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Abstract The 2028 decay of "ONd to the first excited
740.5 keV Of level of 13°Sm was measured over 5.845 years
with the help of a four-crystal low-background HPGe y spec-
trometry system in the underground low-background labora-
tory STELLA of LNGS-INFN. A 2.381 kg highly purified
Nd-containing sample was employed as the decay source.
The expected de-excitation gamma-quanta of the OT level
with energies 334.0 keV and 406.5 keV were observed both
in one-dimensional spectrum and in coincidence data result-
ing in the half-life Tj, = [0.837013(sta) 7015 (syst)] x
10?0 year. Interpreting an excess of the 334.0-keV peak
area as an indication of the 28 decay of ''Nd to the
334.0 keV 2] excited level of °°Sm with a half-life of
T = [I.Sféig(stat) + 0.4(syst)] x 1020 year, the 2v28
half-life of 1°Nd for the transition to the OT levelis Ty o =
[1.031‘833(stat)fgiig(syst)] x 1020 year, in agreement with
the previous experiments. Both half-life values reasonably
agree with the theoretical calculations in the framework

4 e-mail: rita.bernabei @roma2.infn.it (corresponding author)
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of proton-neutron QRPA with isospin restoration combined
with like nucleon QRPA for description of excited states in
the final nuclei. For 2028 and 0v2 transitions of YNd and
148N to several excited levels of °°Sm and '#8Sm, limits
were set at level of 77, > 1020 — 102! year.

1 Introduction

Double-beta (28) decay is a radioactive process of special
interest for nuclear and particle physics taking into account
the great possibilities to study properties of the neutrino and
weak interaction. While the decay mode with emission of
two neutrinos (2v2p) is allowed in the framework of the
Standard Model of particles and interactions (SM), the neu-
trinoless 28 decay (Ov2p) requires new physics beyond the
SM since lepton number conservation is violated in the decay
and it is possible if the neutrinos are massive Majorana par-
ticles [1-8]. The Ov2p8 decay is a fundamental process that
provides crucial insights into the properties of neutrinos and
weak interactions. This phenomenon has driven nearly eighty
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years of experimental research and continues to inspire new
investigative efforts and future experimental plans thanks to
a great potential to explore effects beyond the SM. The most
sensitive experiments set half-life limits for several nuclides
atalevel of T2 > 102 — 1020 year, that allowed (assum-
ing the light Majorana neutrino exchange mechanism of the
decay) to bound the effective Majorana mass of the neutrino
as (m,) < 0.05-0.5 eV [9-16].

The large spread of the (m,) values is attributed to the
limitations and uncertainties of different nuclear models,
which prevent the current nuclear theory from providing reli-
able Ov28 nuclear matrix elements (NMEs) [2,17]. How-
ever, employing appropriate nuclear probes such as the 2v28
decay [18], ordinary muon capture [19], nucleon transfer
reactions [20], double gamma decay [21], single charge
exchange [22], and double-charge exchange reactions [23]
can help reduce the uncertainty associated with their calcula-
tion. Although these studies do not directly access the Ov2 8-
NMEs, they offer valuable information for achieving this
objective. Accurate measurements of the allowed 2v2 8 decay
channels can constrain some of the nuclear model parame-
ters, like the strength of the isoscalar particle—particle interac-
tion of the nuclear Hamiltonian [24], and act as a benchmark
for the model in studies of Ov28 decay, as the calculations
for the Ov28 mode use the same components as those for the
2v2 8 mode. Both decay modes are governed by second-order
weak interaction operators, connecting the same initial and
final nuclear states. The main difference lies in the fact that
the 2v28 and Ov28 NMEs are given by transitions through
1T and all multipoles of the intermediate nucleus, respec-
tively.

There is also a continuous experimental and theoretical
interest in 0v28 and 2v28 decay to excited 0" and 2+ states
[25-31]. There is a possibility to distinguish between the
various 0v28 decay mechanisms by studying the branching
ratios of Ov28 decays to excited 07 [32,33] and 2 [34,35]
states. The study of the 2v2 8 decay to excited states allows us
to address practically the same problems as the investigation
of the transition to the ground state, namely the problem
of the isospin and spin-isospin symmetry violation in nuclei
and various beyond the SM physics scenarios, including non-
standard interactions [36], sterile neutrinos [37], presence of
partially bosonic neutrinos [38], etc.

The 2v28 decay has already been observed for several
radionuclides with half-lives in the range T} » ~ 10! —10%*
year [39—41]; for some of them the half-lives are determined
with rather small uncertainties at a level of few % (see, e.g.,
[27,42-44] and references therein).

150Nd is one of the most promising nuclides for 28 decay
studies thanks to the large decay energy Qo = 3371.38(20)
keV [45] and one of the shortest decay time among the 2
decaying nuclides. However, the experimental precision of
the 2028 decay half-lives for '’ONd is rather modest. The
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Fig. 1 A simplified decay scheme of '>'Nd [49]. The energies of the
excited levels and of the emitted y quanta are in keV (the relative inten-
sities of the y quanta are given in parentheses). The Qg-value for
double-g decay energy of 'YNd is taken from [45], the energies of
the excited levels and of the y transitions are taken from the National
Nuclear Data Center NuDat database [50] accessed December 2024

2128 decay of PONd to the ground state of the daughter
nucleus was measured in three experiments [46—48] with
the most precise half-life value determined by the NEMO-3
detectoras Ty = [9.34:I:O.22(stat)f8:(6)(2)(syst)] x 1018 year
[48]; the weighted average of all three experiments for the
half-life is 7y 2 = (8.4 & 1.1) x 10'8 year [40]. The 2v28
decay of ''ONd was also observed to the Ofr excited level of
its progeny. A simplified decay scheme of °Nd is shown in
Fig. 1, while a historical view of the measured half-lives of
150N related to the 2028 decay to the OT excited level of
150Sm is presented in Table 1.

Taking into account that the 2v2 transition of "Nd to
the 740.464 keV OT excited level of the progeny nucleus
is accompanied by emission of two y quanta with energies
333.961 keV and 406.508 keV', one can utilize y-ray spec-
trometry of a sample containing '>°Nd with high-purity ger-
manium (HPGe) detectors to measure the decay half-life.
The isotope "YNd has a reasonably high natural abundance
8 = 5.638(28)% [54]. Thus we use a sample of high-purity
neodymium oxide (Nd; O3, denoted below as “Nd-containing
material”, see Sect.2.1.1) as source. The material was used
also previously [51], however it was additionally purified in

! Energies of nuclear levels and of y-ray transitions are given below
with one position after the decimal point except when the exact values
are important.
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Table 1 Historical view of the measured 2128 half-lives of '3ONd for the transition to the OT excited level of 1%°Sm. The uncertainties are calculated
by summing in quadrature the systematic and statistical uncertainties of the published results

Experiment description Exposure Half-life, 10%° year Year

(kg of "ONd x year) [Reference]
3046 g of Nd, O3 (natural abundance) 0.190 1.4793 2004 [51]
HPGe 400 cm?, Modane underground
laboratory, 1.29 year, 1-d spectrum
Re-estimation of the result [51] 1.334:8:% 2009 [52]
50g of enriched '**Nd, 03 (8§ = 93.6%) 0.071 1077558 2014 [53]
2 HPGe (= 304 cm? each)
Kimballton Underground Research Facility
1.76 year, coincidence spectrum
46.6 g of enriched '*°Nd>03 (8 = 91.0%) 0.191 111752 2023 [28]
NEMO-3 detector, Modane underground
laboratory, 5.25 year, tracking-calorimetry
2381 g of Nd-containing material (natural 0.574 1.03fg:§g Present study

abundance), 4 HPGe (= 225 cm? each)
LNGS, 5.845 year, 1-d spectrum +

coincidence spectra

(assuming transition
also to 334.0 2}
excited level with
the half-life

Tijp = 15153

the following with the aim to reduce further the amount of the
naturally present radioactive contamination by K, Lu, Th, Ra
and U. Preliminary results of the experiment were reported
in [55-57].

Natural neodymium contains one more potentially 28
active isotope, '“8Nd with abundance § = 5.756(21)% [54]
and a decay energy Qzp = 1928.0(17) keV [45]. As one can
see from its simplified decay scheme (presented in Fig. 2),
2 transitions to excited levels of the progeny can also be
searched for in the present experiment.

The paper is organized as follows. Section2 describes
the purification process of the Nd-containing compound,
the analysis of its chemical composition, and test of the
isotopic composition of neodymium; the low-background
HPGe detector system and its spectrometric characteristic;
the Monte Carlo simulation. Moreover, the experimental
check of the detector system efficiency to y quanta and the
estimate of the Nd-containing sample radiopurity are dis-
cussed too. Section 3 describes the data analysis to determine
the 2028 half-life of 1°Nd for the transition to the 740.5 keV
07 excited level of 1°Sm. The possibility of 202 decay of
150Nd to the 334.0 keV 2] excited level of '*Sm is also
discussed. In addition, this Section describes the analysis of
several other 28 decay channels of °Nd to higher excited
levels of °°Sm, and 2 transitions of 1*8Nd to excited levels
of *8Sm. Section4 describes the theoretical calculations of
the 2028 decay channels of 1Y°Nd to the ground state, to the
2?’ 334.0 keV and 01" 740.5 keV excited levels of 0Sm.
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Fig. 2 A simplified decay scheme of '43Nd [58]. The energies of the
excited levels and of the emitted y quanta are given in keV (the relative
intensities of the y quanta are shown in parentheses). The Q2g-value
for double-A decay energy of *8Nd is taken from [45], the energies of
the excited levels and of the y transitions are taken from the National
Nuclear Data Center NuDat database [50] accessed December 2024

The theoretical predictions are also presented for the 2v2
decay channels of *¥Nd to the ground state, to the ZT 550.3
keV and 0]" 1424.5 keV excited levels of '*3Sm. In the Con-
clusions a summary of the experiment and of the theoretical
calculations is given; the possibilities to improve the exper-
imental sensitivity to the 28 decay processes in '>°Nd with
the emission of y quanta are also briefly discussed.

@ Springer
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2 Experiment
2.1 Sample of Nd-containing material
2.1.1 Purification of Nd»O3

In the previous experiment [51] that used this Nd, O3 sample,
40K 133y, 137, 138 a, 176y, and 232Th, 235U, 238U were
observed at level of ~ mBqg/kg. Despite this already rather
high radiopurity level, an additional purification was done in
order to further improve it.

For this purpose the neodymium oxide was dissolved in
high purity hydrochloric acid:

Nd,03 + 6HCl — 2NdCl; + 3H,0. (1

A partial precipitation of NdCl3; from the solution was
achieved by increasing the pH level up to 6.5 — 7.0 by inflow
of ammonia gas into the solution:

NdCI; + 3NH3 + 3H,O — Nd(OH);3 | + 3NH4Cl.  (2)

In this way a co-precipitation of the Th impurity was
obtained, taking into account that Th hydroxide precipitated
at a pH level lower than the Nd;Os3. Thus, this step was used
to remove some part of thorium traces in the material.

A liquid-liquid extraction method was applied to purify
the remaining material. The solution was acidified with
diluted hydrochloric acid down to pH =~ 1. The obtained

neodymium chloride was then dissolved in ultra-pure deionised

water. A solution of phosphor-organic compound tri-n-octyl-
phosphine oxide (TOPO) in toluene was utilized as a sec-
ond liquid component to use for the liquid-liquid extraction
method, which is based on moving impurity elements with a
higher oxidation to the organic solution [59].

The neodymium hydroxide obtained after the liquid-liquid
extraction was annealed at a temperature &~ 900°C to obtain
purified neodymium oxide:

2Nd(OH); — Nd»03 + 3H,0. 3)

The yield of recovery of the Nd-containing material after
purification and annealing was & 90%. It should be noted
that different analyses, described in the next Section, indicate
the presence of chlorine and water in the material at a level
of several percent. Thus, we call the obtained material “Nd-
containing” instead of “neodymium oxide”.

The Nd-containing powder was pressed into 20 cylinder-
shaped disks of 56(1) mm diameter and 16(1) mm thickness
with masses in the range of (114 — 137) g.

It should be stressed that & 21% of the initial material
passed through the double purification procedure. Thus, the
final sample is expected to be not completely homogeneous.

@ Springer

2.1.2 Chemical composition of the Nd-containing material

The chemical composition of the Nd-containing material was
analyzed by applying several analytical techniques with the
main aim to determine as precisely as possible the amount
of neodymium which is important to calculate the number
of 159Nd nuclei. Four samples, denoted below as “A”, “B”,
“C” and “D”, with masses 1.82 g, 2.06 g, 7.2 g and 13.8
g, respectively, were taken from different tablets on October
30th, 2019. Four more samples (“E”, “F”, “G” and “H”) with
masses &~ 2 g each were taken on April 6th, 2023.

The presence of water and other possible volatile compo-
nents in the material was searched for by thermogravimetric
analysis (TGA). Two aliquots of sample A were heated apply-
ing different temperature regimes: one aliquot was heated
for 3h in a ceramic crucible at 120°C (resulting in a weight
loss of 1.11%?2) and then 2h at 600°C (the weight loss was
5.71%). The total weight loss was 6.82%. The second aliquot
was heated for 3 h at 600°C resulting in a weight loss 6.75%.
Sample B was treated in a muffle using a quartz crucible at
600°C for 12h (the crucible was previously heated at 600°C
for 2h in order to eliminate humidity traces). The weight loss
was 3.5%. The results of the measurements are presented in
Table 2.

The coulometric Karl Fischer Titration (KFT) method was
used to determine traces of water in the sample. Aliquots of
samples A and B were treated in a muffle using a quartz cru-
cible at 600°C for 12h. The crucible was previously heated
at 600°C over 2h in order to eliminate humidity traces. The
water amount determined by KFT, 0.8(2)% before heating
and 0.4(1)% after, is lower than the weight loss observed by
TGA. Application of the KFT to samples C and D (without
heating) gave weight losses 1.5(3)% and 1.9(3)%, respec-
tively. The difference in the TGA and KFT results can be
explained by the sensitivity of the KFT technique to free
water only, whereas most of the water could be present
as hydration molecules weakly bound to the material com-
pounds. Part of the weight loss observed in the TGA could
also be due to volatile C-, Cl- and Nd-containing compounds.

Owing to the use of HCI in the purification procedure
(see Sect.2.1.1), the purified Nd,O3 may contain chlorine.
The concentration of Cl was measured by Inductively Cou-
pled Plasma Mass Spectrometry (ICP-MS), by Energy Dis-
persive X-ray Fluorescence spectrometry (ED-XRF), and by
Ion Chromatography (IC).

