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LOW-BACKGROUND EXPERIMENT TO SEARCH FOR DOUBLE BETA DECAY
OF 1%Cd USING **CdWO, SCINTILLATOR

An experiment to search for 2¢-, ¢B*- and 2p*-decays of 1%Cd, using a 215 g cadmium tungstate scintillation crystal
enriched at 66 % by 19Cd (1®*CdWO,) is carried out at the Gran Sasso underground laboratory (ltaly). Events in the
106CdWO, detector are recorded in (anti)coincidences with two large-volume CdWO, scintillation counters. The design
of the detector system, calibration and background measurements, methods, and results of data analysis to determine
key detector characteristics are described. The experimental data are compared with Monte Carlo simulation results, and
a background model is constructed. The radioactive contamination of the setup components is studied. The sensitivity
of the experiment approaches the level of theoretical predictions for the 2vep*-decay channel, while for other possible
2B-decay channels it is already on the level of lim Ty, ~ 107 - 10?2 years.

Keywords: 1°%Cd, double beta decay, 2¢, £B*, 2p*, low background, scintillation detector.

1. Introduction

The existence of neutrino oscillations testifies a
non-zero mass for this elementary particle, which
requires an extension of the Standard Model (SM) of
particle physics. However, oscillation experiments
cannot answer questions about the nature of neutri-
nos (whether they are Dirac or Majorana particles),
determine the absolute mass and neutrino mass hie-
rarchy. One of the most promising ways to study the
properties of the neutrino is the double beta (2p)
decay of atomic nuclei. It changes the nuclear charge
by two units: (A, Z) — (A, Z+2) [1 - 3]. Different
types of the process are possible with emis-
sion/absorption of electrons and positrons. The two-
neutrino (2v2f3) mode of the process is allowed by
the SM but strongly suppressed. The neutrinoless
2B-decay (0v2p) violates the lepton number conser-
vation and is possible if the neutrino is a Majorana
particle (a fermion that is identical to its antiparti-
cle). Being a process beyond the SM, 0v2B-decay is
one of the best approaches to test the SM [4 - 7].
Furthermore, the Majorana nature of the neutrino
may shed light on the problem of the baryon asym-
metry of the Universe [8, 9].

The two-neutrino mode of the 2p-decay has been
observed in several nuclides [10, 11]. This decay has
the longest half-life among all known radioactive

transitions: 10'®-10** years. The Ov2p-process has
never been observed, the most sensitive experiments
provide only lower half-life limits at the level of
Typ>10%*-10% years. It should be noted that all
2B-decays that have been clearly detected were
transitions with the emission of two electrons (2v2f°).
As for the allowed two-neutrino “2p-plus decays™:
double electron capture (2¢), double positron
emission (2B%), and electron capture with positron
emission (¢f*), there are only indications of 2¢-decay
in three nuclides: ©*°Ba, "®Kr and ***Xe. Signs of the
2v2¢-decay of *°Ba were found in two geochemical
experiments, where an anomaly in the isotopic
concentration of daughter xenon was observed in old
barite minerals (BaSQ.), which was interpreted as the
double electron capture with Ty, = (2.16 + 0.52) x
x 10% years [12] and Ty = (6.0 + 1.1)-10%° years [13].
An indication on the 2v2e-decay of "Kr was claimed
in an experiment using a proportional counter with a
volume of 49 |, filled with 99.81 % of enriched "®Kr
isotope [14]. The value of the half-life was updated as

Ty = 1.9733.10% y [15]. Recently, the observation

of 2v2¢e-decay of **Xe with Ty, = (1.18 £ 0.19) x
x 10% years was reported in the XENON dark matter
search experiment [16]. However, the 2e¢-decay of
13083 needs to be confirmed n direct detector
experiments, while the results for ®Kr and ***Xe are
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awaiting confirmation in independent measurements
with larger statistics. Other allowed “2B-plus decays”
modes, 2veB” and 2v2B*, have not yet been observed.
1%6Cd is one of the most attractive candidates to
search for 2¢-, ¢*-, and 2B"-decays with a long his-
tory of studies. A simplified decay scheme of 1%Cd
is shown in Fig. 1. A review of previous studies can

be found in [17]. 1®Cd has one of the highest decay
energies, Qu = 2775.39(10) keV [18], a relatively
high isotopic abundance & = 1.245(22) % [19], and a
possibility of a large-scale enrichment using gas
centrifugation. It is important that methods of purifi-
cation and production of high-quality cadmium
tungstate crystal scintillators are well developed.
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Fig. 1. A simplified scheme of 2B-decay of 1%Cd (excitation energies in the interval 2283 - 2714 keV are omitted).
The energies of excited levels are given in keV. Relative intensities of y-ray transitions are given in parentheses [23].

For this study, a near cylindrical cadmium tung-
state crystal (approximate dimensions ©27 mm X
x 50 mm) with a mass of 215.4 g, enriched in the
1%Cq isotope to 66 % (‘°CdwW0,) was developed
in 2010 [20]. Previous experiments using this
crystal provided limits on the half-life of %Cd for
different decay channels and modes at the level of
Ti2>10% - 10 years [17, 21, 22].

