies in the daughter
nucleus. This effect, known as pandemonium [1], generally becomes more severe with
larger f-decay energy windows and when the number of levels potentially fed in the
daughter nucleus is large.

The total-absorption yp-ray spectroscopy (TAGS) technique allows us to avoid the
pandemonium effect by means of high-efficiency y calorimeters made of scintillation
crystals. Such a detector, called total-absorption spectrometer (TAS), detects the full y
cascade de-exciting each level populated in the daughter nucleus. A TAS is usually
employed in coincidence with an ancillary detector for B-particles (typically plastic or
Si AE detectors at ISOL facilities and Si implantation detectors at fragmentation facilities) in
order to reject the environmental background. Examples of active TAS setups are Lucrecia
[2], SuN [3], Rocinante [4], MTAS [5], DTAS [6],and HECTOR [7]. The feasibility of using
TAS detectors for the determination of Ig‘s' is discussed in Section 2, highlighting some
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exciting applications in Section 3 and discussing the future
perspective of this kind of measurements in Section 4.

2 Methods for the determination of Ig's'
using a TAS

2.1 Deconvolution

The traditional method employed in the TAGS analysis to
determine the f-intensities from experimental spectra is based on
applying a deconvolution method for the solution of the inverse
problem in Equation 1 [8]:

levels

d; = Z R;; (B)fj +GCi, (1)
j

where f ; represents the number of decay events feeding level j in the
daughter nucleus, d; is the number of counts in channel i of the
experimental TAGS spectrum, C; accounts for all contaminants in
the experimental channel i (electronic pileup, activity of
descendants, etc.), and R; ;i is the response function of the TAS
detector to the f-decay under analysis. This response function, in
turn, depends on the branching ratios (B) de-exciting the states
populated in the daughter nucleus [9, 10]. The response function is
calculated with Monte Carlo (MC) simulations, carefully validated
with standard radioactive sources by comparing experimental and
simulated spectra [9]. As part of R;j, the response to the g.s.-to-g:s.
transition is also calculated, and it gets involved in the deconvolution
process. The associated 3 particles emitted penetrate the scintillation
material of the TAS detector if no absorbers are placed on purpose to
stop them. In the case of f~ decays, it produces a clear fingerprint
with a tailing spectrum peaking at low energies, as shown in Figure 2.
For " decays, the gs.-to-g.s. response includes the positron
annihilation fingerprint with the detection of two 511-keV y-rays,
which enhances the efficiency for the g.s. branch. Note that in this
case, as in the general case of the response associated with feeding to
an excited state, the 3 penetration effect introduces a high-energy tail
in the spectrum when summed to the corresponding y-ray detection.

2.2 4my — B counting method

The 47y — f method is complementary but independent to the
deconvolution of TAGS spectra presented in the previous section. It was
proposed by Greenwood et al. 30 years ago [11] and applied to the study
of the 3-decays of several fission fragments. Recently, it was revisited,
corrected, and extended for the case of f-delayed neutron emitters [12].

This method relies on the determination of the experimental ratio
R = Ng,/Np, where N pis the number of counts detected in the ancillary
B detector and N, is the number of counts registered in coincidence in
both the TAS and the 3 detector. For the decay of interest, both numbers
of counts must be corrected by subtracting all possible contaminants:
electronic pileup, activity of descendants, etc. The same contaminants
with the same normalization factors are taken into account in the TAGS
deconvolution, as discussed in the previous section.

In addition, this method requires the computation of three
correction factors, a, b, and ¢, that are ratios of § efficiencies
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FIGURE 1
Simulated asymmetry coefficient as a function of the I* for two

/
B decays with different Qg. In the simulation, the Rocinante detector

[4] was used in coincidence with a 0.5-mm-thick Si detector. A
schematic view of the detector is shown in the inset with forward
(F) and backward (B) modules highlighted in red and green,
respectively.

computed by means of MC simulations. The detailed definition
of these terms is given in [12]. The response function R;; used for the
TAGS deconvolution can be used for the evaluation of these
correction factors.

With all these ingredients, the 8 intensity probability to populate
the g.s. in the daughter nucleus can be calculated as in Equation
2 [12].

gs. 1-aR

S T 1TbR-C @

The main advantage of this method with respect to the TAGS
deconvolution is that it does not depend on the features of the TAS
spectrum, but only on the integral number of counts. This
minimizes the impact of the branching ratio matrix (B), which
plays a crucial role in the reproduction of the structures of peaks
found in the TAS spectrum when using the TAGS deconvolution
method. Additionally, this reduces the associated uncertainty of this
method, as discussed by [12].