The ICP-MS equipment (Agilent model 7850, equipped
with ASX 520 autosampler by Cetac) was operated in Helium
mode acquiring the 3Cl isotope which showed much lower
background in comparison to the *’CI (likely due to an inter-
ference with 3°Ar'H). Two aliquots taken from samples A

2 All the concentrations here and below are given in weight percentage,
wt%.



Eur. Phys. J. C (2025) 85:174

Page 50f30 174

Table 2 Chemical composition of the Nd-containing material mea-
sured by different methods. The final and corrected values are given.
The abbreviations of the methods are as following: TGA is thermo-
gravimetric analysis, KFT is coulometric Karl Fischer titration method,

ICP-MS is Inductively Coupled Plasma Mass Spectrometry, ED-XRF
is Energy Dispersive X-ray Fluorescence spectrometry, IC is lon Chro-
matography, CMT is Complexometric titration method and ICP-OES
is Inductively Coupled Plasma Optical Emission Spectrometry

Element, compound Sample Concentration Method of analysis
Volatile A,B 6.8%, 3.5% TGA
components E,F, G H 8.0%, 8.8%, 3.0%, 3.3% TGA
Free H,O A, B 0.4(1)%, 0.4(1)% KFT (after heating at 600°C)
B 0.8(2)% KFT (no heating)
C,D 1.53)%, 1.9(4)% KFT (no heating)
Cl A,B 5.8%, 11.3% ICP-MS
C D 1.2%, 1.0% ED-XRF
C D 0.2%, 2.3% IC
Nd C,D 72.8(5)%, 73.5(6)% CMT
E,F, G H 73.5(71) %, 74.4(7)%, 74.9(7) %, 74.3(14)% CMT
C D 73.9(10)%, 73.4(10)% ICP-OES
C D 71.4(22)%, 68.1(18)% ED-XRF
Eu B < 5ppb ICP-MS

and B were measured twice before and after heating them
at 600°C, showing Cl concentrations of 5.8% and 11.3%,
respectively (with no dependence on the thermal treatment).

The measurements of the chlorine content in samples C
and D were carried out by the ED-XRF technique with an
Elvax-Light X-ray spectrometer (Elvatech, Ukraine) in He-
mode. The apparatus was calibrated using a mixture of ana-
lytical grade Nd>O3 (product of the Merck company) with
addition of KCI changing the Cl concentration from 0.01% to
20.0%. The analysis gives in the samples a CI concentration
of 1.2% and 1.0% respectively. However, it should be stressed
that the measurement of Cl is close to the limit of the Elvax-
Light spectrometer capabilities: the lightest element that the
device can measure is sodium. Thus, the method might not
be fully reliable for Cl measurements.

In samples C and D the chlorine concentrations measured
by using IC (LC-20 Prominence with CDD-10AVP detector
and SIL-20A autosampler, Shimadzu) are 0.2% and 2.3%,
respectively (the concentration of Cl in the pure analytical
grade Nd; O3 was measured as 0.004%).

Three methods were applied to measure the neodymium
concentration in the material: Complexometric titration
method (CTM), Inductively Coupled Plasma Optical Emis-
sion Spectrometry (ICP-OES) and ED-XRF. In the CMT
method two aliquots of the material (taken from samples C
and D) were dissolved in HNO3 in a water bath to obtain a
clear solution and then dissolved in distilled water. A stan-
dard solution of EDTA (disodium salt of ethylenediaminete-
traacetic acid, Trilon B) with concentration of 0.01 g-eq/l
(Cy, = 0.005 mol/l) was used for the analysis, while 0.1%
solution of sodium salt of xylenol orange was utilised as
a complexometric indicator in the pH range 5.0-6.0. Five

titrations were performed for sample C, and three for sample
D. The concentration of Nd in the samples was determined
as 72.8(5)% and 73.5(6)%, respectively, with a systematic
uncertainty 1.1% estimated from twelve measurements of
samples E, F, G and H. The weighted average concentra-
tion of Nd from the measurements of samples C and D is
73.1(12)%.

Samples C and D were measured also with the ICP-OES
method using a iCAP 6300 Duo ICP Emission Spectrometer
(Thermo Scientific). A sample of the analytical grade Nd> O3
was used for calibration giving a linear calibration depen-
dence with an intercept value which does not differ statis-
tically from zero. The concentration of Nd in the samples
was measured as 87.1(10)% and 86.6(10)%, respectively,
that is above the theoretical value for stoichiometric Nd,Os3:
85.7353(12)%. The values agree reasonably well with the
theoretical one within the uncertainties. Nevertheless, this
result indicates some bias in the measurements by the ICP-
OES method towards higher values.

ED-XRF measurements of samples C and D were done
using an Elvax-Light X-ray spectrometer. The apparatus was
calibrated using the analytical grade Nd;O3. The measure-
ments allowed to estimate the Nd concentration in the sam-
ples as 84.2(26)% and 80.3(20)%, respectively.

We have analysed the analytical grade Nd,Os3 used for
the ICP-OES and ED-XRF analyses, taking into account a
long time of the material storage, and the possibility that
neodymium oxide can either absorb gaseous water from
air by chemical interaction with conversion to neodymium
hydroxide:

Nd>03 + 3H,O = 2Nd(OH)3, “)

@ Springer
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or/and physical absorption:
Nd,O3 + xH,O = Nd,O3 - xH,O. @)

In addition, processes of carbon dioxide absorption by the
neodymium oxide (or hydroxide) with the formation of vari-
ous types of carbonates, Nd>(CO3)3, (NdOH)COs3, etc. may
occur too. In order to verify the presence of water and other
volatile compounds in the analytical grade Nd, O3, the mate-
rial was analysed using the TGA method. Two samples of the
material were heated for 3h in two annealed (at 700°C for
two hours) ceramic crucibles for 60 min at 700°C and 60 min
at 850°C. The samples masses decreased by 14.8(7)% and
15.7(7)%, respectively, which gives finally 15.2(5)% as a
weighted average. This means that the results of both ICP-
OES and ED-XRF measurements, where the analytical grade
Nd;O3 had been used for calibration, should be corrected.
After the correction the concentrations of Nd are at level
of 68.1% — 73.9%, in reasonable agreement with the CMT
results. The corrected values of the Nd concentration mea-
sured by the ICP-OES and ED-XRF methods are given in
Table 2. It should be stressed that the CMT method gave
for the two annealed samples of the analytical grade Nd;O3
Nd concentrations 86.6% and 84.6%, close to the theoretical
value.

The concentration of europium (very important to estimate
possible presence of radioactive ’°Eu, see Sect.3.1.3) was
measured by ICP-MS in quantitative mode. Standard solu-
tions with Eu concentrations 0 ppb, 1 ppb, 10 ppb were used
to calibrate the instrument. Only a limit of < 5 ppb could be
set for the Eu concentration in the Nd-containing material.

The summary of the results for the different methods, used
to determine the chemical composition of the Nd-containing
material, is given in Table 2.

The results of the analyses show that the main components
of the Nd-containing material are Nd, O, Cl, H and maybe
C. Chlorine is present in the sample, most likely in the form
of neodymium oxychloride (NdOCI), due to the use of HCI
in the purification process. The TGA analysis, of both puri-
fied material and analytical grade Nd>O3, demonstrated a
possibility for neodymium oxide (and probably compounds
of neodymium with chlorine) to absorb water and carbon
dioxide from air. This could have led to absorption of water
and formation of compounds with carbon after the open-
ing of the set-up in October—November 2019 for calibration,
and even more so after the removal of the material from
the set-up in June 2022 after the experiment was finished.
It is worth reminding that during the whole period of the
low-background measurements the set-up was flushed with
dry boil-off high purity nitrogen gas that prevented possible
water and carbon absorption by the Nd-containing material.
We cannot exclude absorption of water and carbon dioxide
from air before the start of the low-background experiment,
during sample preparation and handling.
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It is quite challenging to determine which analytical
method utilised in the present study provides the highest
accuracy of the Nd concentration (see, e.g., reviews [60,61]
where different analytical techniques for rare earth elements
determination are discussed). Additionally, as emphasized in
Sect.2.1.1, the purification of the material took place in sep-
arate portions and & 21% of the initial material was purified
twice. Thus, it is not surprising that there are differences in
the material composition (particularly in the CI concentra-
tion) of the different samples.

Finally, we decided to use the Nd concentration (73.1 £
1.2)% obtained as a weighted average from the two CMT
analyses of samples C and D, taking into account the spread
of the Nd concentration measured with CMT in samples E, F,
G and H. The high accuracy of the CMT method, and its inde-
pendence on the presence of volatile components and water,
was also confirmed by the CMT analysis of the analytical
grade Nd>O3. Moreover, indirect estimation of Nd concen-
tration in the samples A and B based on the TGA (assuming
that the samples weight loss in the TGA method is due to
evaporation of water) and of the ICP-MS measurements of
Cl (see Table 2) give concentrations of Nd in the samples of
74.9% and 73.0%, respectively. These values are obtained
assuming that the samples contain only Nd, CI, O and H.
Being somewhat uncertain due to the low accuracy of the
methods (especially of ICP-MS to measure Cl) these esti-
mates confirm the results of the measurements by the CMT
analysis.

2.1.3 Isotopic composition of neodymium in the
Nd-containing sample

The Nd-containing material has been subjected to numer-
ous different chemical treatments for the purification, both
before the previous experiment [51] and in the present one. In
principle chemical treatment can change isotopic abundances
and chemical methods are applicable for isotopic separation,
however, of the lighter elements: hydrogen, lithium, carbon,
nitrogen and oxygen, but are not useful for the heavier ele-
ments [62—-64]. Nevertheless, the isotopic concentration of
neodymium was checked in the sample B with the help of
a single quadrupole ICP mass spectrometer Agilent 7850 in
the analytical regime. 10 mg of the Nd-containing material
was dissolved in 200 ul of HCI at 90°C for 1h. Then the
obtained solution was diluted up to reach the Nd concentra-
tion about 10 ppb. The device was calibrated by using a Nd
solution with the natural isotopic concentration. The results
of the measurements are presented in Table 3.

Despite an order of magnitude bigger uncertainties of our
measurements (in comparison to the Table values), the iso-
topic composition of the neodymium in the Nd-containing
material agrees with the Table data confirming an unbro-
ken concentration of the Nd isotopes after all the procedures
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Table 3 Isotopic composition of the neodymium in the Nd-containing material measured by ICP-MS. Isotopic abundances measured in a sample

of Nd used for calibration and the Table values from [54] are given too

Nd isotope, A Abundance (%)

Nd-containing sample

Sample of Nd used for the device calibration

Table value [54]

142 27.4(4) 27.5(4) 27.153(40)
143 12.0(2) 12.12) 12.173(26)
144 23.7(4) 23.7(4) 23.798(19)
145 8.2(2) 8.2(2) 8.293(12)
146 17.4(3) 17.23) 17.189(32)
148 57(2) 5.7(2) 5.756(21)
150 5.6(2) 5.6(2) 5.638(28)

used to purify the material. Thus, we decide to use the Table
isotopic abundances to calculate the numbers of nuclei of
interest in the sample.

2.2 Low-background y spectrometry measurements
2.2.1 Low-background set-up and data taking

The Nd-containing sample was installed in the ultra-low
background (ULB) HPGe-detector system GeMulti located
at the depth of ~ 3.8 km of water equivalent in the STELLA
laboratory [65] of the Gran Sasso underground laboratory
of the INFN (Italy). The detector system consists of four p-
type HPGe detectors with volumes of 225.2 cm?, 225.0 cm?,
225.0 cm? and 220.7 cm? in a single copper cryostat with
an aluminium well between the detectors. A schematic view
of the set-up is shown in Fig. 3. The total mass of the sam-
ples was 2381 g; the average density of the material was 2.85
g/cm?. Four disks produced from the material passed through
the double purification procedure (see Sect. 2.1.1) have been
installed in the aluminium well of the cryostat, assuming
the material has a higher level of radiopurity (it should be
stressed however, that the assumption was not tested by mea-
surements). Taking into account the concentration of Nd in
the sample, and the abundance of 150Nd and #8Nd in natural
neodymium, the sample contains 4.10(7) x 10?3 nuclei of
150Nd and 4.18(7) x 1023 nuclei of *8Nd.

The shielding of the ULB HPGe detector system is made
in the innermost part of 10 cm of high purity copper and a 20-
cm-thick layer of lead on the outside. The detector together
with the shield are enclosed in a poly(methyl methacrylate)
box continuously flushed by boil-off high-purity nitrogen gas
to remove environmental radon.

The high voltage for the HPGe counters was provided
by a CAEN four-channel NIM module, model N470. The
preamplifier voltage was provided by an ORTEC NIM mod-
ule, model 4003. The data acquisition (DAQ) system is a
commercial XIA Pixie4 multi channel all-digital waveform

Fig. 3 Left: schematic view of the set-up with Nd-containing samples
(1) installed in the HPGe-detector system: coaxial HPGe detectors (2),
aluminium part of the detector system endcap (3), copper part of the
endcap (4), position of radioactive y-ray sources (5) during the calibra-
tion campaign. Right: photograph of the set-up with the Nd-containing
sample installed (the shield is open)

acquisition and spectrometer card, in 3U PXIe format, with
a Pixie-PDM module controlled via the proprietary software
delivered by the producer (XIA). The PXI-crate was from
ADLINK, model PXIS 2508 with built-in computer. The
parameters of the digital DAQ system (pulse decay time,
parameters of trapezoid filter, thresholds) had already been
determined prior to the measurement through calibration
with radioactive sources using the automatic identification
option of the pulse shape parameters of the XIA system
itself. The signal amplitude provided by the DAQ system
is discrete in 32 768 channels (the bin width during the mea-
surements was 0.161-0.168 keV). The DAQ system of the
set-up recorded the energy and time of each event above the
detectors energy thresholds. The information on the time of
events was used to construct coincidence (CC) energy spec-
tra to study y quanta cascades after the population of the
excited levels of the progeny nuclei.
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The data with the Nd-containing sample were gathered
starting from December 4th, 2015 till June 22nd, 2022, the
total live-time of the experiment is 5.845 year. Single count
rates of each channel and the total count rates of all four chan-
nels together were read by the DAQ software. Single chan-
nels had total count rates of about 0.008 cps, while the overall
countrate of all four channels together was consistently 0.014
cps. Data were recorded in weekly runs, and the stability
of the count rates was controlled with the same periodicity.
The energy calibration of the spectrometer was performed
using 2?Na, 9Co, 133Ba, 137Cs and ?*Th y-ray point-like
sources in the beginning of the experiment, in October 30th—
November 11th, 2019, and after the low-background mea-
surements were stopped.

