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Introduction to double 
beta decay

2.12

such an electron gives rise to a ‘hole’ and causes electrons from higher levels to cascade
downwards and in so doing emit characteristic X-rays. Electron capture is energetically
allowed if

† 

M(Z, A) > M( Z -1,A) + e

where 

† 

e  is the excitation energy of the atomic shell of the daughter nucleus. The process
competes with positron emission.

(b) Even-mass nuclei
Consider as an example the case of 

† 

A = 106  shown in Fig.2.9. The lowest isobar on the
lowest curve is 

† 

46
106Pd  and is 

† 

b -stable. The isobar 

† 

48
106Cd , also on the lower curve, is also

stable since its two odd-odd neighbours both lie above it. In principle, it could decay via
double 

† 

b -decay:

† 

48
106CdÆ 46

106Pd + 2e+ + 2ne

but this is heavily suppressed to the extent that it is unobservable. Thus, there are two 

† 

b -
stable isobars and this a common situation for A-even, although no two neighbouring isobars
are known to be stable. Odd-odd nuclei always have at least one more strongly bound, even-
even neighbour nucleus in the isobaric spectrum. They are therefore unstable. The only
exceptions to this rule are a few very light nuclei

The lifetime of a free nucleon is about 887 s. The free proton is stable and can only ‘decay’
within a nucleus by utilising the binding energy. Lifetimes of 

† 

b  emitters vary enormously
from milliseconds to 

† 

1016 yrs. They depend very sensitively on the energy E released (the
lifetime 

† 

t ~ 1 E 5 ) and on the properties of the nuclei involved, e.g. their spins.

Fig.2.9  Mass parabolas of the 

† 

A = 106  isobars. Possible 

† 

b -decays are indicated by arrows.
The abcissa is the charge number 

† 

Z  and the zero point of the mass scale is arbitrary.
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L violated
(∆𝐿 = 2)

L conserved

massive 
Majorana 
neutrino

• If the total lepton number L is violated, also the
following 𝛽!𝛽! processes are possible:

• Easier to identify: Positron(s) annihilation
gives rise to 511 keV 𝛾 rays.

• It can be studied in even-even nuclei when
the single 𝛽 decay is energetically forbidden
due to the pairing interaction.

• For example:

• 𝜖𝛽! and 2𝛽! can clarify the possible
contribution of the right-handed currents to
the 0𝜈𝛽"𝛽" decay rate;

• Possibility of a resonant 0𝜈2𝜖 process → in
case of close degeneracy of the initial and final
(excited) nuclear states → #

$!/#
∝ %

&"' #!%#/)



DOUBLE BETA DECAY IN 
106Cd

P. BELLI et al. PHYSICAL REVIEW C 85, 044610 (2012)
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FIG. 1. Simplified decay scheme of 106Cd [52] (levels at 1904–
2714 keV are omitted). Energies of the excited levels and of the
emitted γ quanta are in keV. Relative intensities of γ quanta are
given in parentheses.

Therefore, it is not surprising that the study of 106Cd has a
rather long history. The half-life limits at the level of 1015 yr
could be extracted from old (1952) underground measurements
of a Cd sample with photographic emulsions [49], while a
search for positrons emitted in 2β+ decay was performed in
1955 with a Wilson cloud chamber in a magnetic field and
with 30 g of cadmium foil; this gave a limit of 1016 yr [50].
Measurements of a 153-g Cd sample during 72 h with two
NaI(Tl) scintillators working in coincidence were carried out
in Ref. [51]; the half-life limits at the level of ∼1017 yr were
determined for 2β+, εβ+, and 2ε processes.

The subsequent studies can be divided into two groups:
experiments using samples of cadmium with external detectors
for the detection of emitted particles (with enriched 106Cd
[22,53] and natural cadmium [39]) and experiments with
detectors containing cadmium, namely, semiconductor CdTe
and CdZnTe detectors [54,55] and CdWO4 crystal scintillators
[7,56,57]. Previous experiments on the search for 2β processes
in 106Cd are summarized in Table I.

