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B Decay Spectra Measurements for the Study of Reactors’ Antineutrino Spec-
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Abstract. Updated reactor antineutrino spectra predictions, based on the Huber-Muller Conversion model,
revealed discrepancies known as the Reactor Antineutrino Anomaly (RAA) and the spectral “bump”, raising
concerns about the accuracy of the models and data used for these predictions. Consequently, improved nuclear
data measurements are essential. The Summation method, an alternative to the Conversion model, may offer
more accurate reactor antineutrino spectra predictions. Since a relative small number of fission products signif-
icantly contribute to antineutrino spectra in a region where the “bump” is prominent, precise measurements of
3~ spectra are crucial. This report presents preliminary steps needed for the analysis of the ®>Rb 8~ spectrum
measured at IGISOL, such as the Monte Carlo model validation.

1 Introduction

Nuclear reactor facilities are intense sources of electron
antineutrinos (v,) due to the 8~ decays of neutron-rich fis-
sion products. These facilities have been widely utilized to
study v properties, such as the 6;3 mixing angle [1-3]. The
detection of v,s is performed in large scintillator detectors
via the inverse beta decay reaction.

Measurements at near baselines (less than 100 m) have
revealed discrepancies between the measured and pre-
dicted ¥, spectra, commonly referred to as the Reactor An-
tineutrino Anomaly (RAA) and the spectral “bump” [1-3].
The RAA is the deficit of measured reactor ¥,s (flux) rela-
tive to theoretical predictions. The “bump” is a distortion
in the measured ¥, energy spectrum, around the 6 MeV
kinetic energy region of ¥,, compared to predictions after
renormalization.

There can be several potential sources of these discrep-
ancies. The anomaly could hypothetically arise from un-
known physical effects beyond the Standard Model, such
as the existence of sterile neutrinos, which might cause the
disappearance of ¥,s at near baselines due to v oscillations.
The detection of ¥,s may be affected by systematic errors
associated with the detectors or the methods used for data
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gathering. Additionally, there may be inaccuracies in the
characterization of fuel of reactors.

To address the questions related to the RAA and the
“bump,” the e-shape collaboration aims to improve rele-
vant nuclear data and use more accurate nuclear models
employed in the calculation of reactor ¥, spectra. This is
accomplished by precisely measuring the 8~ decay spectra
of relevant fission fragments associated with the discrep-
ancies found in reactor v, observations. These measure-
ments are essential to determine appropriate models of 8
feedings and shapes for improving reactor v, spectra pre-
dictions.

The conversion method [4, 5] has conventionally been
used for calculating reactor v, spectra. It uses the cumula-
tive 8~ spectra of the fissile isotopes (***U, 23U, 2°Pu,
and 2*'Pu) in the fuel of reactors to construct their re-
spective v, spectra by fitting virtual S~ branches to these
cumulative 3 spectra. Recently, Huber and Muller revis-
ited the conversion method [6, 7] by using updated nuclear
databases and improving the procedure for calculating v,
spectra. Nonetheless, these revisions lead to the RAA and
the “bump” [1].

The e-shape collaboration uses the summation method
[8, 9] as an alternative to the conversion method. This is
an ab initio method for calculating v, spectra predictions,
where the cumulative 5~ (¥,) spectra of reactors are recon-
structed from the weighted sum of all of the contributing
individual 8~ (¥,) spectra of the radioactive isotopes pro-
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duced in reactors. The total spectrum Sy of the k™ fissile
isotope is constructed as

Sk = Z Ari fivn Siv » (D
)

where Ay is the activity of the i radioactive isotope, f;j
is the 3 feeding of the S transition from the i parent iso-
tope to the b nuclear energy level of the respective daugh-
ter isotope, and S is the B~ (¥,) spectrum of the corre-
sponding g transition. The activity (Ax;) of the radioac-
tive isotopes is related to the fission yields of the fission
fragments, provided in evaluated databases [10]. Different
B feedings (fi,) and S~ (ve) spectra shape (S, b) models
must be compared with accurate experimental data to pro-
duce reliable results with the summation method.

B feedings can be determined from the de-excitation
schemes of daughter nuclei by measuring their y-rays with
HPGe detectors in high-resolution experiments. However,
these S feedings may be affected by the Pandemonium ef-
fect [11, 12], defined as the overestimation of § feedings
to low nuclear energy levels of the daughter nuclei, caused
by the low detection efficiency of HPGe detectors for low-
intensity and high-energy y-rays. The Total Absorption
Gamma Spectroscopy (TAGS) technique provides exper-
imental S feedings free from the Pandemonium by mea-
suring y-rays from the de-excitation of daughter isotopes
using detectors with high efficiencies that cover almost the
whole solid angle around the decaying nuclei [12].