2. Experiment
2.1. Experimental setup

An experiment using the °CdwWO, crystal is
carried out at the Gran Sasso underground laboratory
of the National Institute for Nuclear Physics (LNGS,
Italy) at a depth of 3.6 km of water equivalent. Fig. 2
shows a schematic diagram of the setup.

g I

Fig. 2. Schematic diagram of the experimental setup with the 1®CdWOQ, detector. The %®CdWO, crystal scintillator (1)
is viewed through a plastic scintillator (2) and a quartz light-guide (6) by a photomultiplier (3). Two CdWO, crystal
scintillators (4) are viewed through quartz light-guides (5) by photomultipliers (7). The three detectors were surrounded
by high-purity copper shielding (8). Teflon details (9) were used to fix the positions of the detector system details.

(See color Figure on the journal website.)
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The °CdwO; scintillator was surrounded by two
CdWO, crystal scintillators with dimensions of
@70 mm x 38 mm, with semi-cylindrical holes to
tightly enclose the enriched crystal. The central detec-
tor was viewed by a low radioactivity photomultiplier
tube (PMT) Hamamatsu R11065-20MOD through a
quartz light-guide (@66 mm x 100 mm) and a poly-
styrene-based plastic scintillator (@40 mm x 83 mm).
Both the CdWO; crystal scintillators were viewed by
Hamamatsu R6233MOD PMTs through light-guides
made of high-purity quartz (@70 mm x 200 mm). All
the optical contacts between the detector details were
provided with optical grade silicone grease EJ-550 by
Eljen Technology. The detectors were wrapped in
Teflon tape and aluminized plastic film to improve

the light collection. To ensure optical contact of the
18CdWO, detector with the light-guide, a Teflon
spring was inserted. The detectors were surrounded
by high-purity copper shielding (“internal copper”)
with a thickness of 1 -7 cm. To reduce the external
radiation background, the entire detector setup was
surrounded by layers of ultra-pure copper (“external
copper”, 11 cm), lead (10 cm), a layer of cadmium
(2 mm) and polyethylene and paraffin plates (10 cm)
to absorb thermal neutrons. Photographs of the expe-
rimental setup are shown in Fig. 3. To remove radon,
the inner volume of the setup was flushed with high-
purity nitrogen gas. The upper limit of radon concen-
tration in the nitrogen is <5.8:102 Bg/m*® (with a
90 % confidence level) [24].

Fig. 3. Photograph of the experimentalgetup (a part of the passive shield is disassembled). °CdWO, crystal scintillator (1),
one of the CdWO, crystal scintillator (2), “inner copper” (3), quartz light guides (4), Hamamatsu R11065-20MOD
photomultiplier (5), Hamamatsu R6233MOD photomultipliers (6), “external copper” (7), lead shield (8), paraffin plates (9).

(See color Figure on the journal website.)

The detection system was connected to an 8-bit
transient digitizer with a sampling frequency of
1 GSample/s (DC270 from Agilent Technology) and
a bandwidth of 250 MHz. The event-by-event data
acquisition system recorded the pulse shape of each
event within a 100 ps time window and its arrival
time. The !®CdWO, crystal scintillator contains
B-active nuclides: natural '*Cd and radiogenic
13mcd, Their decays provide the main part of events
rate at low energies. To reduce the data flow from
B-decays of **Cd and *™Cd, the energy threshold
of the electronic system that produces the trigger
was set at = 0.5 MeV for events in anticoincidence.
For events in coincidence with the CAWQO, counters,
the trigger threshold for '°CdwO, was set at
~ 0.05 MeV. The thresholds for the CdWQ, scintil-
lation counters were set at ~0.03 MeV. Thus, the
data acquisition system recorded events when one of
the two conditions was fulfilled:

— an individual event in ®*CdwWO;, with energy
higher than ~0.5 MeV;
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— an event with energy higher than = 0.05 MeV
in the 1®CdWO, in coincidence with an event with
energy higher than = 0.03 MeV in at least one of the
CdWO4, counters.

The detection system was calibrated at the
beginning, in the middle, and at the end of the
experiment using y-SOUrces 22Na, ®©Co, *Ba, *Cs,
and ?®Th, which allowed determining the energy
scale, energy resolution of the detectors and tracking
their stability over time.

2.2. Spectrometric and time characteristics
of the detector system

The energy resolution of the ***CdWO, detector
can be described by the function FWHM (keV) =

=4.56-,/E,, where E_ is the energy of y-ray quanta

in keV. For the two CdWO, counters, the energy
resolution was estimated as FWHM = a-, /Ey, with

a-coefficients equal to 2.95 and 2.72. The energy
scale of the detectors (mainly of the *®°CdwWO, one)
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was changed during the experiment. It can be
associated with gain degradation of the detectors
PMTs. The effect was taken into account in the
estimations of the detector’s energy resolutions and
thresholds in the whole data.