During the whole run time a slight deterioration of two
channels (detectors 3 and 4) was noticed due to an increase
of the count rates in the noise region (energies below 20
keV) and made consequently necessary an adjustment in
these channels of the low energy threshold, which had to be
increased. The deterioration was due to a loss of vacuum of
cryostat, which affected these channels more than the others,
which might be due to some condensation effects on the sur-
face of these detectors during the measurement. The vacuum
loss was very slow and did not affect the overall performance
of the detectors, i.e. resolution and energy scale of the spec-
tra were not affected significantly. A visible worsening of
the energy resolution was noticed for only the one channel
(detector 1) at the end of the experiment (see Sect.2.2.2) and
was taken into account in the data analysis (Sect. 3.1.2). The
energy thresholds of the detectors in the final energy spectra
were in the range of 200-240 keV for detectors 1, 3 and 4,
while for the detector 2 it was lower, about 120-130 keV. It
should be stressed that the comparatively high energy thresh-
olds and their changes during the measurements did not affect
any results presented in this work.

The background of the detector system was measured
without sample for 0.8969 year in 2012. The sum energy
spectra measured by the four HPGe detectors with the Nd-
containing sample and without sample (background) are pre-
sented in Fig. 4.

2.2.2 Spectrometric characteristics of the detector system

The y-ray peaks present in the energy spectra were analyzed
to determine a possible instability of the energy scale of the
detector system and the relative correction. As a first step,
the data were grouped using the most intense y peak of “°K
with energy 1460.820 keV, combining runs having a small
enough energy-scale change (the deviation of the energy
scale does not exceed 0.3—0.4 keV). Then the energy scale
of the groups of runs was refined by using the peaks of >!Pb
(351.932 keV), 21Bi (609.321 keV) and K. The data of
the four detectors were calibrated individually, transformed
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Fig. 4 Energy spectra in the energy intervals (250-850) keV (a) and
(850-2700) keV (b) measured with the Nd-containing sample over
5.845 year (solid histogram) and without sample for 0.8969 year (nor-
malized to 5.845 year, dots) by the low-background HPGe-detector
system. The energy of the y peaks is in keV

to the same energy scale (using the algorithm [66] suppos-
ing uniform distribution of the events inside the bin) and
added. The accuracy of the energy scale in the final spectrum
in the region of interest was checked with several intense
y-ray peaks analyzing the ratio Eexp/ETab, Where Eexp is
the energy of a peak determined by a fit of the energy spec-
trum, while ETyp is the table value of the y-ray transition
energy [50]. The result of the analysis is presented in Fig. 5.
A fit of the data by a linear function returns a dependence
Eexp/Eab = 0.99898(3) + 0.257(5) x 107°E,,, where E,
is the energy of the y transition in keV. The estimated devi-
ation of the y-peak position with energy 333.961(11) keV is
~ —0.016%, while for the 406.508(22) keV peak it is smaller
than the table uncertainty of the y-transition energy.

The energy dependence of the energy resolution was deter-
mined for each detector by analyzing the most intense single
or well resolved peaks present in the data (in total 29 peaks
were involved in the analysis in the energy interval 0.24-1.8
MeV). It was found that the y-ray peaks are better described
with an asymmetric function f(E) (modified Gaussian dis-
tribution proposed in [67,68]):

TQRE -2E,+T)
202

f(E):Aexp( )forEsEy—T,
(6)

(E—Ey)?
f(E)=Aexp| ————— | forE>E, - T,
202
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Fig. 5 Accuracy of the energy scale in the spectrum measured with the
Nd-containing sample over 5.845 year in the energy interval 250-630
keV. The ratio Eexp/ETap Was built for several intense y peaks present
in the spectrum. The fit of the data by linear function is shown by a solid
line. The positions of y peaks expected after 28 decay of '>ONd to the
Ofr (21+) excited levels of ’Sm are shown by blue arrows. Energy of
the y transitions [50] are in keV

where A is the peak height, E,, is the energy of y quanta, o
is the standard deviation of the Gaussian part of the peak, T
is a tailing parameter.

Figure 6 shows an example of the peaks asymmetry; fits of
the energy spectrum in the vicinity of the 2'4Pb peak (351.9
keV energy) by a sum of four Gaussian functions (corre-
sponding to the four detectors of the detector system), and
by a sum of four asymmetric functions (Eq. 6) are shown. The
values of o (and of the parameter 7 for the asymmetric func-
tion) were bounded taking into account their dependence on
energy for the 4 individual detectors. An exponential func-
tion was taken for the continuous distribution of the spectrum.
Asymmetric functions describe the peak with a better quality.

Two peculiarities in the operation of the detectors were
observed during the experiment. The energy resolution of
the detectors and peaks asymmetry below ~ 0.5 MeV was
found to increase with the decreasing of the y quanta energy.
The effect can be explained by some imperfection of the pulse
processing algorithm used in the DAQ in presence of noise.
We assume that the noise was caused by the operation of some
external equipment installed close to the STELLA laboratory.
The following energy dependence of o was derived from the
analysis of y peaks in the energy interval from 0.24 to 1.8
MeV:

o=a+a xE,+a3/\/E,, @)

where o and E, are in keV, with the parameters a; =
0.44(5), ap = 0.000344(17) and a3 = 6.8(9) for the sum
spectrum of the four detectors. The tailing parameter 7 (keV)
changes linearly with energy: it decreases in the energy inter-
val (0.24-0.6) MeV:

2l4py, 351.9
2500 v

Counts / 0.2 keV

2000

1500 4

1000+,

345 3 gO 35‘ 5 360
Energy (keV)

Fig. 6 Energy spectrum measured with the Nd-containing sample over
5.845 year in the vicinity of 351.9-keV peak of 214Pb (circles) and its
fits by four Gaussian functions (dashed red line) and by asymmetric
functions (Eq. 6) (solid blue line). The contributions to the asymmetric
peak of the detectors 1-4 are shown by arrows with labels “1”, “2”,
“3” and “4”. The fit by the four asymmetric functions is of a better
quality (x2/n.d.f. = 1.57, instead of x2/n.d.f. = 2.65 for the Gaussian
functions fit)

T =0.3667(16) — 0.86(63) x 107* x E,,, (®)
and increases in the energy interval (0.6—1.8) MeV:
T = 0.3666(4) 4 0.507(12) x 10~ x E,. )

The energy resolutions for the intense y -ray peaks (full width
at half maximum, FWHM) with energies 295.2 keV and
351.9 keV (21*Pb), 609.3 keV (2!*Bi) and 1460.8 keV (*°K)
for the four detectors over the whole experiment are pre-
sented in Table 4. The energy resolution of the detectors 1
and 2 are typical for HPGe detectors, while the resolution of
the detector 3, and especially 4, are somewhat worse. Never-
theless, the detectors characteristics were taken into account
in the further analysis and are satisfactory for the goals of
this study.

Asitwas discussedin Sect.2.2.1, some deterioration of the
detector characteristics, most probably due to a worsening of
the vacuum inside the cryostat with time, during the exper-
iment occurred. Particularly, the effect was quite significant
for detector 1, resulting in a considerable degradation of the
energy resolution. Beginning from approximately November
2020 the energy resolution of the detector 1 increased lin-
early, reaching a ~ 2.3-fold increase at the end of the exper-
iment (see Fig. 7). This detail has been taken into account in
the data analysis of coincidences between the detectors.

2.2.3 Detection efficiency of the detector system
The full energy peak (FEP) detection efficiency of the

GeMulti detector system was calculated with the EGSnrc
simulation package [69]; the decay events were generated

@ Springer
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Table 4 FWHM of the four

. HPGe detector FWHM of the following y peaks (keV)
detectors of the GeMulti
spectrometer system for intense 295.2 keV (214Pb) 351.9 keV (314Pb) 609.3 keV (214Bi) 1460.8 keV (*9K)
y peaks observed in the energy
spectra taken with the 1 1.83(8) 1.81(5) 2.03(4) 2.375(8)
Nd-containing sample over 2 1.56(8) 1.54(5) 1.80(4) 2.18(4)
5.845 year 3 3.11(9) 3.06(10) 2.42(13) 2.64(3)
4 3.49(18) 3.39(20) 2.80(5) 3.84(2)
N B for °°Co, 22Na and 228Th, respectively), and uncertainty of
2 the set-up geometry.
% % % The ratios exp/emc for several intense peaks of the 22Na,
£ 197 0Co and 2?8Th y-ray sources is shown in Fig. 8b. The sim-
S { ulation results deviate slightly from the experimental ones.
é The data were fitted by the following function:
5 .
- T T % {) % 15 . ‘II’ § gexp/EMC = b1 + by X e b3, (10)
7 ¢ 9 I+ f 3
0.5 with the parameters b = 0.896, b, = 25 and b3 = 57 keV.
The 510.8 keV peak of 23Tl and the single escape peak (SEP)
from 298T1 were excluded due to the difficulties to accurately
0 ; ‘ ; ‘ ‘ determine the effects of annihilation in the experimental set-
0 10000 20000 30000 40000 50000 up.
Time (h)

Fig. 7 Dependence of the energy resolution of the detector 1 on time
over the experiment for the background y-ray peak 351.9 keV (34Pb).
Starting from approximately 46,000h of the data taking, the energy
resolution began to deteriorate. Before &~ 43,000 h the behaviour of
o is well fitted by a constant (solid blue line), while after it can be
described by a linearly growing function (dashed red line)

with the DECAYO event generator [70]. Additionally the
detection efficiency was measured with three y-ray sources:
22Na (with an activity 0.168(7) kBq at the time of the cali-
bration campaign October 30th, 2019), ®©°Co (8.77(26) kBq)
and 228Th (8.93(45) kBq). The measurements were done with
the sources positioned above the centre of the Nd-containing
sample (see Fig. 3).

The results of the simulations and their comparison with
the experimental data are shown in Fig. 8a. The Monte-Carlo
simulated detection efficiencies (epic) were calculated as the
ratio of the number of events in the full energy peak to the
number of simulated decays, while the experimental detec-
tion efficiencies (gexp) were calculated as the ratio of the peak
area to the number of radioactive source decays during the
measurement. The detection efficiencies are normalized on
the absolute y quanta intensities. It should be emphasized
that the statistical uncertainties of the Monte Carlo simula-
tions are negligible: (0.09-0.37)% depending on the source
simulated; the main source of the experimental detection effi-
ciency uncertainties are related to the producer’s specifica-
tion of the radioactive sources activity (3.0%, 4.1% and 5.0%
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The result of the fit is depicted in Fig. 8b by a dashed
line. The increase of the experimental detection efficiency
at low energies could be explained by not perfectly known
geometry of the set-up in the calibration measurements with
the 2*Th source, as well as not perfectly fixed position of
the source in the set-up (on the level of few mm). Even rela-
tively small change of the thickness of the materials between
the source and detectors could lead to a significant differ-
ence in the counting rate, especially at low energies, while
change of the source position relative to the detectors or/and
to the Nd-containing source could lead to the whole change
of the detection efficiency. In addition, some decrease of the
FEP detection efficiency at higher energies could be due to
increase of the detectors dead layer during the detector oper-
ation. It should be stressed that the exact geometry of the
detectors, particularly of the Ge crystals surrounding mate-
rials, is not known due to the policy of the producer. Thus
the geometry of the detector inside the cryostat used for the
Monte Carlo simulations is a certain approximation. Never-
theless, the Monte-Carlo simulated FEP detection efficien-
cies were adjusted to the results of the calibration measure-
ments by multiplying by a function (10). The uncertainty of
the 228 Th y-ray source activity (5.0%) plus the decrease of
the FEP detection efficiency due to possible increase of the
detectors dead layer (—10.4%, see dotted read line in Fig. 8b)
were used to estimate the systematic uncertainty of the FEP
detection efficiencies in the 1-dimensional data as i’? '195%.

The FEP detection efficiencies for coincidence of y quanta
in two HPGe counters of the detector system were simu-
lated with the EGSnrc package and compared to experimental
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Fig. 8 a FEP detection efficiency of the GeMulti detector system with
the Nd-containing sample calculated with the EGSnrc Monte Carlo
simulation package (black markers) and measured with 22Na (trian-
gles), 60Co (squares) and 228Th (circles) y-ray sources (red markers
of the same shape). The detection efficiencies are normalized on the
absolute y quanta intensities. b Ratios eexp/emc estimated from the
simulations and measurements with the y -ray sources. The result of the
fit of eleven points (filled markers) with energies in the energy interval
(238.6-2614.5) keV by function (10) is shown by the blue dashed line.
Dotted red line show an additional —10.4% uncertainty accepted for
the FEP detection efficiency above 300 keV

data obtained with the ?Na, %°Co and 2*Th y-ray sources.
The results of the comparison are presented in Fig. 9. A
fit of nine (emc — €exp)/Eexp Tatios by a constant function
indicates no significant difference between the simulations
and the experimental data, yielding a fit parameter value of
(—0.0003 £ 0.0297). Nevertheless, conservatively we treat
the f? ‘195% uncertainty, estimated for the 1-dimensional data,
as a systematic uncertainty for the Monte Carlo simulated
detection efficiency in coincidence mode.

2.3 Radioactive contamination of the Nd-containing sample

The accurate determination of radioactive contamination in
the Nd-containing sample is crucial for estimating the effects
under study. The peaks observed in the spectra presented in
Fig. 4, both with and without sample, can be assigned to y-
ray quanta of “°K and nuclides of the 23>Th and 2*3U decay
chains. In addition, 26Al, 60Cp, l08’”Ag, 137Cs, 207B;4 y-ray
peaks are observed in both spectra. In the data taken with
the sample there are also y peaks of '38La, 17Lu and some
daughters of the 23U decay chain. The specific activities
of the radionuclides in the sample were calculated with the
following formula:

Energy (keV)

Fig. 9 a FEP detection efficiencies for y quanta to be registered in
coincidence by two HPGe-counters of the GeMulti detector system
with the Nd-containing sample simulated by the EGSnrc package (black
markers) and experimental data obtained in the calibration campaign at
October 30th, 2019 (red markers). The detection efficiencies were cal-
culated for the y-ray peaks with energy specified after the radionuclide
symbol, while the energy used to select the coincidence spectra is given
after symbol ”&*. b Ratios (emc — &exp)/€exp €stimated from the sim-
ulations and measurements with y-ray sources. A fit of the nine points
(filled markers) by a constant returns a value of the constant parameter
close to zero

A= (Ssample/tsample - Sbg/tbg)/(n em), (1D

where Ssample (Sbg) is the area of a peak in the sample (back-
ground) spectrum; Zsample (g ) is the time of the sample (back-
ground) measurement; 1 is the y -ray emission absolute inten-
sity in the transition; ¢ is the full energy peak detection effi-
ciency; m is the sample mass. The detection efficiencies were
calculated with the EGSnrc simulation package; the events
were generated homogeneously in the Nd-containing sam-
ple by using the DECAYO event generator. The Monte-Carlo
simulated detection efficiencies were corrected taking into
account the calibration data as described in Sect.2.2.3. The
background spectrum was not used to estimate the activities
of 138La, 176Lu and 2*>U and its progeny, since they were not
present in the background data at a detectable level.