Data from the experiment, performed at the Solotvina Un-
derground Laboratory (1000 m w.e.), with a 15-cm3 116CdWO4
crystal scintillator (enriched in 116Cd to 83%, with 0.16%
106Cd), were used to set the limits on the 2β decay of 106Cd
at the level of 1017–1019 yr [56]. In experiment [39], 331 g of
Cd foil was measured at the Frejus Underground Laboratory
(4800 m w.e.) with a 120-cm3 HPGe detector during 1137 h;
γ quanta from annihilations of the positrons and from the
de-excitation of the daughter 106Pd nucleus were searched for,
giving rise to half-life limits at the level of 1018–1019 yr. In
Ref. [57], a large (1.046-kg) CdWO4 scintillator was measured
at the Gran Sasso National Laboratories (3600 m w.e.) over
6701 h. The determined limits on the half-life for the 2β+ and

εβ+ decays were at the level of ∼1019 yr for 0ν and ∼1017 yr
for 2ν processes. A small (0.5-g) CdTe crystal was tested as a
cryogenic bolometer in 1997 [54]; the achieved sensitivity
was ∼1016 yr for 0ν2β+ decay. An experiment [53] was
performed in 1999 at the Gran Sasso National Laboratories
using an enriched 106Cd (to 68%) cadmium sample (154 g)
and two low-background NaI(Tl) scintillators installed in the
low-background DAMA/R&D setup during 4321 h; these
measurements reached a sensitivity level of more than 1020 yr
for 2β+, εβ+, and 2ε processes. A long-term (14 183-h) exper-
iment in the Solotvina Underground Laboratory with enriched
116CdWO4 scintillators (total mass of 330 g) was completed
in 2003 [7]; in addition, results of dedicated measurements
during 433 h with a 454-g nonenriched CdWO4 crystal were
also considered [58]. In general, the experimental sensitivity
was improved by approximately 1 order of magnitude in
comparison with older measurements [56].

There are two running experiments to search for 2β decay
of 106Cd: COBRA and TGV-II. T1/2 limits in the range of
1017–1018 yr were set in the COBRA experiment [55] using
CdTe and CdZnTe crystals. In the TGV-II experiment [22,23],
32 planar HPGe detectors are used. Cadmium foils enriched in
106Cd to 75% are inserted between neighboring detectors. The
main goal of the TGV experiment is the search for two-neutrino
double-electron capture in 106Cd. After 8687 h plus 12 900 h
(in two phases of the experiment) of data taking, the limits on
double β decay of 106Cd to the ground state and to the excited
levels of 106Pd are around 1020 yr.

We would like to mention two important advantages of
the experiments using detectors containing cadmium: a higher
detection efficiency for the different channels of the 106Cd
double β decay and the possibility of resolving the two
neutrino and the neutrinoless modes of the decay.

Thanks to their good scintillation characteristics, their
low level of intrinsic radioactivity, and their pulse-shape
discrimination ability (which allows an effective reduction of
the background), cadmium tungstate crystal scintillators have
been successfully applied in low-background experiments in
order to search for double β decay of cadmium and tungsten
isotopes [7,16,57], and in order to investigate rare α [59] and
β [58,60] decays.

The aim of the present work was to search for 2β processes
in 106Cd with the help of a low-background cadmium tungstate
crystal scintillator enriched in 106Cd (106CdWO4).

II. EXPERIMENT

The cadmium tungstate crystal (27 mm in diameter and
50 mm in length; mass, 215 g), used in the experiment was
developed [61] from deeply purified cadmium [62] enriched in
106Cd to 66%. The scintillator was fixed inside a cavity ("47 ×
59 mm) in the central part of a polystyrene light-guide, 66 mm
in diameter and 312 mm in length. The cavity was filled with
high-purity silicon oil. Two high-purity quartz light guides,
66 mm in diameter and 100 mm in length, were optically
connected to the opposite sides of the polystyrene light guide.
To collect the scintillation light the assembly was viewed
by two low-radioactive EMI9265–B53/FL, 3-in.-diameter

044610-2
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Advantages in the use of 106Cd:

• One of the biggest decay energy: 𝑄"" = (2775.39 ± 0.10) keV;

• High isotopic abundance: δ = (1.245 ± 0.022)%;

• Favorable theoretical predictions for half-lives for some 2𝜈 modes
(𝑇#/%∼10%#−10%% yr) that could be reached by modern low-
counting techniques;

• Possibility of resonant 2𝜖 to excited levels of 106Pd;

• Possibility of enrichment by gas centrifugation, existing
technologies of cadmium purification and availability of Cd-
containing detectors to realize calorimetric experiments with a
high detection efficiency.
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Low background scintillation detector with 
106CdWO4 crystal scintillator
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Figure 2. Schematic of the experimental set-up with the 106CdWO4 scintillation detector. 106CdWO4
crystal scintillator (1) is viewed through PbWO4 light-guide (2) by photo-multiplier tube (3). Two
CdWO4 crystal scintillators (4) are viewed through light-guides glued from quartz (5) and polystyrene
(6) by photo-multiplier tubes (7). The detector system was surrounded by passive shield made from
copper, lead, polyethylene and cadmium (not shown). Only part of the copper details (8, “internal
copper”), used to reduce the direct hits of the detectors by g quanta from the PMTs, are shown.