The energy scale time shift of the °°CdwO,
detector was estimated using the edge of the **"Cd
B-spectrum and the results of the calibration
measurements. To approximate the B-spectrum edge,
the following formula was used:

f(E):Apr(E‘)R(E,E‘)dE', (1)

where A is the amplitude; Q'; is the parameter of

the approximation representing the pB-spectrum edge;
p(E) is the energy distribution of the emitted elec-

tron; R(E,E') is the energy resolution, which is
described by a Gaussian function:

R(E,E’)

_(E—E')Z}. 2

ZGZ(E')

1
- Jﬂc(E')eXp[

The energy distribution of an emitted electron
in a B-decay can be described by the formula
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p(E)=wpF (E,Z)(Qy—E) C(w), where w=1+

+E/m,.?, m, is a mass of an electron, p is the
electron momentum, F(E,Z) is the Fermi function,

Z is the charge of the daughter nucleus and C(w)
is a correction factor. For the first forbidden non-
unique B decays, as **"Cd, C(w)=1 is a good
approximation [25]. Taking the Primakoff - Rosen
approximation F(E,Z) ~w/ p [26] we obtain the

simplified formula used in this analysis:

p(E)=(w(@-E))"

An example of *™Cd B spectrum approximation
measured by the °CdwO, detector is shown in
Fig. 4. One can see that there is a B spectrum edge
shift, which is associated with a decrease in the PMT
gain. Differences in the shape of the spectrum are
due to the fact that at the beginning of the experi-
ment, the data were collected for several days with a
low-energy trigger (see Fig. 4, a). Therefore, the
maximum in the spectrum at ~ 450 a.u. in Fig. 4, b is
due to the use of a higher energy value for the trig-
ger of the °CdwO, detector.
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Fig. 4. Energy spectra collected by the 1®CdWO, detector in the first days of the experiment (a) and after ~ 240 days (b).
The red line represents an approximation of the p-spectrum edge of **"Cd with function (1) plus a linear function to
describe the background. The maximum in the spectrum (b) at ~ 450 a.u. is a threshold effect associated with the operation
of the electronics to produce hardware trigger. (See color Figure on the journal website.)

The dynamics of the **™Cd B-spectrum shift is
shown in Fig. 5 (the jump in the B-spectrum edge
after 380 days is caused by an increase in the high
voltage applied to the PMT). Similar degradation of
the PMT gain is observed in many experiments [27 -
29] and can be described by a sum of several expo-
nentials. The gain degradation was also estimated by
using the calibration results. To compensate the ener-
gy shift, the energy value of each event recorded by
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the 1%CdWO, detector was divided by the degradation
function D(t). Overall, the shift in the energy scale

over the data acquisition time t in days was deter-

. —t —t

mined as D, (t)=0.82-exp| — |+0.18-exp| —

(1) p(ZZle p[41)

and D, (t)=exp —t for the data before and
3002

after the high voltage increase, respectively.
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Fig. 5. Dependence of the B-spectrum edge of 1**"Cd on time, due to the gain degradation of the %CdWQ, PMT.
The jump in the value of the B-spectrum edge after 380 days is caused by an increase in the high voltage on the PMT.
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Fig. 6. The energy spectrum of y-ray quanta of the ?Na
source measured by the %CdWO, detector. The blue
line represents the spectrum without cuts, while the red
line shows coincidences with an event with an energy of
511 + o keV in at least one of the CdWO, detectors. The
energies of the y-quanta are given in keV. The inset
shows the time distribution of the initial positions of the
106CdwO, detector pulses relative to the signals from the
CdWO, counters with energy 511 + o keV. (See color
Figure on the journal website.)
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The time resolution of the detector system was
determined using calibration with the Na y-source.
Fig.6 shows spectra collected by the ®CdwWO,
detector with the %Na source, without cuts and in
coincidence with events with energy of 511 + 1o keV
in at least one of the CdWQ, counters, where o is the
energy resolution of the CdWO, counters for 511 keV
y-ray quanta. The insert in Figure shows the distri-
bution of time intervals between the start of pulses in
the ®CdWO, detector and signals in the CdWO,
counters with an energy of 511+ 1o keV, with a
standard deviation of 13 ns.
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2.3. Comparison of the experimental data
obtained with y-sources
to Monte Carlo simulations

We have compared the experimental data
obtained in the calibration runs with y-ray sources
and distributions simulated by the Monte Carlo
package EGSnrc [30]. The comparison allowed also
to refine energy thresholds and verify the perfor-
mance of the coincidence mode of the detector sys-
tem. The 2Th source was chosen because it had a
sufficiently high activity (6.1 £ 0.3 kBq) and a wide
energy range of y-ray quanta. Fig. 7 shows a com-
parison between the spectrum measured with the
228Th source (with background subtraction) and the
simulated model. Approximately 30 million events
were simulated. Comparing the experimental spec-
trum with the model, the high energy threshold of
467 + 40 keV was determined for the individual
events in °CdwWO, when energy deposition in
CdWO, counters was lower than their energy
thresholds (see Fig. 7, a cyan histogram), and low
energy threshold of 52 + 12 keV for events in the
1%CdwWQ, detector in coincidences with the CdWO,
detectors (see Fig. 7, a blue histogram). Meanwhile,
the energy thresholds of the CdWQ, counters were
determined as 46+2keV and 32+2keV. The
approximation of the spectrum with the model gives
a value of the source activity of 5.70 +0.01 kBq
which reasonably agrees with the specification of the
source.