2.3 Asymmetry in segmented spectrometers

This novel method, introduced here for the first time, relies on
the fact that for g.s.-to-g.s. - transitions, the coincidence between
an ancillary f detector and a segmented TAS detector is not
symmetric with respect to the beam direction and the placement
of the 8 detector. At ISOL facilities, the beam is typically implanted
on a movable tape for the accumulation of the radioactive sample of
interest and subsequent removal of the activity of the descendants.
The ancillary detector for  tagging is placed in front of the
implantation tape, normally covering less than half of the total
solid angle subtended at its center. Before depositing energy in the
modules of the segmented TAS (referred before as f§ penetration), 8
electrons emitted from the tape leave some energy in the  detector.
For this reason, TAS modules placed behind the f detector (in
forward direction with respect to the beam) will register more
coincidences for g.s.-to-g.s. transitions than those modules placed
in front of the f3 detector (in backward direction with respect to the
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beam). A schematic view is shown in the inset of Figure 1 for the 12-
fold segmented Rocinante detector [4].

For each event, the module multiplicity M, in a segmented TAS
represents the number of modules that register a signal above the
threshold. The probability of § penetration in more than one module
depends on the dimensions of the crystals, the material, and the
energy of the f3 electron, but in normal conditions, events associated
with g.s. feeding can be assumed to have mostly M,,=1.

For the coincidence spectrum between a segmented TAS and the
corresponding ancillary  detector with the M,,=1 condition, the
following asymmetry coefficient A in Equation 3 can be defined:

F

~05(F+B) 3

where F is the number of counts in the forward TAS modules and B is
the number of counts in the backward TAS modules after subtraction of
all contaminants (one again electronic pileup, activity of descendants
etc.). The coefficient thus defined is ideally 1 when y-rays are emitted
isotropically together with f3 electrons, and it is larger than 1 for g.s.-to-
gs. transitions. For a certain decay with the -energy window Qg, the
asymmetry coefficient can be computed as a function of the I ‘Z‘s' value
by means of MC simulations. The experimentally obtained asymmetry
coefficient can be then employed for the determination of I Z‘S' by linear
interpolation. Figure 1 shows the asymmetry coefficient evaluated for
two different  decays simulated by means of the Geant4 package [13].
The DECAYGEN event generator [10] served as input with different
Ig" values and realistic feeding distributions and branching ratio
matrices for the remaining parts of the decay schemes. Increasing
sensitivity of the asymmetry coefficient is observed with increasing Q.

As in the case of the 47y — f counting method, the use of the
asymmetry coefficient is complementary but independent of the
deconvolution of TAGS spectra. It relies on carefully validated MC
simulations and needs normalized contributions for all
contaminants, but this method is also expected to be less

influenced by the branching ratio matrix (B).

3 Applications

Proper knowledge of the f feeding probabilities, which carry
information about the overlap between parent and daughter nuclear
wave functions, is essential for the understanding of the underlying
nuclear structure through comparisons between experimental values
and theoretical calculations. As discussed in Section 1, in practical
terms, the T g's' value acts as a normalization for the rest of  intensity
probabilities, and it may play a crucial role in many f decays, with a
great variety of applications: environmental dose evaluation, reactor
calculations, isospin symmetry studies, double -decay systems, electro-
weak tests, nuclear astrophysics, etc. In this section, three stimulating
applications will be featured.

3.1 Reactor physics: decay heat and reactor
antineutrinos

In nuclear reactors, due to the radioactivity of fission fragments,
an average of six f decays occur per fission. The energy released by
this $-decay radioactivity, commonly known as decay heat, mainly
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involves the emission of electrons, antineutrinos, and y-rays de-
exciting levels populated in the daughter nucleus. The decay heat is
thus associated with the f-intensity probabilities of each of such
decays, and its evolution depends on the activity of each fission
fragment, shaped by the corresponding half-life, and fission yield
(FY). For a recent review, see Ref. [14]. The same applies for the
understanding of reactor antineutrino spectra in the field of neutrino
oscillation experiments as shown by [15] and references therein. Due
to the commonly large Qg of these cases, the TAGS technique is
especially suitable in order to avoid the Pandemonium effect [16].
Following priority lists established by the International Atomic
Energy Agency (IAEA) [17], the TAGS measurements of the
most relevant 8 decays to the reactor decay heat and the reactor
antineutrino spectrum have been carried out in the last 20 years
[14, 15].