Recent works have put the RAA into question by re-
ducing the flux discrepancy from 6 to 1.9% by employing
the summation method with Pandemonium free 3 feedings
[9], utilizing the most reliable experimental data to date
[3]. Additionally, it has been proposed that including ap-
propriate nuclear shape factors for first-forbidden g tran-
sitions associated with relevant 8~ decays that contribute
to reactor ¥, spectra may help to address the issue of the
RAA and “bump” [13, 14].

Consequently, accurate 8~ spectra measurements to
calculate reliable reactor v, spectra predictions are crucial.
Among the hundreds of S~ decays that occur in a reactor’s
core, around 30 out of 280 5 decaying levels contribute up
to 90% to the total ¥, spectrum in the energy region where
the “bump” is present [15]. Therefore, it is only neces-
sary to measure the most intense 8~ decays in this energy
region to try to reduce the “bump” [14].

2 e-shape detectors

The e-shape collaboration developed two e-shape detec-
tors to measure the shapes of 5~ spectra of interest to ad-
dress the issues in reactor ¥, spectra observations. These
are electron telescopes (AE-E) detectors designed to de-
tect electrons in coincidence while rejecting y-rays [16].
The detector’s AE part is a thin Si layer of 527 um thick
and an active area of 50x50 mm?. The E part is a plas-
tic scintillator shaped like a truncated pyramid, with its
base rounded and its top cut to match the active area of the
Si detector. The e-shape detectors reject y-rays in coinci-
dence because the Si has a negligible efficiency for y-ray

detection due to its small thickness. Fig. 1 shows an e-
shape detector mounted.

Figure 1. e-shape electron telescope detector mounted.

3 1233 Experiemnt

To measure accurate shapes of 8~ spectra, it is essential to
count with isotopically pure radioactive beams of the iso-
topes of interest to minimize shape deformations caused
by contaminantions. The IGISOL-4 facility [17] at the
University of Jyvéskyld has an online mass separation sys-
tem capable of generating highly pure radioactive beams
suitable for the collaboration. The purification process at
IGISOL-4 is performed initially with a dipole magnet, fol-
lowed by final purification in JYFLTRAP, a state-of-the-art
double Penning trap [18].

The e-shape collaboration conducted the 1233 experi-
ment at IGISOL-4 in January 2022. Several cases of cali-
bration, Monte Carlo validation, and interest, like the “>Rb
B~ decay, were measured. Radioactive beams were im-
planted in a tape in front of the e-shape detector within a
vacuum chamber. The tape could be periodically moved
to reduce the contamination of unstable daughter isotopes
on the 5~ spectra of the parents.

4 Shape Correction Factors

To analyze the experimental data, first it is necessary to
validate the Monte Carlo model of the experiment to gen-
erate the response matrices of the e-shape detectors. The
response matrix is used to perform the deconvolution of
the experimental S~ spectra as they are deformed due to
the energy distribution of electrons in the plastic detector.
To validate the Monte Carlo, simulated spectra must re-
produce the corresponding experimental results. To do so,
the implemented geometry must accurately reproduce the
experimental setup and the models of the shapes of simu-
lated spectra have to account for the physical phenomena
that affect the shapes of the measured 5~ spectra.

The shape of the 8 decay spectrum, accounting for the
Fermi theory of 8 decay and including nuclear and atomic
effects, can be written in natural units as

S(W) o« gW(Wy — W)? Fo(Z, W) C(Z, W)K(Z, W), (2)
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where nW(W, — W)? is known as the statistical factor,
with i representing the electron momentum, W the total
electron energy, and W, the maximum total electron en-
ergy for the corresponding f transition. Fy(Z, W) is the
Coulomb Fermi function, where Z is the atomic number
of the daughter isotope. C(Z, W) is the nuclear shape fac-
tor, which accounts for the nuclear structure information,
and K(Z, W) contains other higher-order correction factors
that consider additional atomic, nuclear, and weak interac-
tion effects [19].

For allowed transitions, nuclear shape factors can be
considered as 1, as they do not depend on the electron ki-
netic energy. Conversely, nuclear shape factors for forbid-
den transitions vary with the electron kinetic energy, mak-
ing them case-dependent and requiring the calculation of
specific form factors [14]. In the 1233 experiment, both al-
lowed and first-forbidden 8~ spectra were measured. Nu-
clear shape factor corrections for relevant first-forbidden
[ transitions, calculated by [14], can be used to gener-
ate simulated and predicted spectra for the correspond-
ing measured cases. Additionally, sets of allowed shape
correction factors proposed by Huber [6] and Hayen et al.
[19] can be included in K(Z, W).

The allowed shape correction factors used in this work
were the finite size of the nucleus, weak interaction finite
size of the nucleus, radiative correction, atomic screen-
ing, atomic exchange, atomic mistmatch, nuclear recoil,
distorted Coulomb potential due to recoil, and weak mag-
netism terms [6, 19].