The comparison of data and the Monte Carlo
model also allowed checking the operation of the
data acquisition system in the different coincidence
(anticoincidence) modes. Fig. 8 shows a comparison
between the data measured by the ®CdWO, detector
and the simulated model in anticoincidence mode
(a), in coincidence with the event(s) in the CdWO,
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when no cuts are applied. Monte Carlo models are shown by red markers. The cyan Monte Carlo model represents
individual events in 1%®CdwWOQ, and the blue one is events in the ®CdwWOQ, detector in coincidence with the CdWO,
counters. The residual distributions defined as (experiment — model)/uncertainties are shown below each spectrum.

(See color Figure on the journal website.)

counters (b), in coincidence with the event(s) in at
least one of the CdWQ, counters with the energy
release E = 511 + 20 keV (c) and in coincidence
with the events in both the CdWO, counters with
energy E =511+ 26 keV (d), where o is the energy
resolution of the CdWO, counters. The simulations
reasonably represent the data above 0.45 MeV in the
anticoincidence spectrum and above 0.05 MeV in
coincidence spectra that correspond to the hardware
energy thresholds of the ***CdwWO, detector.

Some inconsistency between the experimental
and simulated spectra can be explained by uncertain-
ties of the positions and activity of the source, by
simplification of the set-up geometry used for the
Monte Carlo simulations, the uncertainty of the
energy resolution of the detectors, and some instabi-
lity of the detector system during the calibration.
Additionally, the background was not taken into
account in the simulations.

3. Data analysis
3.1. Pulse-shape discrimination

The difference in the scintillation signal shape
between y(B)- and a-events was used to reduce the

198

background caused by a-radioactive contamination
in the cadmium tungstate scintillators due to the
presence of radionuclides of the U and 2°Th
series. The optimal filter method was used for this
purpose [31]. For each pulse, its numerical charac-
teristic, the shape indicator (SI), was calculated as
follows [32]:

SE=>F(4)P(t)/ D (), 4)

where f(t) is the pulse amplitude value at time
b (ks P(t)={f.(t)-
—f_y(t)}/(f_u(t)+f_y(t)) is the weighting function;

channel  number);

f,(t) and T (t) are reference pulse shapes for

a-particles and y-quanta (B-particles). The distri-
butions of SI for y-quanta (B-particles) and
a-particles are well described by Gaussian functions.
The energy dependence of the SI parameter and its
standard deviation were determined for a-particles
from the decay of a-active nuclei in the scintillators
and for y(B)-events from calibration measurements
with ??Th, #2Na, and ®°Co y-sources.
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Fig. 8. Energy spectra of 22Th y-ray source measured by the %CdwWQ, detector (black histograms) in anticoincidence
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one of the CdWO, counters (c) and in coincidence with energy 511 keV in both CdWO, detectors (d). The Monte Carlo
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spectrum. (See color Figure on the journal website.)

A dedicated data-taking run was carried out with
the CdWO, counters for 588 h to measure the energy
spectra of a-events. Fig.9 shows the obtained
dependence of Sl on energy for one of the CdWO.
detectors and the separated y(B)- and a-event spectra
after applying the pulse-shape discrimination.

The use of the optimal filter method is suitable
for the statistical separation of a-particles from
y-rays (B-particles), rejection of events from the
212Bj.212pg decay sub-chain of #2Th, PMT noises,
overlapping signals, events in ***CdwWO, plus signals
in the plastic scintillator, etc. Fig. 9 shows the results
of applying this method to background data
collected by the ®CdWO, detector over 648 days.
The best separation between a- and y(B)-events is
observed in the energy range of (800 - 1500) keV,
where o-events from the decays of 2°Th and 2*®U
and their daughters are expected.

ISSN 1818-331X AJEPHA ®I3UKA TA EHEPTETHUKA 2023 T.24 Ne3

3.2. Time-amplitude analysis of 22Th daughters

Time-amplitude analysis was used to determine
the activity of ?2Th in the CdWOQ, and *CdwWO,
crystals. a-events corresponding to the fast decay
chain in the **Th family were selected: ***Ra (Q, =
=5.79 MeV, Ty = 3.66 d) — **°Rn (Q, = 6.41 MeV,
Ti2=55.6 s) — #°Po (Q, = 6.91 MeV, Ty, = 0.145 s)
— 212Pp, They are in equilibrium with *®Th in the
scintillators. It should be noted that events were
selected considering the quenching of energy of
a-particles in the y-scale of the detectors, which is
described by the so-called a/y-ratio [33]. First,
we selected all event pairs within an energy interval
0.7 - 1.5 MeV in the time interval 0.026 - 1.000 s to
analyze the decay chain ?°Rn — ?'°Po — ??Ph. The
efficiency of the °Po a-decay events selection in this
time interval was 87.5%, while the pulse-shape
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(See color Figure on the journal website.)

selection efficiency was 94.3 %. The activity of ?Th
in the '™CdwO, crystal was calculated to be
0.0174(14) mBg/kg. The events of the decay of the
mother o active ??)Ra in the same energy interval

200

were searched for in the time interval 0-222s
(93.7 % of ?*Ra—?Rn chain) before the ?°Rn —
2%pg events selected in the previous step. The
obtained energy spectra of a-events in the °CdwO,
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detector from the ?*Ra —?*Rn —?*Po—?'?Pb chain
and the time distributions for the ?’Rn—*°Po and
216po—212Ph decays are shown in Fig. 10. A similar
analysis for the CdWOs counters with the shape
indicator selection efficiency 99.7 % and the time
interval 0.026 - 1.4 s (88.2 % of *°Po decays) gives
an average activity of *®Th 0.012(2) mBg/kg.