Figure 3. Left photograph: the 106CdWO4 crystal scintillator (1), Teflon support of the 106CdWO4
crystal (2), CdWO4 crystal scintillators (3), quartz light-guide (4), “internal copper” brick (5). Right
photograph: the detector system installed in the passive shield: PMT of the 106CdWO4 detector (1),
light-guides of the CdWO4 counters wrapped by reflecting foil (2), PMT of the CdWO4 counters (3),
“internal copper” bricks (4), “external copper” bricks (5), lead bricks (6), polyethylene shield (7). The
copper, lead and polyethylene shields are not completed.

• Samples of cadmium were purified by vacuum distillation (Institute of Physics and Technology, 
Kharkiv) and the Cadmium tungstate compounds were synthesized from solutions

• Crystal boule was grown by the low-thermal-gradient Czochralski technique (NIIC Novosibirsk) 
(initial powder 265 g)

• Crystal scintillator (216 g mass), 66.4% enrichment in 106Cd (2.66´1023 nuclei of 106Cd) measured 
by thermal ionisation mass-spectrometry Þ 2nd enriched CdWO4 crystal ever produced

NIMA615(2010)301
The	used	106CdWO4 crystal	scintillator

1st exp: single crystal in DAMA/R&D 2nd exp: coincidence with 4 HP-Ge
PRC85(2012)044610 PRC93(2016)045502

Stella facility 
@LNGS

SEARCHES FOR 𝜷𝜷 DECAY IN 106Cd 
at GRAN SASSO:  PREVIOUS STAGES

OF THE EXPERIMENT

A 106CdWO4 crystal (215.4 g) enriched in 106Cd at 66 % was
grown and used in three previous stages of the experiment:

Stage 1 (2012): 106CdWO4 crystal was fixed inside a cavity in the central
part of a polystyrene light-guide. The experimental apparatus was located in
the DAMA/R&D setup at LNGS.

Stage 2 (2016): 106CdWO4 crystal in coincidence with 4 ultra-low-background 
HPGe detectors of the GeMulti setup of the STELLA (SubTErranean Low
Level Assay) facility at LNGS.

Stage 3 (2020): at low background DAMA/CRYS setup located at LNGS.
106CdWO4 detector in coincidence with two large-volume CdWO4 scintillators
detectors in close geometry to improve the detection efficiency to 𝛾 quanta
emitted in the 𝜷𝜷 processes in 106Cd.



THE NEW EXPERIMENT
INSTALLED IN THE 

DAMA/R&D SETUP AT
LNGS

106CdWO4 in DAMA R&D 
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Ø 106CdWO4 is housed in a cylindrical cut-out of the two
CdWO4 scintillators which almost completely envelop
the enriched crystal.

Ø An event-by-event DAQ records pulses in case of:
• an event with E>500 keV in 106CdWO4 detector;
• 106CdWO4 detector in coincidence with at least one

of the CdWO4 counters.



v238U chain: 238U→ 234U, 234U→ 230Th, 230Th→ 226Ra, 226Ra→
210Pb, 210Pb→ 206Pb.

v232Th chain: 232Th→ 228Ra, 228Ra→ 228Th, 228Th→ 208Pb.

v 40K

6

1)106CdWO4;
2) the two natural CdWO4
crystals;
3) Plastic light-guide;
4) the optical couplants;
5) the teflon tapes;
6) the teflon details, which
include the teflon spring and
support 1 and 2;

Also: 56Co, 60Co in copper internal and 113Cd, 113mCd in the three CdWO4 crystals.
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4

7) the two quartz light-guides
connected to CdWO4s; 
8) the quartz light-guide connected
to 106CdWO4;
9) the "copper internal" volume;
10) the "copper external" volume; 
11) the PMTs coupled to CdWO4s;
12) the PMT coupled to the 
106CdWO4 detector.

These were simulated in the following materials of the setup:



• The energy scale was calibrated using 22Na, 60Co,
133Ba, 137Cs, and 228Th 𝛾 sources. The data taking
started in October 2019 and it is still in progress. In
this work, a total time of accumulated data of
466.64 d is considered.

7

𝜎! = 𝑝" 𝐸! where 𝐸! is
expressed in keV. 

106CdWO4

CdWO4 -1 CdWO4 -2

The energy spectrum of raw 
data, without selection cuts, 
accumulated with the 
106CdWO4 detector.