The estimated specific activities of radioactive impuri-
ties in the sample are presented in Table 5. The purification
improved the material radiopurity level by more than a factor
five for 4°K, and almost two orders of magnitudes for 226Rq,
while the activity of !7®Lu was reduced by a factor of 3 (see
the data on radioactive contamination of the material before
the purification in [55,71]).
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Table 5 Radioactive impurities in the Nd-containing material before
and after the purification. The upper limits are given at 90% confi-
dence level (CL), the uncertainties of the measured activities are given

at 68.27% CL (statistical uncertainties only). The reference date for the
210pp activity is December 4th, 2015, while for other radionuclides the
activities (limits) are averaged over the time of the experiment

Chain Nuclide Energy of the y transition used Activity (mBg/kg)
for analysis in this work (keV) Before Purified
purification [55,71] material
40K 1460.8 16+8 34407
0Co 1173.2, 1332.5 <0.03
10IRh 198.0 < 0.09
12Rh 475.1, 631.3, 1046.6 < 0.006
108m A o 722.9 <0.022
133Ba 276.4,302.9, 356.0, 383.8 < 0.006
137¢s 661.7 <0.8 <0.022
138] 5 788.7, 1435.8 0.095 + 0.007
150gy 439.4,505.5, 584.3, 737.5
748.1, 1045.9, 1046.1, 1049.0 <0.037
152Ey 121.8,244.7, 344.3, 778.9
964.1, 1085.8, 1112.1, 1408.0 <0.10
134gy 123.1,247.9, 591.8, 723.3
756.8, 873.2, 996.3, 1004.8, 1247.4 <0.016
176y 201.8, 306.8 1.1+04 0.30 £ 0.02
207Rj 569.7, 1063.7 <0.08
232Th 228Ra 338.3,463.0,911.2, 964.8
969.0 (all energies belong to 228 Ac) <21 0.13£0.08
28T 238.6 (212Pb), 583.2 (208T1)
727.3 (312Bi), 2614.5 (C9TI) <13 0.37 £ 0.06
B5y 85y 185.7,205.3 < 0.84+0.2
21py 283.7,302.7, 330.1 <0.29
2T A¢ 323.9 (*¥3Ra), 401.8 (*'°Rn) 0.46 £ 0.08
B8y B8y 766.4 (34mlpa) 1001.0 (34mIpa) <28 <38
226Ra 186.2 (326Ra), 242.0 (2'Pb), 295.2 (>'*Pb)
351.9 (314Pb), 609.3 21Bi), 1120.3 (31*Bi)
1238.1 (3'*Bi), 1764.5 (**Bi) 15+£0.8 <0.18
210py, Bremsstrahlung of 210B; < 178

A decrease of the detectors counting rate during the exper-
iment was observed at low energies (see Fig. 10a). The behav-
ior of the counting rate in the energy interval (0.24-0.6) MeV
is well described by an exponential function with half-life
23.1(9) year, which is in good agreement with the half-life
of 210Pb: Ty, = 22.20(22) year [72].

The daughter of 21°Pb is the B active 21°Bi with Qg =
1161.2(8) keV and T2 = 5.012(5) d [72]. Thus, y-ray
irradiation from bremsstrahlung of the g particles emitted by
210Bj can explain the background rate decrease below ~ 1
MeV. It should be noted that the detectors counting rate in
the energy interval (1.1 —2.7) MeV (above the Qg of 210Bj)
remained stable during the whole period of the experiment
(see Fig. 10b).

@ Springer

To obtain the energy spectrum of the bremsstrahlung y -
rays, the data were divided into two approximately equal
parts. The energy spectra measured over the first half of
the experiment in runs 2 — 169 corresponding to 25,614h
and over its second half (runs 170 — 357, corresponding to
25,623 h) are shown in Fig. 10c, while their difference is
shown in Fig. 10d. Spectra 1 and 2 were corrected taking
into account the breaks in the measurements (the correction
factors were estimated numerically as 1.14027 and 1.12190

3 Tt should be stressed that the breaks were either due to the breakdown
of some electronic units, power supply black-out, or due to the data
acquisition crash that lead to broken structure of the files. No runs were
discarded because they are “bad” (presence of noise, poor energy reso-
lution, instability, etc.), but because the corresponding data are absent.
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Fig. 10 Time dependence of the HPGe detector system counting rate in
the energy intervals (0.24-0.6) MeV (a) and (1.1-2.7) MeV (b). While
the counting rate in the energy interval (1.1-2.7) MeV remains stable,
the counting rate at low energies decreases with a half-life of 23.1(9)
year, which can be explained by decaying 2!°Pb in the lead shield of
the set-up (the half-life of 210pp, §5 22.20(22) year [72]). Energy spectra
measured with the Nd-containing sample in the first half of the measure-
ments over 25,614 h (1) and in the second half of the experiment over
25,623h (2) (c). The spectra 1 and 2 were corrected taking into account
the interruptions in the data taking (see text). d The difference between
spectra 1 and 2 (circles with statistical uncertainty bars) and the result
obtained by fitting the simulated distribution of 2!Bi bremsstrahlung
y-rays from the lead shield of the set-up (solid red line). The excluded
distribution of bremsstrahlung y-ray from 2'°Pb in the Nd-containing
sample, multiplied by a factor 10 for better visibility, is shown by green
dashed line

for spectra 1 and 2, respectively). One can assume that the
difference is caused by bremsstrahlung radiation from 2!°Bi.

The responses of the HPGe detectors to the 8 decays of
210Bj in the Nd-containing sample and in the lead shield
of the set-up were simulated by Geant4 [73] (for lead) and
EGSnrc (for the Nd-containing sample) packages. The sim-
ulated distributions were used to fit the difference as shown
in Fig. 10d.

Activity of 219Pb in the lead shield at the very start of the
measurement can be estimated using the following formula:

N A

ACOpp) — 7
( ) (1 =2 4 e ?2)em

12)

where N, is the number of events in the distribution of
210Bj bremsstrahlung y-ray [6.35(10) x 103, solid red line
in Fig. 10d], A is the decay constant of 210pp, t1 = 29226 h
and 1, = 57399 h are the times at the end of the spectra 1 and
2 of the two data taking periods (Fig. 10c), ¢ is the detection
efficiency of the detector system to the 2!°Bi bremsstrahlung

simulated by the Monte Carlo method (¢ = 4.5 x 107%), m is
the mass of the internal layer of the lead shield considered in
the simulations (thickness of the layer is 10 mm, m = 82.756
kg). The fit allowed estimating the 2!°Pb activity in the lead
in the beginning of the experiment at December 4th, 2015 as
132(2) Bg/kg (statistical uncertainty only).

The presence of 2!°Pb in the lead shield is confirmed by
the observation of the y peak with energy 803 keV and
area S, = (1534 4 63) counts in the data taken with the
Nd-containing sample (see Fig. 4). A peak with an area
Sy = (119 £43) counts is also present in the spectrum mea-
sured without sample. These peaks can be assigned to the «
decays of 219Po, daughter of !B, to the first excited level
of 29Pb with energy 803.054(25) keV. y quanta with energy
803.06(3) keV are emitted in de-excitation of the level with
the absolute intensity 0.00103(6)%. The 2'Po is expected
to be in equilibrium with 2'°Pb due to the short half-lives of
210Bi (T, = 5.012(5) d) and >!°Po (T, = 138.376(2) d)
in comparison to the time elapsed after the lead production
(the detector was installed at the Gran Sasso laboratory in
2000). The full-absorption-peak detection efficiency of the
detector system to 803-keV y quanta from the first 5cm of
lead surrounding the inner copper of the GeMulti set-up was
simulated by the Geant4 package as ¢ = 9.89 x 1077, the
total mass of the 5-cm-thick lead is 516.56 kg. Considering
the time schedule of the measurements, the activity of 210py,
in the lead at December 4th, 2015 is estimated as 20(1) Bg/kg.

The substantial difference in the values of 21°Pb activity
obtained by the two approaches can be explained by system-
atic effects. In particular, variation of the fit interval lower
edge within 220-400 keV (see Fig. 10d) leads to an uncer-
tainty 26 Bq/kg. However, the main problem is the absence
of information about the actual 2'Pb activity in the lead
shield of the GeMulti set-up, whether it is uniformly dis-
tributed, or is a graded lead shield. Moreover, some details
of the lead shield were replaced before the current experi-
ment, for the purposes of the experiment [74] (in particu-
lar, this can explain a slightly smaller 803-keV peak area in
the background data taken before the experiment [74]). As
another source of uncertainty we mention that the thickness
of the copper part of the shield drastically affects the detection
efficiency; at present it is difficult to precisely redetermine it.
Besides, the presence of small gaps between the copper and
lead blocks, when there is a small angle between them, can
significantly change the detection efficiency for y quanta,
especially in the case of a very low efficiency (i.e., just the
case of the lead shield in the set-up). To conclude, we decide
to give a wide interval of the >!°Pb activity in the lead, 20—132
Bg/kg, taking into account the estimations obtained in both
analyses. Finally, we would like to stress that the observed
presence of 2!OPb in the lead shield of the experimental set-
up does not affect the results of the present study of the 28
decay processes in “8Nd and PONd.
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To evaluate the activity of 2!°Pb in the Nd-containing sam-
ple the difference shown in Fig. 10d was fitted by a sum of
the simulated distributions of 2!Bi in the lead shield and
in the Nd-containing sample. The fit returned an activity of
210pp in the Nd-containing material compatible with zero
(N12 = —7800 £ 6120 events, lim S = 4007 events). The
excluded distribution of bremsstrahlung y-ray from 2!°Pb
in the Nd-containing sample, multiplied by a factor 10 for
better visibility, is shown in Fig. 10d by green dashed line.
Taking into account the detection efficiency to >'Bi in the
Nd-containing sample (¢ = 7.3 x 107%) a limit < 0.178
Bq/kg was set for the activity of 2!°Pb in the Nd-containing
material at the beginning of the experiment.

3 Data analysis, results and discussion
3.1 2v2p decay of "ONd to the Ofr excited level of 19Sm
3.1.1 Analysis of 1-dimensional spectrum

The 1-dimensional energy spectrum measured with the Nd-
containing sample, after selection of the events with multi-
plicity M = 1 (i.e., without coinciding events), in the energy
interval (275-383) keV is shown in Fig. 11a. A peak with
energy 334.0 keV, related to the 2v24 transition of '>’Nd to
the 740.5 keV Of excited level of 9Sm, is observed in the
data. To estimate the peak area, 121 fits were made by vary-
ing the starting (end) points in the range from 279 to 289 keV
(from 365 keV to 375 keV) in steps of 1 keV. The background
model included an exponential function to describe the con-
tinuous distribution, a peak with energy 334.0 keV and all
significant background y peaks of the radionuclides recog-
nized in the data: '7®Lu, 2?8 Ac, daughters of *Th (>'?Pb
and 212Bi), 231py daughters of 227 A¢ (227Th and 223Ra),
daughters of 2°Ra (?!#Pb and 2!4Bi). In total 31 background
peaks were included in the model. Each peak was constructed
from four asymmetric Gaussian functions with the energy-
dependent individual characteristics for the four detectors
(see Sect.2.2.2). The relative peaks areas for each radionu-
clide were fixed taking into account the y-transitions inten-
sities, while the activities of the radionuclides (and of their
progeny in equilibrium) were free parameters of the fit. The
energy dependence of the full absorption peak detection effi-
ciency, calculated using the EGSnrc simulation package and
adjusted using the calibration data (see Sect. 2.2.3), was taken
into account. Possible shifts of the energy scale and energy
resolution (the standard deviation o and the tailing parameter
T) were described by 3 common parameters for all the peaks.
There were in total twelve free parameters in the fit. The best
fit, achieved in the energy interval 282-375 keV using the
PAW/MINUIT software package [75,76], provided a 334.0-
keV peak area §3340 — 616(141) counts with a reasonable
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Fig. 11 a Energy spectrum measured with the Nd-containing sample
for 5.845 year in the region of interest of the 334.0-keV peak expected
in the 2128 decay of ONd to the Ofr (21+) excited level of 13°Sm. The
spectrum contains only the events with multiplicity M = 1, without
coincidence events. The fit of the data in the energy interval (282-375)
keV by the background model and a y -ray peak with energy 334.0 keV
(see text) is shown by the blue solid line. The 334.0-keV peak with area
53340 — 616 counts on the exponential background is shown by the
red solid line. The energy of the y-ray peaks is in keV. b The difference
between the experimental energy spectrum and the background model.
The red solid line presents the 334.0-keV peak with area 616 counts

fit quality x2/n.d.f. = 227/175 = 1.29. The result of the fit
is presented in Fig. 11a, the difference between the experi-
mental data and the background model is shown in Fig. 11b.

The 2v28 half-life of 1"°Nd for the transition to the 07
excited level of '>’Sm can be calculated with the following
formula:

NIn2¢t

5 (13)

Tip =
where N is the number of 1*°Nd nuclei in the sample, ¢ is
the full energy peak detection efficiency for y quanta with
energy 334.0 keV in the de-excitation of the 740.5-keV level
of 150Sm, ¢ is the time of measurement, S is the number of
events in the peak. The FEP detection efficiency for 334.0-
keV y quanta is £33*0 = 0.0212 (the coefficient of con-
version of y quanta to electrons is included). It should be
noted that the Monte Carlo simulations take into account
the geometry of the four HPGe detectors of the GeMulti
set-up. Thus, the Monte Carlo simulated FEP detection effi-
ciency already includes the effect of events loss due to the
selection cut M = 1 (the effect is rather small: =~ 6%).
Another possible effect of the selection with multiplicity
M = 1 is increase of the dead time. However, the reduc-
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tion in the live time due to the selection with M = 1 was
estimated to be negligible: it is less than 1s over all the
data taking (5.845 year). Applying Eq. (13) one obtains:
T3 (ONd - 0sm(0})) = [0.57101] (stat)] x 102
year.