The positions of the three a-peaks, selected by
the time-amplitude analysis in the y-scale of the
18CdWO, detector, were used to obtain the follo-
wing dependence of the o/y-ratio on the energy
of a-particles (E,) in the range 5.7 - 6.9 MeV:
a/y = 0.12(2) + 0.011(2)'E, (where E, is in MeV).
The dependence agrees with the data obtained for
the 1CdWO; scintillation detector in [17].

3.3. Analysis of a-spectra measured
by CdWO4 counters

To determine o-activities of *?Th and 2®U
daughters in the CdWO, crystal scintillators, the
a-spectrum selected with the help of the pulse-shape

discrimination was analyzed. The o/y-ratio depends
on the direction of a-particles relative to the CAWO4
crystal axes, therefore the energy resolution for
a-particles is worse than for y-quanta [35]. As a
result, we cannot observe individual peaks from the
a-decays of U/Th daughters in the spectrum. To
identify a-active nuclides, a simple model built of
Gaussian functions was used to fit the spectrum in an
energy interval of 450 - 1500 keV. The fit model
consisted of five independent sub-chains of
238 (238U —>234Th; 234 —>230Th; 230}, _)226Ra;
22Ra—?1%Pp; #%Pb—?®Ph) and two sub-chains of
22Th (®**Th—%®Ra and *Th—2®Pb), each having its
own activity. A fit result of the a spectrum measured
by CdWO;, is shown in Fig.11. The activities of
U/Th daughters determined from approximation
are presented in the Table. The dependence of the
a/y-ratio on the energy of the a-particles (E,) in the
energy interval 470 - 1500 keV was estimated from
the fit as a/y = 0.08(1) + 0.015(2)-E..
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Fig. 11. Energy spectra of a-events in y-scale selected by the pulse-shape analysis of the data accumulated with the
CdWO, counters for 588 h in a dedicated run (blue histogram). Contribution of U/Th daughters sub-chains, fit function
and residual B(y)-distribution are shown by different colors (see legend). (See color Figure on the journal website.)

Radioactive contamination (mBg/kg) of the low-background setup components estimated
using the approximation of the energy spectra shown in Fig. 13

Setup 238y | 24y | 20T 226R4 210py | 2327 | 228Ra 228Th K | 178y | o |9Co
components
106CdWO, 0.60(2) 0.015(6)| <0.3 <0.01[0.0174(14)"| <0.19 |1.71(5)
CdwWOq, 0.29(7)"|<0.27| 1.40(7)"| <0.002" |0.89(4)"|<0.01%|<0.07| 0.012(2)" |1.2(3)
Plastic scintillator | <4.8 <3.2 <49 <2 <0.9 <3.9
Optical contact <23 <32 <14 <5 <8 <98
Teflon tape <2.6 <16 <12 <4.5 <2 <6.6
Teflon details <1.3 <0.9 <8.2 <3.2 <3.3 <4.3
Quartz 1. g.
for CAWO, <0.6 <1.4 <1.4 <0.4 <0.3 <1.4
Quartz 1. g.
for 1%CdWO, <4.2 <7.3 <13 <7.3 <11 <16
ISSN 1818-331X SIJIEPHA ®I3MKA TA EHEPTETUKA 2023 T.24 Ne3 201
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Continuation of the Table

Setup 28y | 24y | 20T 226R4 210py | 232Th | 228Ra 228Th wK | 178y | 8Co |8oCo
components
Internal copper <22 <0.4 <18 <l4 <0.03 <0.9 <0.14|<0.1
External copper <15 <0.4 <3.1 <0.05 <0.4
PMTs
for CAWO, <900 <900 <300 <110 <1200
PMT
for 16CAWO, <44 <9.7 <23 <27 <41

N o t e. Upper limits are given at 90 % confidence level, values are given with 68 % statistical uncertainty. Only
statistical uncertainties are shown. Activities labeled by (*) were determined by using the time-amplitude analysis, the
values marked by (}) were determined by the a-spectrum analysis.

3.4. Background model

To reduce the background further, a selection of
coincidence and anticoincidence events in the
18CcdwO, and CAdWO, detectors was applied. The
background was reduced for energies greater than
~ 0.8 MeV by using an anti-coincidence condition
with the CdWO, counters. Further background re-
duction was achieved by selecting events in the
106CdwWO, detector in coincidence with at least one

of the CdWO, counters with energy deposition in the
range 511 + 20 keV, where o is the energy resolu-
tion of the CdWO, counters for 511 keV y-quanta.
Selecting events in the *CdwWO, detector in coinci-
dence with events in the energy range 511 + 2c keV
in both CdWO, counters gives only three events,
indicating a low level of background and high sensi-
tivity of the experiment. Fig. 12 shows the back-
ground spectra under the different selection condi-
tions.

10°

10

Counts/20 keV

10°

10?