A significant part of the 3 decays that contribute the most both
to the reactor decay heat and the reactor antineutrino spectrum,
because of their significant FY, exhibit large I values. Some
examples are ’Rb [95.2(7)%, 4.82(7)%], **Rb [35(3)%, 3.55(4)%],
1Y [41(4)%, 6.45(6)%], **Sr [55.7(25)%, 5.27(7)%], ***Y [95.5(5)%,
6.0(10)%], '°Cs [35.9(17)%, 5.72(8)%], and '**Cs [56(5)%,
2.72(8)%)], where Ig's' values and cumulative FY for ***U, both
from ENDF [18], are, respectively, quoted in brackets. Note that
all these g.s.-to-g.s. branches are forbidden f transitions.

In the past years, the shape of forbidden f transitions has
attracted a lot of attention since it carries information about
fundamental properties of the weak interaction, such as the ratio
between the vector and the axial-vector coupling constants [19], and
they may serve as proofs of non-standard model components [20].
In addition, the shape of forbidden f transitions plays a crucial role
in the understanding of the discrepancies found between calculated
and measured reactor antineutrino spectra [21-25]. In this context,
an important effort is being taken to study the f3 spectral shapes of
the most relevant 8 decays for the reactor antineutrino spectrum,
both from a theoretical point of view [26-29] and with novel
experimental approaches [30].

In the near future, it will be of great interest to study the impact
of theoretical and experimental shape factors for forbidden
transitions in the application of the TAGS technique, in
particular with the deconvolution method. In some particular
cases, the shape of the emitted S spectrum may affect the
response function of the TAS detector for the g.s.-to-g.s. branch.
This is something already shown by the MTAS collaboration for the
first forbidden unique transition **Rb(27) — ®Sr(0%) [31].
Analogously, Figure 2 shows Geant4 MC simulations of the
response of DTAS to the f electrons of the 27 — 0% g.s.-to-gss.
first forbidden unique transition from the decay of *Y into *'Zr (Q
of 49,18(6) keV [32]). As input for these simulations, we have used
1) a f3 spectrum assuming an allowed shape calculated with the
subroutines from the logFT program of NNDC based on Ref. [33]; 2)
the allowed f spectrum from 1) multiplied by the reference shape
factor from shell model calculations by Hayen et al. [26, 27]; 3) the
allowed 8 spectrum from 1) multiplied by the reference shape factor
from projected shell model calculations by [28]; and 4) a § spectrum
calculated using the BetaShape code [34] considering all available
corrections. The different -shape factors clearly affect the response
to the g.s.-to-g.s. branch, as shown in Figure 2. The impact on the
experimental determination of I g's‘ is still under evaluation, pointing
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FIGURE 2

MC simulated response of the DTAS detector in coincidence with

a 3-mm thick g plastic detector for the g.s.-to-g.s. first forbidden
unique transition 24Y (27)—%4Zr0*. Different theoretical B spectra are
used as input for the simulation of emitted electrons (see text

for details).

to the importance of verifying the influence and systematic
uncertainty introduced by different sets of corrections in those
cases, where these calculated shape corrections are large and the
g.s.-to-g.s. branch is expected to be strong.

3.2 Astrophysics: the Urca
cooling mechanism

The Urca cycle is a neutrino cooling process considered in
different astrophysical scenarios (neutron stars, presupernova stars,
white dwarfs, and type-Ia supernovae), where a pair of nuclei cool
down the environment by means of sequential electron capture (EC)
and 3~ decays [35]. This process becomes possible for some nuclear
pairs when the chemical potential of the electron gas in the
astrophysical environment is larger than Qgc, in order to allow
the EC from the (Z, A) nucleus to the (Z — 1, A) partner, but does
not exceed it by more than ~100 keV for typical temperatures, in
order not to block the phase space for electron emission back to the
(Z, A) nucleus via §~ decay. In practical terms, this implies that g.s.-
to-g.s. transitions are the most important ones contributing to this
process, although it was recently shown that considering also
transitions to low-lying excited states has a non-negligible
influence in the neutrino luminosities of Urca pairs for neutron
stars [36]. The cooling rate associated with the Urca process depends
on the ft values of the transitions involved, where f is the statistical
rate function and ¢ is the partial half-life, determined from the total
half-life, T/, and the  intensity probability of this transition. The
I Z'S' value is thus essential to evaluate the impact of each Urca pair.
The first TAGS experiment in this line has been performed by the
SuN collaboration at the National Superconducting Cyclotron
Laboratory (NSCL), measuring the 3~ decay of *'V [37], the Urca
partner of *'Cr. It would be very interesting for the understanding of
the Urca different
environments to perform new TAGS measurements of the most

cooling mechanism in astrophysical
relevant Urca pairs, as the ones identified for neutron stars by [38,
39]. In particular, Urca pairs in the crust of neutron stars have larger
Qgc windows than ocean Urca pairs [39], and they are expected to
be affected by larger uncertainties due to the Pandemonium effect.
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3.3 Weak-interaction studies: superallowed
transitions