To estimate the area of the y-ray peak with energy 406.5
keV, emitted after de-excitation of the excited 740.5-keV Of’
level of 1°°Sm, the spectrum was fitted in the energy intervals
from (356-365) keV to (463-472) keV in 1-keV-steps (in
total 100 fits). The model of background was built in a similar
way as for the 334.0-keV peak: an exponential function for
the background continuum, a peak of interest at 406.5 keV,
y-ray peaks of 176Lu, 228 ¢, 212Pb, 223Ra, 219Rn, 2llpp,
214Bj and the double-escape peak with energy 438.8 keV
from K (16 background peaks in total). The activities of
176Lu and of the *2” Ac daughters were bounded within one
standard deviation taking into account that the 406.5-keV
peak area anti-correlates with the peaks of '"®Lu (400.99
keV), 2'°Rn (401.81 keV) and 2!'Pb (404.853 keV). The
best fit was achieved in the energy interval (358-467) keV
with x2/n.d.f. = 221/205 = 1.08. The fit returns a 406.5-
keV peak area of $4%°> = 341(111) counts. The energy
spectrum in the vicinity of the 406.5-keV peak and its fit by
the background model is shown in Fig. 12a, the difference
between the experimental data and the background model is
presented in Fig. 12b. Taking into account the FEP detection
efficiency, g%06:5 — (0.0217, it leads to a 2v28 half-life of
150N for the transition to the first Ofr excited level of °9Sm:
T (1ONd — 30Sm(07)) = [1.067(34 (stat)]1 x 102 year.

3.1.2 Coincidences between HPGe detectors

Two y quanta, 334.0 keV and 406.5 keV, emitted in de-
excitation of the 740.5-keV Ofr level of 9Sm, can be
detected in coincidence by the HPGe counters by using the
information on the time of events recorded by the DAQ of
the GeMulti detector system. The two-dimensional energy
spectrum of the events with multiplicity 2 registered in coin-
cidence mode over 5.845 year of data taking with the Nd-
containing sample is presented in Fig. 13.

There are several peculiarities in the diagram. Clusters
of events in the form of vertical and horizontal lines corre-
spond to the detection of two y quanta emitted in cascade
after decays of 2'“Bi and 28T, when one y quantum is fully
absorbed in one detector while another Compton-scattered y
quantum deposits part of its energy in another detector. The
diagonal clusters are due to intense single y quanta when
a part of their energy is absorbed in one detector with the
rest of the energy detected by another one. Clearly visible
are diagonal distributions of intense y quanta of 40K, 2087,
214pp and 21*Bi. One can also see point-like structures in the
low energy part of the distribution due to y quanta of '7°Lu

|
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Fig. 12 aPartof the energy spectrum measured with the Nd-containing
sample over 5.845 year by the ULB HPGe-detector system in the vicin-
ity of the peak 406.5 keV. The spectrum contains only the events with
multiplicity M = 1, without coinciding events. The fit of the data in
the energy interval (358-467) keV by the background model (see text)
and a y-ray peak with energy 406.5 keV is shown by the blue solid
line. The 406.5-keV peak with area §49> = 341 counts on the expo-
nential background is shown by the red solid line. b The difference
between the experimental energy spectrum and the background model.
The 406.5-keV peak with area 341 counts is shown by red solid line
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Fig. 13 The two-dimensional energy spectrum of events with multi-
plicity 2 registered in coincidence mode by the ULB HPGe detector
system of the Nd-containing sample over 5.845 year. The low energy
region of the two-dimensional energy spectrum is shown in the Inset
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Fig. 14 The coincidence spectra when the energy of one detector is
609.3 keV TR [the intense y peak of 214Bi, (a)], 2614.5 keV T3

—3o1 —3o1,

[208T1, (b)], 306.8 keV % 30 (c) and 201.8 keV T3%% (d) [both y

—3o1,
quanta of 176 ). Spectra (a) and (b) were built for the data measured
for 5.845 year by all four detectors, while spectra (¢) and (d) were
selected using the data of the detectors 1 and 2 measured over 4.983
year with lower energy thresholds

present in the sample. This can be explained by full absorp-
tion of two y quanta in two detectors due to dominance of
photoelectric effect at low energies.

To build 1-dimensional coincidence energy spectra, events
in each detector were selected in coincidence with energy
of an intense y transition in 2'Bi, 2Tl and "°Lu in
one of the other three detectors. The spectrum presented in
Fig. 14a was built selecting events in coincidence with energy
609.3 keV fggﬁ, where og is the standard deviation of the
Gaussian (right) part of the peak, while o1, denotes the width
of the left (asymmetric) part of the peak, in which a cer-
tain part of the distribution lies (e.g., in the case of 3oy, it is
99.73% of the left part of the peak below its maximum). The
values of o1, and or were determined by analysis of the indi-
vidual energy spectra of the four detectors taken over 5.845
year in the vicinity of the peaks of interest. In this way the
coincidence spectra were built taking into account the energy
dependent energy resolution of the individual detectors. The
energy of 609.3 keV corresponds to one of the most intense
y quanta emitted in the B decay of 21*Bi. As expected, sev-
eral other peaks of 21*Bi are clearly visible in the spectrum.
Similarly y-ray peaks of 23Tl appear in the spectrum (b)
while the peaks of !7®Lu are present in the coincidence spec-
train Fig. 14c and d. The diagram demonstrates ability of the
detector system to select y quanta in coincidence.

@ Springer

To analyse coincidences between y quanta with ener-
gies 334.0 keV and 406.5 keV, events in each detector were
selected in coincidence with events in one of the other
three detectors in energy intervals that include these ener-
gies (below we consider the widths of the selection intervals
J_rggﬁ). The values of o1, and ogr for energies 334.0 keV and
406.5 keV are presented in Table 6. The parameters also
given for the intense single y-ray peak 609.3 keV of >!*Bi
determined from analysis of the sum spectrum. Besides, a
background coincidence spectrum was built selecting events
in coincidence with energy 370 keV, since no y-ray cascade
including this energy is expected in our set-up. The selection
intervals were set taking into account the energy resolution
and the peaks asymmetry for each detector. For the detec-
tor 1 the degradation of its energy resolution in time (see
Sect.2.2.2) was taken into account too. The selected coinci-
dence spectra are shown in Fig. 15.

To estimate the coincidence signal value, the number of
selected pairs of coincident events (ng) was compared to
the background evaluated in two different ways. In the first
approach the background was calculated in the energy inter-
vals E1 — E», E3 — E4, Es — Eg and E7 — Eg shown in
Fig. 15a and b. The background in the signal interval was
estimated as b = 2.53(21) counts. In the second method
background was calculated in the energy interval E9 — Eqg
of the spectrum selected in coincidence with energy 370 f%;‘f
keV, where no background peaks are expected (the spectrum
is shown in Fig. 15¢). The second approach provides a rather
similar estimation of background b = 2.52(23) counts. The
first approach was used in the further analysis taking into
account its slightly lower statistical fluctuation.

Following the recommendations [77] (Table 2), for the
total events observed (ng = 9 counts) and for known mean
background (2.53 counts) we obtain a signal interval 3.80—
10.3 counts at 68.27% CL, with the signal central value
calculated as np — b = 6.47 counts. Taking into account
the detection efficiency for the coincidence of 334.0-keV
and 406.5-keV y quanta, ¢ = 0.000426(2) (the expected
angular correlation was taken into consideration in the sim-
ulations of the detection efficiency), and the selection effi-
ciency (%) of asymmetric peaks 334.0-keV and 406.5-keV
in the energy intervals 406.5 keV f%g{‘ and 334.0 keV fggﬁ,
£l = 0.893, the 2128 half-life of ONd for the transition
to the 740.5 keV Of’ excited level of 13°Sm can be calculated
as TPHA400 (10N — 130Sm(01)) = [0.98¥( 55 (stan)] x
1020 year.

To study the dependence on the selection interval, the half-
life has been estimated for the selection intervals varying
from ﬂg‘i to fjgﬁ with a step of 0.1og (0.101 ). The obtained
half-life values are rather stable beginning from the selection

interval width fi;g}‘j (the obtained half-life values are shown

in Fig. 16 beginning from the selection interval J_rigzs) The
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Table 6 The values of the

Energy (keV) Parameter Values o1, and og for the detectors 1-4 (keV)
parameters or, and oR for y-ray
peaks with energies 334.0 keV 1 2 3 4
and 406.5 keV which were used
to build the coincidence spectra. 334.0 oL 0.77 0.76 1.96 201
Data for the intense single peak OR 0.69 0.58 0.80 1.06
214: ;
609.3 keV of Bl, determined 406.5 oL 0.81 0.80 1.36 1.65
by analysis of the sum spectrum
taken over the whole OR 0.67 0.53 0.49 0.79
experiment, are given too 609.3 oL 1.02 0.86 1.02 1.18
OR 0.96 0.78 0.64 1.00
E 334.0 a XIOZZ
] S = =12 =
§ & ny=10 ny=11 "g n,=14
0 1 T
250 300 350 400 24 ny=5
Energy (keV)
> J406.5 b
f 5 1?5 Es E7 b‘ws
§ 14 B -
o ny=6 A
0- ! n.=7 M
350 400 450 500 0 T T =098 102
Energy (keV) ny=8— 12 =098 56 X107 yr
% E, E, C 1 i f‘s ;l
2 .
= 54 Interval of CC selection (£ )
E Fig. 16 The 2v28 half-life of ONd for the transition to the 740.5 keV
) ’H M ’\JM HHHHH ﬂ H‘“ H H ’H H R “ R 07 excited level of '%°Sm obtained by analysis of the coincidence data
0 1] HHHH | ‘ [0 fmin H‘ Qmmp H‘H Ly depending on the width of the selection energy interval. The numbers
250 300 350 400 450 500 of events observed (ng) are given. The accepted half-life obtained by
Energy (keV) selection of the CC data in the energy intervals f%g’z is shown by dashed

Fig. 15 The coincidence energy spectra, measured over 5.845 year
with the ULB HPGe-detector system of the Nd-containing sample, when
the energy of one detector is in the energy interval 406.5 keV 3;‘? (a)

and 334.0 keV J_rggf (b) (see text for explanation of the parameters op.
and og). The background coincidence spectrum when energy of events
in one of the detectors was in the energy interval 370 keV f%gﬁ (c).
The bins filled by cyan colour were selected when the energy in one
detector is in the energy interval 334.0 keV f%gﬁ and in one of other

three detectors is in the energy interval 406.5 keV f%g‘i (a), and vice-

versa (b). The number of events observed is n9p = 9 counts. Energy
intervals for background estimations (see text) are shown by vertical
lines with horizontal arrows. Fits of the data in the vicinity of peaks at
334.0 keV (a) and at 406.5 keV (b) are shown by red solid lines (see
text for the fits details). The area of the 334.0-keV peak returned by the
fitis 4.2 £2.5 counts, while the area of the 406.5-keV peak is 6.8 +£2.9
counts

smallest ratio “sum of the upper and lower uncertainties to
the half-life value” was achieved by selection of coincidences
. . +20R
in the energy intervals 3 .

A similar result was obtained by fitting the y-ray peaks
with the log-likelihood method in the coincidence spectra.

The fits to the data by a linear function (to describe the con-

line

tinuous background) and by a sum of asymmetric peaks of
the four detectors (the effect under study) returned the 334.0-
keV peak area 4.2 &= 2.5 counts and of the 406.5-keV peak
area 6.8 £ 2.9 counts with a weighted mean 5.27 4 1.88
counts. The results of the fits are shown in Fig. 15a and b. It
should be noted that the shapes of the peaks are the same as in
the fits presented in Figs. 11 and 12. The half-life from the fit
is 77354406 (10Nd — 1398m(01)) = [1.2070:§](stat)] x
10?° year. However, due to a rather low statistics of the coinci-
dence spectra that provides certain difficulties to fit the data,
we consider the first approach (comparison of the number
of selected events to the estimated background) as the more
reliable one for the half-life estimations.

3.1.3 2v28 half-life of >ONd for the transition to the Of‘
level of 130Sm

Possible systematic uncertainties of the 2v28 half-life of
150Nd for the transition to the 740.5 keV Ofr excited level
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of 19Sm are presented in Table 7. The uncertainty of the
Nd concentration in the sample (£1.6%), together with the
uncertainty of the '>°Nd isotope concentration in natural
neodymium (£0.5%), led to a relative systematic uncertainty
1.7% of the half-life of °Nd.

The uncertainty of the detection efﬁciency in the 1-
dimensional spectrum was estimated as © 11 5% taking into
account the uncertainty of the activity of the *?8Th y-ray
source used in the comparison of the Monte Carlo simula-
tions with the experimental data, and a possible increase of
the detectors dead layer, as discussed in Sect.2.2.3.

The 334.0-keV and 406.5-keV peaks areas in the 1-
dimensional spectrum depend on the energy interval of the fit,
the energy spectrum binning, the energy scale variation and
the background model. Uncertainties of the '°Nd half-life
caused by the dependence of the 334.0-keV and 406.5-keV
peaks areas on the energy interval of fit were estimated from
the results of the 121 (100) fits performed in 1-keV-steps for
334.0keV (406.5 keV) peak (see Sect. 3.1.1). The uncertain-
ties are presented in Table 7.

To evaluate the effect of the energy bin width, fits were
performed with bin widths varying from 0.2 keV to 1 keV
with 0.1 keV steps. The variations of the bin width changes
the peak areas significantly (see Table 7).

As was demonstrated in Sect.2.2.2, the energy scale of
the detector system over the whole experiment is determined
with a very high accuracy resulting in rather low deviations
of the peaks positions in the regions of interest. We took
a range of possible shifts of the 334.0-keV and 406.5-keV
peaks position +0.02%, which leads to the variations +0.8%
and —2.5% for the 334.0-keV and 406.5-keV peaks, respec-
tively.

The background models used for the fits of the 1-
dimensional energy spectra are based on the analysis of
the Nd-containing material radioactive content in the whole
spectrum and are rather reliable. In the case of the 334.0-keV
peak only the presence of 23! Pa (it could be out of equilib-
rium with 227 Ac that was determined by using several clear
peaks of its progeny) is not confirmed by any other peaks
of 231Pa. Thus, we exclude the 231Pa from the background
model and obtained an estimation of the uncertainty due to
the model of background composition —0.8%. In the case
of the 406.5-keV peak the uncertainty is bigger due to anti-
correlation of the peak area with the peaks of 7%Lu, ?!Rn
and 2! Pb. The activities of these nuclides were varied within
20 of their activity in the sample resulting in the uncertainty
of the 7{/% (""ONd — 130Sm(0})) half-life *3]%.

The half-life derived from the coincidence data, in addi-
tion to the obvious dependence on the 150Nd nuclei number,
depends on the Monte Carlo simulated detection efficiency
and statistical fluctuations of the simulations, the width of
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the energy interval to select the coincidence, and the energy
interval of background estimation.

As already reported in Sect.2.2.3, we do not observe
any difference in the detection efficiencies for coincident y
quanta between the Monte Carlo simulations and the exper-
imental calibration data. Nevertheless we assume the uncer-
tainty f? '195%, estimated for the 1-dimensional data, also for
the CC data. The contribution of the Monte Carlo statistics
to the half-life uncertainty is almost negligible: 0.5%.