10

10

500 1000

2500 3000

E, keV
Fig. 12. Energy spectra measured by the 1°CdWO, detector for 15573 h. In particular, the following spectra are shown:
energy spectrum without cuts (black), spectrum of y(B)-events selected by the pulse-shape discrimination (see Section
3.1, red), y(B)-events in anticoincidence with the CdWO, detectors (green), y(B)-events in coincidence with
CdWO, detectors (cyan), y(B)-events in coincidence with an event in at least one of the CdWO, detectors in the energy
range 511 + 20 keV (violet), y(B)-events in coincidence with events in both CdWO, detectors in the energy range

511 + 20 keV (yellow). (See color Figure on the journal website.)

The energy spectrum for energies below
~ 0.8 MeV is mainly due to p-decays of **™Cd and
13Cd. To describe the experimental data above
0.8 MeV, a background model was constructed,
which includes radioactive contaminations in the
1%8CcdwO, and CAWO, crystals, and in the compo-
nents of the setup. The internal contaminations of
the *®CdwWO, crystal above 0.8 MeV consist of the
following components:

_ 4OK, 228Ra—>228Th, 228Th—>208Pb, 238U—>234U,

202

26Ra—2%Ph and 2%Pb—2%Ph, with activities
estimated in the previous stages of the experiment
[17]. In addition, peaks with energies of 202 keV
and 307 keV were observed in the data collected
with the *®*CdWO, detector, which can be explained
by the presence of *SLu in the crystal. Therefore, a
distribution for this radionuclide was added to the
background model;

— the residual distribution of a-particles from
decays of 2*?Th, 28U, and their daughters;
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— the spectrum of the two-neutrino 2p-decay of
18Cd with a half-life of Ty, = 2.63-10" years [36].

To model the background from the setup details,
distributions were simulated for the following
sources:

_ AOK, 228Ra—>228Th, 228Th—>208Pb, 238U—>234U,
22Ra—?%Ph, and *°Pb—?®Pb in the CdWO,
crystals, plastic scintillator, optical contact material,
Teflon details and quartz light guides;

_ 4OK, 228Ra—>228Th, 228Th—>208Pb, 238U—>234U,
and ?*Ra—*'°Pb in the external copper and PMTs;

_ AOK, 228Ra—>228Th, 228Th—>208Pb, 238U—>234U,
226Ra—?1%Ph, 2°Pb—2°°Ph, **Co, and “Co in the
internal copper.

All the mentioned radionuclides were simulated
using the Monte Carlo package EGSnrc [30] with
the initial kinematics provided by the event
generator DECAYO [37]. The residual distribution
of events from the a decays of %2Th and *®*U and
their daughters in the '°CdwO, crystal was
constructed from the experimental data using the
pulse-shape discrimination technique described in
Section 3.1.

The obtained models were used for the descrip-
tion of the following five experimental spectra:

1. y(B)-spectrum measured by the °*°CdwO,
detector in the energy interval of 850 - 3000 keV in

anticoincidence with the CdAWO, counters;

2. y(B)-spectrum measured by the !°CdwO,
detector in the energy interval of 600 - 3000 keV in
coincidence with events in the CdWQ, counters with
energy above 80 keV;

3. y(B)-spectrum measured by the ®CdwO,
detector in the energy interval of 600-3000 keV in
coincidence with events in at least one of the CdWO.
counters in the energy interval 511 + 2¢ keV;

4. y(B)-spectrum measured by the CdWO,
detectors in the energy interval of 600 - 3000 keV in
coincidence with events in ®*CdwOQ, with energy
deposition above the threshold;

5. y(B)-spectrum measured by the CdWO.
detectors in the energy interval of 150 - 3000 keV in
coincidence with events in °CdwO, with energy
deposition above 500 keV (to identify *"°Lu peaks).

For each selection condition, its selection effi-
ciency related to the pulse-shape analysis and the
time resolution of the *°CdwO, and CdWO, detec-
tors were determined. The obtained efficiency was
used to modify the Monte Carlo models in order to
align them with the collected data. The correspon-
ding models were fitted to the five spectra. The qua-
lity of the approximation is rather high (x> = 647 for
391 degrees of freedom). The fit results are shown in
Fig. 13.
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Fig. 13. Results of the combined approximation of y(B)-spectra measured by detectors: a - 1CdWO; in anticoincidence
with the CdWO, detectors; b - 1%CdWOQ, in coincidence with event(s) in the CdWO, counters with energy greater than
80 keV; ¢ - 1%CdWO;, in coincidence with event(s) in at least one of the CdWO, detectors with energy in the interval
511 + 26 keV; d - CdWOy in coincidence with events in 1®CdWO, above the threshold 80 keV; e - CdWO;, in
coincidence with events in °°CdWOQ, with energy deposition greater than 500 keV for the purpose of *"6Lu peaks
identification. The red line represents the background model. The contributions from the contamination of different
components of the setup are shown separately (see legend). (See color Figure on the journal website.)
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In Fig. 13, e, two peaks with energies of 202 and
307 keV are clearly visible. The peaks can be
explained by contamination of the ***CdwWOQ, crystal
scintillator by *"*Lu that B-decay to the 597-keV
6" level of Y®Hf. The contaminations of the CdWO,
crystals by radionuclides U, 2°Pb, and #*Th were
determined by the analysis of the a-distribution,
which is well separated from the y(B)-events by the
optimal filter method (see Section 3.1). The fit of the
v(B)-spectra makes it possible to estimate the radio-
active contamination of the low-background setup
materials. The obtained results are presented in the
Table.