PULSE SHAPE DISCRIMINATION OF 𝛼 AND 𝛾 𝛽
EVENTS
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• The difference in CdWO4 scintillation pulse shape for 𝛽 particles (𝛾
quanta) and 𝛼 particles can be used in order to suppress the
background caused by 𝛼 radioactive contamination of the detectors due
to the residual contamination in 232Th and 238U with their daughters.

8

106CdWO4
CdWO4 -1 CdWO4 -2

The mean value of the shape
indicator vs energy is represented
together with 1𝜎 intervals for the
106CdWO4 detector and also 2𝜎, 3𝜎
intervals for the CdWO4 scintillators.
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EXPERIMENTAL SPECTRA AFTER
EVENT SELECTIONS

v Anticoincidence mode (AC): 

• E (both CdWO4)< 100 keV

• 𝑆𝐼 > 𝜇!"# − 1𝜎!"# for the 106CdWO4 detector

• PSD efficiency: 𝜂# = 0.84

v Coincidence mode (CC511):

• E (one of the two CdWO4) =(511 ± 2𝜎) keV

• 𝑆𝐼 > 𝜇!"# − 3𝜎!"# for the two CdWO4 crystals

• NO PSD efficiency

v Double coincidence mode (CC511&511):

• E (both CdWO4) =(511 ± 2𝜎) keV

• 𝑆𝐼 > 𝜇!"# − 3𝜎!"# for the two CdWO4 crystals

• NO PSD efficiency

AC

CC511&511

CC511

Energy spectra
of β(γ)events
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• The 𝜒$ function used for the fit was estimated with the
maximum likelihood estimator, which takes into account
the Poissonian nature of the fluctuations in the
experimental bins.

• For each contaminant considered, the relative model was
introduced for each of the two spectra, but with a single
free parameter (proportional to the activity of the
contaminant).

Radioactive contamination (mBq/kg) of the materials of the setup.

ENERGY SPECTRA WITH 
BACKGROUND MODEL



• The measured energy spectrum does not contain peculiarities which could be ascribed
to 𝛽𝛽 decay processes in 106Cd. Therefore, the data have been analyzed estimating
lower half-life limits, using the following formula:

where:
§ N is the number of 106Cd nuclei in the 106CdWO4 crystal (𝑁 = 2.42 × 10!");
§ η is the detection efficiency for the process of decay (calculated as a ratio of the events number
in the signal model which satisfies the investigated experimental condition, to the number of
generated events);

§ t is the time of measurements (466.64 d);

§ lim S is the number of events of the effect searched for, which can be excluded at a given
confidence level (C.L.; all limits on 𝛽𝛽 processes in 106Cd are given at the 90% C.L. in the
present study).
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SEARCH FOR 𝛽𝛽 PROCESSES 
THROUGH THE STUDY OF TRIPLE 

COINCIDENCES

• Spectrum of 106CdWO4 in coincidence with events
at energy E = (511 ± 2𝜎) keV in both of the two
natural CdWO4 scintillators → NO events in the
energy region >520 keV → lim𝑆 = 2.3 (90% C. L. )

• Simulated 𝛽𝛽 models were added to the
background model in the fit of the AC
spectrum plus the CC511 spectrum.

• 𝛽𝛽 decay model summed up to the
background model is normalized to one decay,
i.e. it is divided by the total number of
generated decays (and the PSD cut efficiency
is also taken into account).

• Therefore the fit directly returns the total
number of decays attributable to the searched
process i.e. 𝑆/𝜂.

• According to Feldman & Cousins[127]
procedure, an upper limit on 𝑆/𝜂 (90% C.L.)
is calculated.

SEARCH FOR 𝛽𝛽 PROCESSES BY 
FITTING THE MEASURED SPECTRA

[127] Feldman, G.J.; Cousins, R.D. Unified approach to the
classical statistical analysis of small signals. Phys. Rev. D57,
1998, 3873-3889.
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CONCLUSIONS & 
RESULTS

• The highest sensitivity to several decay
channels with positron(s) emission was
achieved using the data that were gathered by
the 106CdWO4 detector in coincidence with
511 keV annihilation γ quanta in both of the
two CdWO4 counters.

• Limits have been improved to a factor 2-3
with respect to the previous experiments.

• The sensitivity obtained on the 𝑇%/$ for the
case 2𝜈𝜖𝛽& approaches the theoretical
predictions: 𝑇%/$∼ 10$% − 10$$ yr.

• The experiment is still running with the
purpose of improving the sensitivity to all the
decay channels of 106Cd.
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