The width of the energy interval to select CC spectra was

varied from +i 22 to " +4°R with 0.1oR (0.1o1) steps result-

ing in a systematic uncertalnty of the half-life of fé_lgg%,
assuming that the probability that the half-life lies outside
the interval (0.9-1.15) x 1020 year is essentially zero (for the
analysis we took the interval of the half-life values obtained

. .. . . 2
by selection of coincidences in the energy intervals from J_rzgﬁ

to +3UR see Fig. 16).

The edges of the intervals for the background estimation
were varied from 260 keV to 320 keV (E1, see Fig. 15), from
365 keV to 425 keV (Ey), from 325 keV to 385 keV (Es) and
from 445 keV to 495 keV (E3g) in 5-ke V-steps. The variations
lead to a half-life uncertainty of thé%‘

Table 7 shows the summary of the estimated systematic
uncertainties of the 2v28 half-life of "ONd for the tran-
sition to the 740.5 keV OT excited level of '3°Sm. The
half-life values obtained by analysis of the 1-dimensional,
the coincidence data, and their combination are presented
in Table 8. The combined 77, values were calculated as
weighted means using the statistical uncertainties, while the
systematic uncertainties were added in quadrature.

The 2v28 half-life of 1°°Nd for the transition to the 07
excited level of ’YSm obtained by using combination of the
half-life values from the analysis of the 334.0-keV and 406.5-
keV peaks in the 1-dimensional spectra, and of the coinci-
dence data is:

T12/1)22/3(150Nd_) 15OSm(Oi|*))

= [0.8370-13(stat) 715 (syst)] x 10%year. (14)

Within the range of uncertainty the value does not contra-
dict the results of the previous studies (see Table 1), but it is
notably shorter than the others.

3.1.4 Indication of 2v2B decay of "ONd to the ZT excited
level of '3°Sm and the final half-life

12/1)225(150Nd N 1505m(0+))

It is difficult to explain the excess of events in the 334.0-
keV peak in comparison to the 406.5-keV peak (§3340 —
§406-5 — 2754179 counts) by the radioactive contamination
of the set-up or of the Nd-containing sample. One of the
possible explanations could be the presence in the sample
of radioactive '’°Eu, that decays with a half-life of T; 2=
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Table 7 Sources of systematic
uncertainties of the 2v2f
half-life of '>°Nd for the
transition to the 740.5 keV 0}

Source of systematic uncertainty

Type of data
used in analysis

Relative
uncertainty (% of Ty ,2)

: 50 Number of '*°Nd nuclei 1D, CC +1.7
excited level of >*Sm . i +5.0
calculated by using the Detection efficiency 1D ~115
334.0-keV, 406.5-keV peaks in Interval of fit for 334.0-keV peak 1D f}'ﬁ
the 1-dimensional spectrum, and L . 1106
the CC data. Second column Bin width of spectrum for 334.0-keV peak fit 1D i
explains the type of data used Energy scale for 334.0-keV peak fit 1D +0.8
for analysis: “1D” denotes Model of background for 334.0-keV peak fit 1D —0.8
1-dimensional sum spectrum, 137
“CC” is for coincidence data Interval of fit for 406.5-keV peak 1D 5

Bin width of spectrum for 406.5-keV peak fit 1D —12.0
Energy scale for 406.5-keV peak fit 1D -2.5
Model of background for 406.5-keV peak fit 1D ‘_LZ:;
Detection efficiency CC *_'? '195
Monte Carlo statistics for detection efficiency CC +0.5

. . . +11.9
Energy interval of events selection to build spectra CC %
Energy interval of background estimation CC + }‘:é

Table 8 2v28 half-life of '>'Nd for the transition to the OT excited level of '>°Sm obtained by analysis of the 1-dimensional and coincidence data

Number in order Method of analysis

Half-life, 1020 year

1 1-Dimensional spectrum, 334.0 keV peak
1-Dimensional spectrum, 406.5 keV peak

0.57701] (stat) 0 Ok (syst)

1.067951 (stat) 7015 (syst)

Coincidence data (comparison of the events

Observed with known mean background)

Combination of 1, 2 and 3

0.987999 (stat) "5 13 (syst)
0.837018 (stat) 5 15 (syst)

Maximum likelihood procedure of 1, 2 and 3, including

the possible contribution of the decay to the 2']" level

1.03 033 (stat) T[S (syst)

36.9(9) year through electron-capture with emission of y
quanta. The most intense ones are 334.0 keV and 439.4 keV
with absolute intensities 95.2% and 79.6%, respectively. A
fit of the data, using a similar algorithm as the one utilized
for the analyses of the 334.0-keV and 406.5-keV peaks (see
Sect.3.1.1), returns an area for the 439.4-keV peak of (139+
81) counts that leads to the 150gy activity limit < 0.037
mBg/kg. With this result one cannot exclude that the excess
of the 334.0-keV peak is due to '’°Eu. However, presence of
150Eu is strongly disfavoured by the ICP-MS analysis of the
Nd-containing sample which gives a concentration of Eu < 5
ppb. It means that the sample contains less than 1.2 x 107> g
of Eu. Radioactive europium nuclides ( 1525y, 154Eu, 155Eu)
were observed in EuyO3 powder [78,79] and LigEu(BO3)3
crystal [80]. The highest activity of 1>2Eu, 3.24 Bq/(kg of Eu),
was detected in the sample of Eu; O3 powder [78], while for
150Eu only a limit of < 0.6 mBg/(kg of Eu) was obtained by
reanalysis of the data. Assuming similar ratios between the
Eu radionuclides, the activity of I50Ey in the Nd-containing
sample is expected to be less than 3 x 10~° mBq/kg. Thus,

the excess of the 334.0-keV peak area can not be explained
by the presence of Eu traces in the Nd-containing sample.
On the other hand the excess in the 334.0-keV peak could
be explained by 2v28 decay of 3'Nd to the 334.0 keV 2
excited level of 9Sm with a half-life (detection efficiency
0.0241): Ty p("ONd —  139Sm(2])) = [1.5727(stat) +
0.4(syst)] x 10%° year. To take into account this possibility,
and the correlation between the two decay channels of '°Nd
to the 07 and 2] excited levels of '**Sm, a maximum like-
lihood procedure was adopted. In this case, we considered
the amplitudes (or equivalently the inverse of the half-life)
of the two processes as free parameters. For this purpose,
Fig. 17 reports a plane whose coordinates are the inverses
of the half-lives of the two processes: 2v28 decay of ONd
to the 0f [7} 5 (0%)] and the 21 [T}, (27)] excited levels of
150Sm. As one can see, on the basis of the above discussion
the 1-0 band achieved only with the method of analysis 1
is oblique in the plane; instead the 1-o bands for the meth-
ods of analysis 2 and CC do not depend on the 2v28 decay
of 19Nd to the 334.0 keV 2 excited level of °Sm. If the
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Fig. 17 1-0 contour and best fit value in the plane with coordinates
equal to the inverses of the half-lives of the two processes: 2v28 decay
of 10Nd to the OT and to the Zfr excited levels of '3°Sm. The 1-o
bands that are achievable when considering only either the 1, or 2, or
CC method of analysis are reported

three analysis procedures — 1, 2, and CC — are considered
all together, one can obtain the 1-o contour and the best fit
value, as shown in Fig. 17. In particular, the 2v28 half-life
of 1°°Nd for the transition to the OT excited level of 1°°Sm
is (see also Table 8):

757 (1ONd — 10Sm(07)) =[1.031033 (stat) 1S (sysv)]

1/2
x10% year. (15)

This obtained value of half-life is in agreement with the
results of the previous experiments (see Fig. 18 and Table 1
where a historical perspective of the half-life measurements
is presented).

The 2v28 half-life of '>Nd for the transition to the 334.0
keV 2T excited level of 1°Sm was estimated as derived by
using the maximum likelihood procedure as:

Tf/“jﬂ(”ONd — 1308m@2F)) = [1.572(stat) + 0.4(syst)]

x10%° year. (16)

The half-life value does not contradict the limit 7, >
2.42 x 10%° year obtained in the NEMO-3 experiment [28]
(see Table 9 where the results of the present work are given
together with the most sensitive results of other studies). Tak-
ing into account that the half-life value Eq. 16 is not statis-
tically reliable, we set also a limit on the decay applying the
Feldman-Cousins procedure [77] to the result of the maxi-
mum likelihood analysis as T12/”225(150Nd —150 sm(21)) >
7.3 x 10" year. The limit is lower than the NEMO-3 one
due to the excess of the 334.0-keV peak area in the present
study.

It should be noted that the 334.0-keV ZT excited state
of 139Sm can be populated also through the 2v28 decay to
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Fig. 18 A historical perspective of the 2024 half-life of '>'Nd mea-
surements for the transition to the 740.5 keV 0'1" excited level of 10Sm
(blue circles) (references to the publications are as follows: Barabash
[51], Barabash [52], Kidd [53], NEMO-3 [28]). The red triangle shows
the half-life obtained in the present study by combination of the half-life
values derived from analysis of the 334.0-keV and 406-keV peaks in the
1-dimensional spectrum and of the CC data. The red square represents
the result obtained in the present study by the maximum likelihood pro-
cedure of the two peaks in the 1-dimensional spectrum — including the
possible contribution of the decay to the 2'1" level — and the one derived
from the CC analysis

the second 2; (1046.1 keV), third 2;“ (1193.8 keV), and
the second 0;’ states (1255.5 keV). As a result, such decays
could add events to the 334.0-keV peak and reduce the half-
life value for the 2v28 decay to the ZT level. However, as it
will be shown in the Sect. 4.2, the contribution is rather small
and can be neglected.

The probability of the 0v2 g decay is expected to be several
orders of magnitudes smaller than the probability of the two
neutrino mode (moreover, the Ov28 decay might be even
vanishingly rare). Nevertheless, the limit obtained for the 2v
mode of the transition to the ZT level is valid also for the Ov
mode of the decay and can be considered as a methodological
result. Similarly a limit on the Ov2g transition to the Of’
level was set as Tlo/vfﬁ(]SONd — 19Sm(0})) > 7.1 x 10"
year. Both limits are weaker than the restrictions reported by
NEMO-3 [28]: 77" (ONd — 1%0Sm(2{)) > 1.26 x 10%3

year and TIO/VZZﬁ(ISONd — 1598m(0{)) > 1.36 x 10?2 year,
respectively, due to impossibility to distinguish the 2v and

Ov decay modes in the present work.

3.2 Limits on 2 decays of ONd to the higher excited
levels of '3°Sm

No peculiarities were observed either in the 1-dimensional
spectrum or in the coincidence data, that could be ascribed to
2 decays of 'ONd to higher excited levels of *°Sm. Thus,
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Table 9 The half-life values

(limits) on 28 decay of 150N to Level of Decay E, e lim S Experimental limit, lim T /5 (year)
the excited levels of '3°Sm. The 1505m (keV) mode (keV) (counts) Present work Previous results
energies of the y quanta (E,) 2
used to set the T}, limits, are 334.02f 2v See text 1.51’017 x 1020 > 2.42 x 1020 [28]
listed with their corresponding 334.027 2040v 3340 00241 558 > 7.3 x 10" > 1.26 x 10 [28]
detection efficiencies (¢) and " 1038 20
values of lim S (the values of 740.5 0 2v See text 1.037)59 x 10 See Table 1
lim S and lim T} are estimated ~ 740.5 0} 204+0v 4065 0.0222 579 > 7.1 x 10Y > 1.36 x 10% 28]
at90% C.L.). The uncertainties 1046125 20400 7122 00188 52 > 6.0 x 102 > 8.0 x 102 [52]
of the half-life values are v 20 20
obtained by summing in 1193.8 23 20+0v 11938 00104 34 > 5.1 % 10 > 5.4 x 102 [52]
quadrature the systematic and 1255.5 05 204+0v 9216 0.0155 66 > 3.9 x 1020 > 4.7 x 1020 [52]
statistical errors of Eq. 15 and —
Eq. 16. The results of previous 4The limit is only for the Ov mode of the decay
experiments are given for
comparison
we set half-life limits on the different modes and channels of E 600 - 280 ¢ 726.9, 22Bi 727.3
the decays by using the following formula: pal 20871 722.0, '*"Ag 722.9 l

. NIn2et E
lim T1/2 = W , (17) 8 500 - 21481 703.1

where N is the number of 1>°Nd nuclei in the sample, ¢ is the
FEP detection efficiency for the y quanta searched for, 7 is
the measuring time, and lim S is the number of events of the
effects searched for that can be excluded ata given C.L. In the
present study all lim § and lim 77/, values are estimated with
90% C.L. The detection efficiencies of the detector system
to the y quanta expected in different modes and channels
of the double-beta transitions of PYNd to excited levels of
150Sm were simulated with the EGSnrc simulation package,
the decay events were generated with the DECAYO event
generator.

In the case of 2028 or 0v28 decay of '3ONd to the 1046.1
keV 2; excited level of 13°Sm, a y-ray peak with energy
712.2 keV is expected. A fit of the energy spectrum in the
energy interval (691 — 737) keV with x2/n.d.f. = 1.12
is shown in Fig. 19. The background model was built in a
way similar to the one used in Sect.3.1.1. The fit returned
a peak area —24 &+ 45 counts that is no evidence on the
effect. A value of limS = 52 counts was obtained by
using the Feldman-Cousins procedure [77]. Taking into
account the detection efficiency for 712.2-keV y quanta in
the transition, ¢ = 0.0188, one can obtain a half-life limit
T12(5Nd — 159Sm(27)) > 6.0 x 10? year. The limit is
valid both for the 2v and Ov modes of the decay. It should
be noted that a comparable limit was obtained by analy-
sis of 712.2-keV and 334.0-keV y quanta in coincidence:
T1p(PNd — 15%Sm(21)) > 9.0 x 10! year. However,
the sensitivity of the experiment to the 28 decays of ONd
to higher excited levels of 1’°Sm is systematically better in
the 1-dimensional data.

Limits on 28 decays of ’Nd to higher excited levels of
150Sm were obtained in a similar way. A summary of the

280¢701.7  |""Nd 2" 1046.1
71222

400

300

700 72‘0 7;10
Energy (keV)

Fig. 19 Energy spectrum measured with the Nd-containing sample for
5.845 year in the energy interval where a y peak with energy 712.2 keV
after 28 transition of 1ONd to the 1046.1 keV 2; excited level of 1°°Sm
is expected. The fit of the data by the background model is shown by
solid blue line, while the excluded 712.2-keV peak is shown by the
dashed red line

half-life values (limits) on 28 decay of "°Nd to the excited
levels of 9Sm is given in Table 9. The 2v28 half-life of
150N for the transition to the OT level of 1°Sm is compared
with the results of the previous experiments in Table 1.