In order to improve our understanding of the electro-weak
interaction, pure Fermi superallowed 0" — 0" f transitions have
been employed for more than 50 years to test the conservation of
the vector weak current (CVC) and provide us with a precise value of
the V4 element of the Cabibbo-Kobayashi-Maskawa (CKM) quark
mixing matrix [40]. An independent determination of V,,; has been
recently proposed based on superallowed mirror f transitions between
analog T =1/2 states in mirror nuclei (mixture of Fermi and
[41]. The ft values for these superallowed
transitions, and, thus, the corresponding gs.-to-gs. S-intensity

Gamow-Teller)

probabilities, are key ingredients for precision tests. In many cases,
I g‘s' is not known experimentally or does not have enough precision to
be considered for weak-interaction tests. In addition, for those that are
currently included in such tests, 15 pure Fermi transitions [40] and
8 mirror transitions [42], the limitations in determining Ig's' with
traditional approaches may bias the adopted values. In particular, the
possible Pandemonium effect in the determination of these
superallowed branching ratios was raised by Hardy and Towner
[43], and it is
medium-heavy nuclei, where there may be a competition between

expected to be particularly important in

the superallowed branch and numerous weak allowed branches
populating excited states at higher excitation energies. A recent letter
of intent at ISOLDE proposes the use of the Lucrecia TAS to determine
superallowed branching ratios of medium nuclei free from the
Pandemonium effect [44]. TAGS studies for these cases will also
allow the validation of the procedures employed to precisely
estimate the missing S intensity in experiments with HPGe
detectors, based on the y intensity going through low-lying collector
states combined with theoretical calculations [45-47].

As we approach the drip line for N = Z nuclei, the number of
superallowed decays accessible at ISOL facilities is limited, and in-flight
production techniques are needed. The role of the most advanced
fragmentation facilities, FRIB, GANIL/Spiral-2, FAIR/GSI, and RIKEN,
will be crucial for the extension of the number of studied superallowed
decays. Some cases without known superallowed branching ratios have
already been produced in these laboratories, such as *In and **Ag at
RIKEN [48] and ®Nb, *Tc, and *Rh at GSI [49]. The presence of
isomers and the energetically possible -delayed proton(s) emission will
complicate the determination of the gs. feeding probability in
these cases.

4 Discussion

Inthis work, the ability of TAS detectors to obtain the -feeding
probability to the g.s. was discussed on the basis of three independent
methods. The deconvolution method is linked to the standard
application of the TAGS technique and has been proven to
successfully determine Ig‘s‘ in many 3~ cases [4, 27, 31, 37, 50-62]
and in a few 8*/EC decays such as **Cu [63] and recently in Ga [64].
The revisited 47y — 3 method has only been applied experimentally
with the DTAS detector for 8~ decays [12, 60] and successfully tested
with MC simulations for Lucrecia in the superallowed 3*/EC decay of
®Ga [44]. It will be crucial to verify its potential to improve the precision
with respect to the deconvolution method by using other TAS detectors
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and studying more f3-decaying cases. The novel method based on the
asymmetry coefficient proposed here for segmented spectrometers calls
for an experimental validation with an uncertainty survey. Due to their
complementarity, a deep comparison of the three methods and their
associated uncertainties would be of great interest. Given that all these
methods rely on MC simulations, it would also be desirable to test the
systematic uncertainties and limitations introduced by the electron/
positron models implemented in commonly used simulation codes
such as Geant4. The MC validation of experimental measurements of
pure B emitters, such as *Sr-"°Y or *P, would be helpful. In connection
with this, the aforementioned impact of the 3 shape corrections also
needs a careful investigation. These technical advances would boost the
robustness of future high-impact results such as those outlined in
Section 3. In the coming years, the well-consolidated reactor physics
application will benefit from ongoing f3 spectral studies [65] and from
the measurement of the remaining f3 decays with strong g.s. branches in
nuclear reactors. The recently proposed application for Urca cycle
studies [37] evinces a direct impact of gs. branches in nuclear
future
measurements. Finally, future work linking I g’s' with fundamental

astrophysics, suggesting an exciting opportunity for

properties of the weak interaction represents a novel approach for
these studies and for the TAGS technique. The feasibility of such a
proposition for the extraction of precise enough results for weak-
interaction validations needs to be verified in the coming years.
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