3.5. Sensitivity of the experiment to 2g-, gp*-,
and 2p*-processes in 1%Cd

There are no peculiarities in the experimental
data that could be attributed to 2B-processes in
106Cd. Lower limits on the half-life of 1%Cd relative
to different channels and modes of 2B-decay can be
estimated using the formula:

limT,, =N -IN2- 1y Mg -t/ limS,  (5)

where N is the number of '®Cd nuclei in the
18CdWO, crystal (2.42:10%), nee is the detection
efficiency of the decay process (calculated as a ratio
of the number of events in the simulated distribution
to the number of generated events), msi is the
selection efficiency (by using the optimal filter
method, time coincidence, and energy window), t is

the measurement time, and lim S is a maximal
number of events of the sought-for effect that can be
excluded with a given confidence level. The detector
responses to different modes and channels of the
2B-decay of °Cd were simulated using the Monte
Carlo package EGSnrc with the initial kinematics
provided by the event generator DECAYO.
Approximately 5-10° events were generated for each
decay mode.

To estimate the sensitivity of the experiment to
some 2p-processes in %°Cd, the data were analyzed
under various selection conditions. An example of
such analysis for the Ovep® and Ov2B* decays of
1%Cd to the ground state of '°°Pd, using the energy
spectrum of the *CdWOQ, detector in coincidence
with an energy release 511 + 20 keV in at least one
of the CdWO, counters, is shown in Fig. 14. To
derive a limit on the effect searched for, the number
of measured events was compared to the expected
background. The expected background was estima-
ted from the fit shown in Fig. 13. In the energy
interval of 1300 - 2400 keV, the expected back-
ground is 45 counts, while there are 18 events in the
measured spectrum, which leads to lim S = 1.5 with
a 90 % confidence level according to Feldman and
Cousins’ recommendations [38]. Using a more con-
servative approach that considers only the number of
observed events (experimental sensitivity [38]), we
obtain a value of lim S = 8.7 counts at 90 % confi-
dence level.
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Fig. 14. The energy spectrum measured by the 1®CdWO, detector in coincidence with events with energy 511 + 26 keV
in at least one of the CdWO, counters. The red thin line represents the background model. The blue bold line

corresponds to the 0v2*-decay of %Cd to the ground state of °Pd with T,)}*" =8.4.10% years. The red bold line

corresponds to the Ovep*-decay of %Cd to the ground state of '°°Pd with T]?ZVSB =1.1-10% years. (See color Figure on
the journal website.)

filter method for 1*°CdWQ, (0.9493) and for CdWO,
(0.9973), selection based on the time resolution in
the time interval of —20...+40 ns (0.9580), selection

For OveB™ decay of °Cd to the ground state of
18P 14et = 0.37802, nsel = 0.8116 is calculated as a
product of the selection efficiencies of the optimal
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of events in CdWO, with energy of 511 + 26 keV
(0.9545), and selection of events in the energy
interval of 1300 - 2400 keV (0.9375). Using the
formula (5) and the “experimental sensitivity”
approach we calculate a half-life limit as
limT),* =1.1-10% years.

For 0v2p*-decay of 1%Cd to the ground state of
106pd, nget = 0.39386, nset = 0.6191. By using the
“experimental sensitivity” approach a similar
analysis gives limT,,y* =8.4-10?" years.

The highest experimental sensitivity to the
2vef*-decay channel can be achieved using the data
of the 1°CdWO, detector in coincidence with anni-
hilation y-ray quanta in both the CdWO, counters.

Thanks to a very low background level, only three
events were detected in this regime (Fig. 15). Simi-
larly, to the analysis of the spectrum in coincidences
with at least one 511 keV y-ray, a comparison of the
number of measured events with the expected back-
ground was applied. The background was obtained
from the results of the combined approximation. In
the energy interval 100 - 1400 keV, the background
model gives 6.2 counts confirming a reasonably
correct background modelling. According to the
recommendations [38], lim S=5.6 counts with a
90 % confidence level. Considering the detection
(0.0405) and selection (0.6991) efficiencies for the
2vep*-decay of 1°Cd to the ground state of 1°Pd, we
obtain lim Ty, = 1.5-10* years.
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Fig. 15. Energy spectrum measured by the %CdWO, detector in coincidence with annihilation y-ray quanta in both
CdWO, counters. The red thin line represents the background model. The model of the 2vep*-decay of 1%Cd to the
ground state of 1%°Pd with Ty, = 1.5-10% years is shown by solid red line. (See color Figure on the journal website.)

Another way to estimate the half-life limit on the
decays is to approximate the energy spectra with a
background model plus the effect searched for. For
each selection condition, Monte Carlo models were
constructed taking into account the detection and
selection efficiencies, multiplied by a parameter
obtained from the combined fit result. Accordingly,
formula (5) can be modified as follows:

limT,, =N -In2-t/limA, (6)

where A is the number of decays of the 2B-process
searched for which can be excluded by the fit
procedure at 90 % C.L. For the Ov2e-decay of *®Cd to
the ground state of !%Pd the result of the
approximation is shown in Fig.16. The approach
gives a value of the parameter A = 186 + 92, which is
no evidence of the effect. According to the recom-
mendations [38], we adopt lim A = 337 events at 90 %
confidence level. Using the formula (6), we obtain a
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lower half-life limit on the 0v2¢ decay of 1%Cd to the
ground state of *®Pd, Ty, > 8.9-10% years, which is
almost 1.5 times higher than the previous result [22].