3.3 Limits on 28 decay of '*Nd to excited levels of 1*3Sm

Since there are no peculiarities in the experimental data that
can be interpreted as 28 decays of '#8Nd to excited levels of
148Sm, limits on 28 transitions to several excited levels of
148Sm were set in a similar way as for ''Nd. The results of
the analysis are presented in Table 10.

The obtained limits are either lower than the previous ones
or exceed them slightly. Taking into account a significantly
lower probabilities of the '*8Nd 28 decay (mainly due to a
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Table 10 The half-life limits on 28 decay of '*3Nd (sum of the 2v and
Ov modes) to the excited levels of *8Sm. The energies of the y quanta
(Ey), used to set the T limits, are listed with the detection efficiencies

(&) and values of lim S (the values of lim S and T, are given at 90%
C.L.). Results of the previous experiment are given for comparison

Level of 8Sm (keV) E, (keV) e lim S (counts) Experimental limit, 7} (year)

Present work Previous result [52]
550.32F 550.3 0.0235 129 > 3.1 x 102 > 6.6 x 102
1424.5 0 874.2 0.0193 37 > 8.8 x 1020 > 7.9 x 102
1454.1 2 903.8 0.0096 97 > 1.7 x 1020 > 3.8 x 1020
1664.3 27 1664.2 0.0055 23 > 4.1 x 102
1921.0 05 1370.7 0.0161 20 > 1.4 x 102

much lower decay energy), the observed restrictions are only
of a methodological interest.

4 Theoretical calculations of the 1*8Nd and 15'Nd
23-decay probability

4.1 The 2v2p decay to 0" and 27 states of the final nucleus

The inverse half-life of the 2v28 decay transition to both 0T
and 27 states of the final nucleus takes the form

[ra0n]
[risen]”

Ei—E;—m, E,‘—Ef—Eg1
X / De Ee, / Dey Ee,
m

me e

_ me(Gﬂm£)4 (giff)4 1

877 1n (2) m

11
e

Ei—Ef—Ee —Ee, 2 2
% / E} E;, Fys(Ee)Fys(Ee,)
0

2v O+
x{j2v22+;}dEuldEeszel (18)
with
Fys(Eo) = g% (Eo) + f2(E,). (19)

Here, Gg = GFcosfc (GF is the Fermi constant and 6¢
is the Cabibbo angle) and m, is the mass of electron. Ej,

Ef and E,, (E,, = \/p2 +m2,i =

gies of initial and final nuclei and electrons, respectively.
g ((E) =g (E,r =R)and f{(E) = f{(E,r = R) are
radial components of electron wave functions in the atomic
potential of the final system, evaluated at nuclear surface
R = 1.2A!3 fm, which will be introduced in the following
section. The quantities A" consist of products of Gamow-
Teller (GT) NMEs, which depend on lepton energies:

1,2) are the ener-

1 2
A? (1) = i MEL M) + MEL 01
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1 2
o [MEp b — MbrH[
A @) = M@y - M@t 0)
where
Mgy (™) _ § MU (B = (Fi + Ep)
me T [E0H) — (B + Ep)J2) — €%,
1)

The partial transition matrix elements take the form

M0 = (07| Y- mtom 5111 2 5o 07)
1

M,2") = —
2" NG
x<2

I whon [0 (051 wom o).
m m
(22)

Here, |0;") and |Jf+> (J™ =07, 2%) are the initial (ground)
and final (ground or excited) states with angular momentum
and parity 0" and J ™, respectively. Additionally, |1,") denote
all possible states of the intermediate nucleus with angular
momentum and parity 17 and energy E,(17). The lepton
energies enter in the factors

—E\y) /2,
—Ey) /2.

EK = (Eez + E\)2 - Ee]

L = (Eel + Evz - Eez (23)

The relationship between the energies of the initial and final
nuclear states and the Q value is givenby Q = E; — Ey —
2m,. The maximum values of |eg| and |ez | are half of the
Q value of the process, i.e., ex. 1 € (—Q/2, Q/2). In the
case of 2v28 decay with energetically forbidden transitions
to the intermediate nucleus (E, — E; > —m,), the quantity
E,—(Ei+Ef)/2 = Q/2+m,+(E, — E;) always exceeds
half of the Q value. This suggests that the decay rate of
2v2 B decay can be improved by expanding the denominator
of Eq. (21) [81], rather than completely neglecting ek 1. as
typically done.
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We note that for the transition to the 0 ground and first
few excited states of the final nucleus the contribution to
2v2B-decay rate having origin in the double Fermi transition
is small, as the initial and final states belong to different
isospin multiplet states. Therefore, following our previous
work [81], we neglect the Fermi contribution in this paper.
For completeness, the expression for the 2v2 8 transitions to
0t states, including the Fermi contribution, can be found in
[82].

The dependence of the GT nuclear matrix element
M, g’TL(J T) on lepton energies is taken into account by
performing a Taylor expansion over the ratio eg 1 /(E, —
(E; + Er)/2)in the denominator of Eq. (21). By limiting our
consideration to the fourth (sixth) powerineg 1 for J* = 0"
(J* =27) we get:

[T12/V2(0+)]_1
T o Mo(0H)GE () + Ma(01)G3 (0F)
A

+ M2 (0MG35(0%) + My (01 G (01),

[73nen]”

G = M2@HGEED + MeNGE 2.
A

(24)

The products of the NMEs for 2028 transitions to 0T states
are given by

2
Mo(0™) = [ME 0],
Ma(0) —MGT (O ME_5(0%).
Mo 0% = 3 [ME 500

M4(0+) = I:MévT 3(0+)] GT 1(0+)MGT 5(0+)

(25)
and for transitions to 27 states,
+ “T
M) = [MZr_5@D)]
Me(2) = MEy _;QNHYME, 2. (26)

The explicit expressions for the NMEs are the following:

2v N + Ne
Mg, 0 >—;Mn(0 B S ETEN
4 m3
0" =Y M, 0" ¢ ,
Mar s Z (En(1+) — (Ei + Ef)/2)°
16 m>
sz _ (0+) = Mn(0+) . ’
or= Z (En(1+) — (E: + E)/2)°

27)

and
4m3
Mg 52 =) M,2"h) e ,
; (E.(1%) — (E; + Ef)/2)°
16 m>
Mg s =" M,2"h) ¢ .
; (E.(1%) — (Ei + Ep)/2)°
(28)
The phase-space factors (PSFs) are given by
G§;(0+) _me(Gpmd* 1
GA})/(ZJF) "~ 8772 m“
Ei—Ef—me
X[ Dey Ee; |:1 +'7T(Ee1 )]
‘ E;—Ey—Ee,
X R(Ee,, E Ef _me)/ Pey Ees
x [+ <Eez)}R(Ee2 —Ef—Ee)
Ei—Ef—Eey=Eey ,
X/(; EleszSS(EEI)FXS(EEZ)
AZU(0+)}
x{7N dEy,dEe,dE, (29)
{AN/(2+) 1 2 1
with N = {0, 2, 22,4} and N’ = {22, 6}. In the phase space
expressions,
2 2
gv + &
A2v 0+ 21’ AZV 0+ — K L’
20" FOh =L
&2 g2 4 4
&r + ¢
ABOF) = KL vty = SKTOL (30)
2 amot (2me)*
and
(e} —¢3)’
2U(2+) — K L
Cme)*
2 2\2 (.2 2
e% —e7) (ex +¢7)
AZU 2+ — 2( K L K L 31
2t T (31)

We note that we account for the possibility of one electron
involved in the 2v2 8 decay being produced in a bound orbital
of the final atom, corresponding to an occupied orbital in the
initial atom. Simultaneously, an atomic electron from the
bound orbital undergoes a transition to a continuum orbital
in the final atom. This electron exchange, known as the
exchange correction, has been extensively studied in 8 decay
[83-92], and it is introduced for the first time in this work
for 2v28 decay. Additionally, we incorporate, also for the
first time, the first-order radiative correction arising from the
exchange of a virtual photon and the emission of areal photon
during the 2v28 decay.

In the PSFs expression, the leading order radiative correc-
tion is given by

R(E., E™) =1 + %g(Ee, E™), (32)
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where the function g(E,, E}'"®) is given by [93,94]:

v, o (Mo 34 (28
8(Ee. L )_31“(me) 4 ﬁL12<1+/3>

tanh~! p 2 (E(Ienax - Et’)2 -1
+'3|:2(1+,3)+6E§—4tanh ,3
tanh~! B
+4 | — -1
(=5-)
Emax _ Ee 3 max
< [T -2 (e Ee)]] , (33)

where 8 = p./E., m, is the proton mass, E;"** is the maxi-
mum total energy of the electron and Li; (x) is the dilogarithm
function.

Since only s1/2-wave state electron emissions are consid-
ered in 2v28 decay, the exchange correction is calculated
similarly to the allowed g decay [85,86]:

' (Ee) = f{QT + T + (1 = f)QT5 +T7)
= ns(Ee) + njp(Ee). (34)
Here
8 (Ee, R)
82 (Ee. R) + f2(Ee, R)’

where g, (E.,r) and f/(E.,r), also involved in Eq. (19),
are the large- and small-component radial wave functions,
respectively, for electrons emitted in the continuum states
of the final atomic system. All primed quantities are asso-
ciated with the final atomic system. The continuum states
are uniquely identified by the relativistic quantum number x
and the energy E,. The quantities 7 and 7 depend respec-
tively on the overlaps between the bound 51/, (« = —1) and
p = p12 (k = 1) orbitals wave functions in the initial state
atom and the continuum states wave functions in the final
state atom:

(1/f1/5A|‘//ns> g;, 1 (R)
I = Tns = = - T 36
‘ (nX:s)’ (nX:S)/ <1//r/zs|wns> g,l(Ee, R) (36)

fs = (35)

and

Tp=> Tip=—Y

(np)' (np)y

(W 5l Vnmp) L1 (R)
('(p,/lﬁh//nﬁ) f.;_1(EevR)7

37)

where g;, «(r) and f, . (r) are the large- and small-component
radial wave functions, respectively, for bound electrons. The
atomic bound orbitals are uniquely identified by the principle
and relativistic quantum numbers n and &, respectively. The
summations in Ty and T are performed over all occupied
orbitals of the final atom, which, under the sudden approx-
imation, correspond to the electronic configuration of the
initial atom. The detailed expression for the overlap between
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Table 11 Pairing gaps for protons (A ,) and neutrons (A,) determined
phenomenologically from the odd-even mass differences through a sym-
metric five-term formula involving the experimental binding energies.
B> is the deformation parameter extracted from the measured E2 prob-
ability

Isotope A, (MeV) A, (MeV) Ba

150Ng 1.193 1.045 0.285
150§m 1.444 1.195 0.193
148N d 1.387 1.121 0.201
1485m 1.347 1.057 0.142

the continuum wave function of the final atom and the bound
wave function of the initial atom can be found in [92].

4.2 Results and discussion of the theoretical calculations

For the calculation of the NMEs from Eqs. (27-28), we adopt
the spherical proton-neutron QRPA method with isospin
symmetry restoration [24]. The pairing and residual inter-
actions as well as the two-nucleon short-range correlations
are derived from the same modern realistic nucleon-nucleon
potentials, namely from charge-dependent Bonn potential
[95]. Pairing correlations between like nucleons are included
similarly in both cases in the Bardeen-Cooper-Schrieffer
(BCS) approximation with fixed gap parameters for protons
and neutrons (see Table 11). The intermediate states are con-
structed with pn-QRPA phonons while the ground states of
initial and final nuclei are BCS states. It has been shown in
[96] that the deformation affects mostly the overlap factors of
these BCS states. Therefore in the current work, the deforma-
tion effects are accounted for by BCS overlap factors from
the deformed BCS calculations [97], which is 0.52 for the
150Nd system and 0.73 for the '*¥Nd system.

The wave functions are constructed for the 27 states
through the spherical QRPA methods, and the detailed
expression for the decay from the intermediate states to these
final 27 states is given in [98,99]. The first OT excited state
is constructed using the so-called Boson Expansion Method
(BEM) which treats this state as a polynomial of 27 QRPA
phonon and a detailed expression for transitions from inter-
mediate states to this state is then given in [32].

In the NME:s calculations, we have to fix the major param-
eters for pn-QRPA, i.e., g, — the particle—particle interac-
tions strength. Following the treatment in [24], for the decay
of ONd to the ground state, we fix the g;p:l for the iso-vector
channel with vanishing M %" and the iso-scalar channel g;p:o
is fixed by reproducing the experimental half-life of °Nd
with Eq. (24) for a given giff. In the case of '“3Nd, since we
don’t have a measured half-life, we fix g7~ by requiring

pp
M é"T_Cl = 0 [100]. For the like-nucleon QRPA calculation,
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we fix the g;p:] by equating it with what one obtains from

pn-QRPA calculation with isospin symmetry restoration.
For the decay of "Nd to 27 states, our results suggest
that the NMEs are not as sensitive to the g;pzo value as the
ones for the decay to the ground states. Therefore, the half-
lives are then solely determined by the giﬁ values used. For
the decay to first Of' excited states, Mgr_1(0T) is slightly

sensitive to g;pzo but the other two NMEs are not sensitive

to the g7 =0 values we choose.

For '“8Nd, the NME:s for the decay to the ground states,
NME is much larger than that for '"Nd. It is due to the
larger overlap factor calculated in the framework of the BCS
theory for nuclei and the significantly larger proton pairing
gap A . The half-life for 2v28 decay of 148Nd has been not
measured yet. Thus the pseudo spin-isospin SU(4) symmetry
is enforced [100]. Future measurements could help clarify
whether this holds. For the decay to 27, the NMEs are also
larger than the corresponding ones of '°Nd. But for the decay
to 0T, the NME is relatively suppressed. One should be aware
that the NMEs for decay to excited states are somehow less
sensitive to the model parameters g ).

The calculation of the PSFs with exchange and radiative
corrections, as given by Eq. (29), requires good knowledge
of both the bound and continuum states for electrons within
the potential of the final positively charged ion, as well as the
bound states for electrons within the potential of the initial
neutral atom. In this study, we employ the modified self-
consistent Dirac—Hartree—Fock—Slater (DHFS) framework
to determine the electron wave functions. Detailed descrip-
tions of the nuclear, electronic, and exchange components
of the DHFS potential, as well as the convergence of the
method, are provided in [92]. Our calculations are based on
the RADIAL subroutine package [101]. Notably, the mod-
ified self-consistent DHFS framework offers not only real-
istic screening for the continuum wave functions but also
ensures orthogonality between the continuum and bound
wave functions of the electrons in the final atomic system, i.e.,
(Y ;52 | Vne) = 0. We have demonstrated that non-orthogonal
states significantly influence the behavior of the exchange
correction concerning the kinetic energy of the emitted elec-
tron [92].