5 Monte Carlo Validation

The analysis of the experimental data relies on the decon-
volution of the measured 8~ spectra. This procedure is es-
sential as measured coincidence spectra are distorted due
to the incomplete absorption of the energy of electrons in
the plastic detector. The original 8 spectrum is obtained
by solving the inverse problem

d=R-3+C 3)

using iterative deconvolution algorithms [20], where dis
the experimental 8~ spectrum, R is the response matrix of
an e-shape detector, d is the original (deconvoluted) spec-
trum, and C represents the contributions from background
and contaminants.

The response matrix for each e-shape detector is con-
structed using simulated spectra of monoenergetic elec-
trons. For this purpose, Geant4 simulations [21] are em-
ployed. As noted above, to reproduce the experimen-
tal results with the corresponding simulated spectra, the
Monte Carlo model must accurately replicate the experi-
mental setup and account for the physical interactions of
the particles. If the simulations successfully reproduce the
experimental data, the Monte Carlo model is considered
validated, allowing for the calculation of reliable response
matrices.

The ''“Pd-'*Ag B~ decay chain, given by the scheme

tip=4.6s

114Pd t12=2.42 min 114

114Cd ,

Quar= 1.440 MeV Quar= 5.087 MeV

was measured for validation and calibration purposes.
This decay chain was selected as their decays are dom-
inated by allowed transitions, with g3 feedings well-
determined from high-resolution experiments, as reported
in the ENSDF database [22-24]. Fig. 2 shows the mea-
sured ''“Pd-'"*Ag B~ spectrum compared with simulated
spectra generated with ENSDF 3 feedings and shape mod-
els based on the Fermi Function alone, Hayen corrections
[19] with the Weak Magnetism term, and Huber correc-
tions [6].
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Figure 2. Comparisons of the ''“Pd-'"* Ag experimental 8~ spec-
trum against simulated spectra for the validation of the Monte
Carlo model.

Fig. 2 shows that the simulated spectra suitably re-
produce the experimental data. Fig. 3 illustrates the cor-
responding relative differences between the simulated and
experimental spectra. The relative differences are around
3% in most of the energy regions of the parent and daugh-
ter nuclei decays. These values confirm the successful val-
idation of the Monte Carlo model, as they fulfill the es-
tablished criterion for this study, which requires relative
differences below 5% for validation.
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Figure 3. Relative differences of the simulated spectra respect to
the “Pd-""* Ag experimental 8~ spectrum.

6 Spectra Analysis

After validating the Monte Carlo model, response matri-
ces for the e-shape detectors were constructed using simu-
lated spectra of monoenergetic electrons with kinetic ener-
gies ranging from 20 to 9000 keV, in steps of 20 keV. Fig.
4 presents a 3-D view of the calculated response matrix
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for one of the e-shape detectors. The x-axis, referred to
as “DATA channels”, represents the channels of the simu-
lated spectra, which correspond to the deposited energies
of the electrons in the plastic detector. The y-axis, labeled
as “MODEL channels”, represents the initial kinetic ener-
gies of the simulated electrons, which correspond to the
expected energies of the detected electrons.
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Figure 4. 3-D view of the normalized response matrix for per-
forming deconvolutions to the plastic coincidence 8~ spectra.

The calculated response matrix must then be included
in Eq. (3), to solve the equation iteratively to obtain
the original (deconvoluted) spectra using the Expectation-
Maximization deconvolution method based on the Bayes
theorem [20]. The “>Rb experimental 8~ spectrum, pre-
sented in Fig. 5, is expected to be deconvoluted using the
tools mentioned in this report.
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Figure 5. Measured °>Rb coincidence 3 spectrum registered in
the plastic detector [25].

As commented above, to obtain reliable deconvolu-
tions, it is important to consider that the daughter nucleus
of 22Rb, *?Sr, is unstable and has a half-life comparable to
that of the parent nucleus. Consequently, tape moving cy-
cles were required for the *>Rb decay measurements to re-
duce the contamination from the 8~ decays of the daughter
on the parent spectrum. For the case of the >Rb, the tape
was moved every 22.49 s. Theoretical and experimental
values for the contamination proportion of *2Sr were de-
termined and used to clean the *’Rb experimental 3~ spec-
trum, using simulations of the contaminating spectra.

7 Conclusion

This report shows improvements in the validation process
of the Monte Carlo model of the 1233 experiment com-
pared with previous results reported in the NSD2022 con-
ference [25]. This achivement is related to a better deter-
mination of the calibration of the experimental data. Fu-
ture works will show the results of the ongoing deconvo-
lution of the ®’Rb experimental 3 spectrum, among other
cases of relevancy for expleaning the RAA and “bump”.
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