4. Conclusions

An experiment to search for 2p-decay of '°°Cd
with the help of enriched ®®CdWO, crystal scintilla-
tor in (anti)coincidences with two large volume
CdWO; scintillators in close geometry is running at
the Gran Sasso underground laboratory of the Na-
tional Institute for Nuclear Physics (ltaly). To take
into account the energy scale shift of the °CdwO,
detector due to the PMT instability, correction
methods using the edge of the B-spectrum of **™Cd
and the results of calibration measurements were
developed. The main time and spectroscopic charac-
teristics of the detector system were determined.
Comparison of the experimental data obtained in the
calibration measurements with y-ray sources with
the Monte Carlo simulations demonstrated a good
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Fig. 16. The result of the combined approximation of the y(B)-spectra by the background model (red line) plus the effect
of the Ov2e-decay of 1°%Cd to the ground state of %Pd with Ty, = 8.9-10%° years (red bold line). a - %CdWO, in
anticoincidence with the CdWO, detectors; b - CdWO, in coincidence with events in the CdWOQ, detectors with
energy above 80 keV; ¢ - %CdwWO, in coincidence with events in at least one of the CdWQ, detectors with energy
511 + 20 keV; d - CdWOQ, in coincidence with events in 1®CdWOQy,; e - CdWOQ, in coincidence with events in 1%CdWO,
with an energy deposition above 500 keV. (See color Figure on the journal website.)

agreement and allowed us to determine the energy
thresholds of the detector system accurately. The
background model was constructed taking into
account almost all components of the detector system.
The data taken over 1.777 years were fitted in
different coincidence (anticoincidence) conditions;
the radioactive contamination of the setup materials
was estimated. The radioactive contaminations of the
1%%CcdwO, and CdWO, scintillation crystals were
determined using time-amplitude and pulse-shape
analyses and fit of the energy spectra in different
(anti)coincidences modes. The experimental sensi-
tivity to several 2p-decay processes in ®Cd to the
ground state of '°Pd was estimated in different

conditions of (anti)coincidences as: T, >8.9x
x10%° years, T),?*>8.4-10" vyears, T,,* >15x

x10°" years and T, >1.1-10% years. In the begin-

ning of 2022, the experimental set-up was upgraded
by changing the '®CdwO, and CdWO, counters
PMTs and installation of a channel for periodical
calibration with y-ray sources without opening the
set-up shielding and switching off the high voltage

206

on the PMTs. The measurements and data analysis
are in progress to improve the experimental
sensitivity by using the entire data accumulated from
the beginning of the experiment in November 2019.
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HU3bKO®OHOBUI EKCIIEPUMEHT IO NMOIIYKY HNOABIMHOI'O BETA-PO3IIA LY %°Cd
13 CHUHTHJIATOPOM %°CdWO4

ExcriepuMeHT 3 Tolnyky 2&-, B*- i 2B*-posnanis 1%Cd 3 BUKOpHCTaHHAM CUMHTUIALIIMHONO KpUCTaa BOJIb(pamMary
kaaMilo Baroto 215 1, 36arayenoro no 66 % °%°Cd (}°°CdWOQ,), nposoauTscs B mimsemuiii nabopatopii I'pan-Cacco
(Itanis). Tlonii B merextopi CAWO4 peectpyroThes B (aHTH)36irax 3 ABOMa CUMHTWIALIHHUMH JIYMIBHHKAMH
CdWO, Benukoro 06’emy. OmucaHo KOHCTPYKIIIO ACTEKTOPHOI CHCTEMH, KamiOpyBaHHS Ta (HOHOBI BHMipIOBAaHHS,
METOJIM Ta Pe3yNIbTATH aHAJi3y AaHHX Ul BH3HAUCHHS OCHOBHHX XapaKTEPUCTHK JeTeKTopa. EKcriepiMeHTanbHI AaHi
TIOPIBHIOIOThCS 3 Pe3yJbTaTaMH MOJCNOBaHHA MetojoMm Monrte-Kapmo s moOynoBu mozpeni ¢oHy. JocmimkeHo
panioakTUBHE 3a0pyAHCHHS CJIEMEHTIB YCTaHOBKU. UyTIMBICTh €KCIICPHMEHTY HAOJIMKAETBCSA A0 PIBHSA TEOPSTUYHHX
nepeabayeHs i KaHany 2veft-posmamy, TOAI K AJIs iHIIMX MOMIIHBUX KaHamiB 2B-po3maay BOHA 3HAXOTUTHCS Ha
piui lim Ty, ~ 10%% - 10?2 poxkis.

Knouoei crnosa: 1%°Cd, noxpiitnuii 6era-posnan, 2¢, ef* i 2B*, Hu3bKUil POH, CUUHTHIALIRHHUI IETEKTOP.
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