The results for G%}’(OJ“) with N = {0,2,22,4} and
G%(2%) with N’ = {22, 6} are presented in Table 12 for
the 2028 decay of 48 150Nd to various 0 and 27 states of
148,1509m, For transitions to 0% states, the trend of the PSFs
from different orders of the Taylor expansion aligns with our
previous results [81,82]. We note that for the 2v28 decay
of 19Nd to the ground state of '>°Sm, increasing the preci-
sion for the screening correction and adding the radiative and
exchange corrections, leads to a 6% increase in the decay rate
when compared to the result from [82]. A detailed investi-

gation regarding the interplay between these corrections will
be discussed elsewhere.

The NMEs for the 2028 decay of "°Nd and '*¥Nd to
ground and excited states are summarized in Table 13, along-
side the corresponding theoretical and experimental half-
lives (limits). For the decays of 150Nd, two sets of val-
ues are presented: one corresponding to the unquenched g4
value, i.e., gjff = 1.276 [102], and another for a moderately
quenched g4, i.e., giff = 0.75 x 1.276. Notably, our predic-
tion for the half-life with a moderately quenched g4 for the
decay of ONd to the first OT state falls within the experimen-
tal uncertainty limits, while the one with unquenched g4 is
two times smaller. For this reason, we present the results for
the decay of *8Nd only with g¢ = 0.75 x 1.276. The the-
oretical predictions for all transitions reasonably agree with
the experimental limits investigated in this work.

In addition to the half-lives for "Nd presented in
Table 13, we also investigated the 2v2 transitions to higher
excited states of '>°Sm. These include the second 2; state
(1046.1 keV), the third 2; state (1193.8 keV), and the sec-
ond 0; state (1255.5 keV). This analysis aimed to determine
whether the first excited ZT state at 334.0 keV is predomi-
nantly populated directly through the 2v28 decay, or if a sig-
nificant population occurs via y transitions from these higher
27 and 07 states, which themselves are populated by 2v23
decays. To estimate the half-lives for the 2v28 transitions to
the 22+ and 2; states, we assumed the NMEs to be the same as
those for the transition to the 21+ state. For the 2128 decay to
the O;r state at 1255.5 keV, we similarly considered the NMEs
for the ground-state-to-ground-state transition. However, this
assumption likely overestimates the NMEs, as the O; state
at 1255.5 keV is expected to correspond to a triple-phonon
state, where the associated NMEs are anticipated to be signif-
icantly suppressed. Using giff = 1.276 and the phase-space
factors (PSFs) provided in Table 12, the following theoreti-
cal half-lives were determined: T 12/”27&‘(22+ ) = 4.408 x 107!
year, T{"(23) = 1.025 x 102 year and 775 "(05) =
5.820 x 10?0 year. The 202 transitions to the second 2;‘,
third 2;, and second 0;‘ excited states are suppressed rela-
tive to the transition to the first 2?‘ state by factors of 0.030,
0.013, and 0.227, respectively. Based on these results, it can
be concluded that the ZT state at 334.0 keV is only weakly
fed via the 2v28 transitions to higher excited states, and the
indication discussed in the Sect. 3.1.4 remains valid.

In Table 14, we compare our NMEs and half-life predic-
tions with those reported in [103—-105] for the 2v28 decay of
150N to the ground state and to the first 2]” state of 1>0Sm.
The NMEs reported in the papers [103—105] have been prop-
erly scaled, as detailed in Table 14’s caption, to ensure con-
sistency with our definitions of the NMEs, namely Eqs. (27)
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Table 12 The phase-space factors G%}’ (0T) with N = {0, 2,22, 4} and
G%,(2%) with N’ = {22, 6}, i.e., Eq. (29), for the 2v2 decays of 1°Nd
and *8Nd to different excited states of 1’°Sm and '*3Sm, respectively.

The excited states of 1’9Sm and '*8Sm are the ones displayed in Figs. 1
and 2, respectively

Nuclear Ei—Ef—2m, G¥(O0") G3'(0h) G350 G2’ () G h) G¥ (")
Transition [MeV] [year™ I [year™ I [year™ I [year™ I [year™ I [year™ 1

lSONd — 15(JSm

0t — 0F 3.37138 3.851x 10717 2.191 x 10717 3,617 x 10718 1.560 x 10717 - -

0t — 2f 3.03742 - - - - 2.256 x 10718 4.478 x 10718
0t — 0f 2.63092 4.602x 107 1.627 x 10718 1.698 x 1071°  7.160 x 1071° -

0t — 2f 2.32523 - - - - 8.177 x 10720 9.616 x 10720
0t — 27 2.17754 - - - - 3.649 x 10720 3.772 x 10720
0t — 0 2.11587 7459 x 1071 1731 x 10712 1.206 x 10720 4.979 x 10720 - -

I48Nd - 48Sm

0t — 0F 1.9280 3482 x 1071 6.746 x 10720 3.957 x 10721 1.617 x 10720 - -

0t —2f 1.3777 - - - - 1.433 x 10722 6.000 x 1072
0t — 0f 0.5035 L152x 10723 1573 x 1075 7.369 x 10728 2.631 x 10727~ -

0t — 2f 0.4739 - - - - 5.798 x 10728 2.904 x 10~%
0t — 27 0.2637 - - - - 7.901 x 1073 1.227 x 10732
0t — 05 0.0070 1468 x 10730 3,940 x 1074 4.006 x 107*  1.295 x 10747 - -

Table 13 The NMEs and the theoretical and experimental half-lives (limits) for the 2v28 decay of '*ONd and '*¥Nd to ground and excited states.
The experimental results without reference are obtained in the present study

Nuc. Tran ~ g&" M2 (0F)  MZ ,(0Y)  ME 07 M2, et M2 2h) T12/”2 " [year] le/"z P Iyear]

lSONd — lSOSm

0t — 0t 1276 0.0255 0.0189 0.0059 - 9.34 x 10'8 9347050 » 1018 [48)
0.957  0.0491 0.0240 0.0075 - 9.31 x 10'8

0t — 0/ 1276  0.039 0.021 0.011 - 043 x 102 1.037055 x 10%
0.957  0.042 0.021 0.010 - 1.19 x 1020

ot —2f 1276 - - - 0.027 0.010 132 x 10%  1.5723 x 10%
0957 - - - 0.027 0.010 4.18 x 10%°

148Nd — 4SSm

0t — 0T 0957 0.135 0.051 0.017 - 1.74 x 1020 -

0t — 07 0957 0.025 0.013 0.007 - 1.64 x 10 > 8.8 x 102

0t —2f 0957 - - - 0.043 0.021 3.74x 108 > 6.6 x 102 [52]

and (28). The last column presents the half-lives obtained as,

-1 4 2
[r2h00] = (e5) [ME_00] 63oh. @)
for the transition to ground state and

—1 4 2
[le/”z@*)] = (giff) (Mé”T_g(ﬁ)‘ GHehH (39

for the transition to first 2]" state. These can be obtained
from Eq. (24) by keeping only the first term from the Taylor
expansion of the decay rates. The comparison between these
half-lives and the published ones [103—105] in Table 14 high-
lights two main aspects: (i) for our work, it underscores the

@ Springer

importance of the additional terms arising from the Taylor
expansion of the decay rate, and (ii) for the previous papers,
it reveals the differences between our first order PSF and the
ones used in those studies.

For the 2v28 transition to the ground state, the NMEs
from [103] are of the same order of magnitude as ours, while
those from [104,105] are approximately one order of mag-
nitude larger. As a consequence, the NMEs from [104,105]
predict smaller half-lives than the ones obtained in this work.
For the 2v28 transition to the first 2?‘ state, the NMEs from
[103] are two orders of magnitude smaller than ours, while
those from [104,105] are one order of magnitude smaller.
One would expect half-lives two to four orders of magni-
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Table 14 The comparison

between the NMEs and Nucl. Trans Paper |M éVT—l (0+)| ngf T]ZV[m (0™)[year]
half-lives predictions from this Published Revised PSF
work and the ones reported in

[103-105] for the 2v2f decay of 0T — OF This work 2.55 x 1072 1.276 - 1.50 x 10"
150 .

Nd to the ground state (top This work 4.91 x 1072 0.957 - 1.28 x 101
part) and o the first 2" state Ref. [103 5.49 x 102 1.000 6.73 x 1018 8.61 x 1018
(bottom part) of 150Sm. For the ef. [103] X ’ 42X O X
0 — 0 transition, the NMEs Ref. [103] 5.50 x 1072 1.000 6.68 x 1018 8.58 x 1018
reported in [104,105] have been Ref. [104] 2.79 x 107! 1.254 - 1.35 x 1017
scaled by a factor m,. For the 1 16 16
0% — 2 transition, the NMEs Ref. [105] 3.80 x 10 1.254 7.89 x 10 7.26 x 10
reported in [103] have been Nucl. T P M2 o+ eff T2v—th o+
scaled by a factor 4, and the Het rans apet | Gr-3 )| 8a ! 2' (2)lyear] -

NME:s reported in [104,105] Published Revised PSF
have been scaled by a factor

4m?. The g& used in the 0t —2f This work 2.70 x 1072 1.276 - 2.29 x 10%°
calculations is presented in the This work 2.70 x 1072 0.957 - 7.25 x 10%0
fourth column. The fifth column Ref. [103] 2.15 x 1074 1.000 7.21 x 10% 9.57 x 102
shows the published half-lives in

each paper. The last column Ref. [103] 1.65 x 10~ 1.000 1.23 x 10% 1.63 x 10%
presents the half-lives obtained Ref. [104] 1.42 x 1073 1.254 1.50 x 10%3 8.84 x 10?
with the revised PSFs (see Ref. [105] 1.69 x 1073 1254 4.61 x 102 6.26 x 102

Table 12) using only the first

term from the Taylor expansion
of the decay rates, i.e., Eqs. (38)
and (39)

tude larger than ours in these studies. However, in [105], a
half-life of 4.61 x 10%° year is reported, quite close to our
prediction for the moderately quenched g 4. The comparison
between the last two columns of Table 14 reveals that our
calculated PSFs are approximately 30% smaller compared
to those reported in [103], which are based on calculations
from [106], for both transitions to the ground state and to
the first 2+ state. This validates the computation of G3*(0")
and G%Z (2) from this work, as we have previously demon-
strated a 30% decrease in the 212 decay rate of ONd due
to a more precise description for the emitted electrons [82].
The extracted PSF value for the 2v2 8 transition to the first ZT
state from [105] contradicts the values from [106,107] and
the value from Table 12 by a factor of 102. For other nuclei,
the PSFs from [106,107] and the ones extracted from [105]
mostly agree within one order of magnitude. Most likely, the
predicted half-life for the 2v28 decay of '>Nd to the first
2fr state of 19Sm from [105] contains a misprint.

5 Conclusions

Double-8 transitions of *8Nd and "ONd to excited levels
of 8Sm and °Sm were studied with the help of ultra-
low background HPGe y spectrometer at the Gran Sasso
underground laboratory of the INFN (Italy). A highly puri-
fied neodymium-containing sample with a mass of 2.381 kg
was measured over 5.845 year in a closed geometry by a four-
crystal HPGe-detector system in the STELLA laboratory of

the LNGS. In this set-up it is possible to measure the y quanta
with energies 334.0 keV and 406.5 keV, emitted in the 2v28
decay of YNd to the 740.5 keV 0] excited level of 1°°Sm
both in the 1-dimensional energy spectrum and in coinci-
dences. By analysing the 334.0-keV and 406.5-keV peaks,
and their coincidences, the half-life of the 2v28 decay of
150Nd was determined as T1/2(150Nd — 15OSm(Oi")) =
[0.831’8:%2(stat)fg:{g(syst)] x 1020 year. However, taking
into account a possible excess of events in the 334.0-
keV peak, that would lead to a smaller half-life value
than those obtained in the previous studies, the half-life
was estimated by a maximum likelihood procedure which
includes the two peaks in the I-dimensional spectrum —
with the possible presence of the decay to the ZT level —
and the coincidence data as 71 ,2(1°Nd — 3Sm(0})) =
[1.037033 (stat) 7018 (syst)] x 1020 year. The half-life is in
agreement with the results of the previous experiments. How-
ever, the Nd-containing sample has higher radiopurity level
than that in the experiment [51,52], both 1-dimensional and
coincidence data were used for the analysis (while in the
works [51,52] only 1-dimensional spectrum was analysed,
and in [53] only the coincidence data were considered).
Finally, the present work is based on the highest exposure
ever achieved in the experiments with PONd.

Taking into account that no other background sources
able to explain the 334.0-keV peak excess could be found,
the excess of events in the 334.0-keV peak can be inter-
preted as an indication of the 2v28 decay of '’ONd to the
334.0 keV 2] excited level of '°Sm with the half-life
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Ti2("ONd — 50Sm(2])) = [1.572-3(stat) £ 0.4(syst)] x
10?0 year. The result does not contradict the up-to-date
strongest limit 7,2 (1'Nd — 130Sm(2])) > 2.42 x 10%
year [28], and concurs with the presented theoretical half-life
(see Table 13).

The dedicated theoretical calculations described in Sect. 4
reasonably agree with the experimental results obtained and
do not contradict the best-achieved limits. The calculations
are based on an improved 2v2 8 formalism and nuclear matrix
elements evaluated using pn-QRPA and like-nucleon QRPA.
Additionally, the phase-space factors were obtained by con-
sidering the most advanced electronic wave function and
taking into account, for the first time in 2v28 decay, the
atomic exchange effect and radiative correction for the emit-
ted electrons. Previous theoretical studies conducted on the
2188 decay of '5ONd to both ground and excited 27 states
using the pseudo SU(3) model [103] and fully renormalized
proton-neutron quasiparticle random phase approximation
with gauge symmetry restored [104,105] show significant
discrepancies when compared to the current theoretical and
experimental results.

Double-beta decay transitions of '>'Nd and '*3Nd to sev-
eral excited states of °Sm and '*8Sm were bounded with
a sensitivity of 77,2 > 1020 — 10%! year. The limits on the
2 decay of 148Nd to the 1664.3-keV 27 and 1921.0-keV 05
excited levels of 1*8Sm were set for the first time. However,
the obtained limits for *¥Nd and the bounds for the double
beta decays of >N to the higher excited levels of °°Sm are
rather modest: they are either lower or exceed the previous
results very slightly. In general, they are far from the theo-
retical predictions. Thus they are only of a methodological
interest.

Further advancement of the experimental sensitivity to the
2128 processes in 'ONd with emission of y quanta could
be achieved using an enriched radiopure '"’Nd source in a
detector system with as low as possible background and as
high as possible detection efficiency both in 1-dimensional
and coincidence regimes.
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