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Table 1.1. Current measured values on the half-life for 2ε2ω→ decay isotopes. The
transitions to the ground state of the final nucleus are reported.

Transition T1/2 (90% C.L.) (yr) Ref.
48Ca → 48Ti [6.4+0.7

→0.6(stat)+1.2
→0.9(syst)] ↑ 1019 [10]

76Ge → 76Se [2.022 ± 0.018(stat) ± 0.038(syst)] ↑ 1021 [11]
82Se → 82Kr [8.69 ± 0.05(stat)+0.09

→0.06(syst)] ↑ 1019 [12]
96Zr → 96Mo [2.35 ± 0.14(stat) ± 0.16(syst)] ↑ 1019 [13]

100Mo → 100Ru [7.07 ± 0.02(stat) ± 0.11(syst)] ↑ 1018 [14]
116Cd → 116Sn [2.63+0.11(stat)→0.23(syst)] ↑ 1019 [15]
128Te → 128Xe (2.19 ± 0.07) ↑ 1024 [16]
130Te → 130Xe [8.76+0.09

→0.07(stat)+0.14
→0.17(syst)] ↑ 1020 [17]

136Xe → 136Ba [2.16+0.62
→0.40(stat)+0.40

0.29 (syst)] ↑ 1021 [18]
150Nd → 150Sm [9.34 ± 0.22(stat)+0.62

→0.60(syst)] ↑ 1018 [19]

The strong motivation to detect these phenomena is due mainly to the possibility of
detecting the existence of 2ω decays without the presence of neutrinos in the final
state, which are expressed by the following nuclear reactions:

0ε2ω→ : A

ZX → A

Z+2Y + 2e→ (1.8)
0ε2ω+ : A

ZX →A

Z→2 Y + 2e+ (1.9)
0εϑω+ : e→ + A

ZX → A

Z→2Y + e+ (1.10)
0ε2ϑ : 2e→ + A

ZX → A

Z→2Y + ϖ (1.11)

These processes violate the lepton number L by two units (!L = 2), on the other
hand the processes of Eq. 1.4 – 1.7 conserve L and thus are predicted by the SM
and by the current description of the weak interaction. The daughter nucleus in
the Eq. 1.4 – 1.11 can also be in an excited level. In such a case characteristic
de-excitation ϖ’s are also expected. The 0ε2ω→ decay was first proposed by Wendell
H. Furry [20](1939) after the Majorana theory of the neutrino [21] which states that
the neutrino coincides with its own antiparticle, known as a Majorana particle. Thus
if neutrinos are Majorana particles, then 2ω decay can proceed without the emission
of any neutrinos, via the processes of Eq. 1.8 – 1.11. Moreover, observations on
neutrino oscillation suggested the neutrinos have a small mass, which cannot be
explained by the standard Higgs mechanism of mass generation. However, by the
investigation of neutrino oscillations, it is impossible to decide on the nature of
neutrinos (Dirac or Majorana particles) and to determine the neutrino mass and
the neutrino mass hierarchy. Currently, the study of the 0ε2ω decay represents the
most sensitive method to solve such fundamental problems of neutrino physics.
Regarding the “double beta plus” processes, 0ε2ω+, 0εϑω+ and 0ε2ϑ, they can give
in principle the same information as for the decays with electrons emission, even if
their decay rate is typically more suppressed than the one of 2ω→ processes. At the
same time, there is a motivation to search for the 0εϑω+ and 0ε2ω+ decays owing
to the potential to clarify the possible contribution of the right-handed currents
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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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Fig. 3.2. Mass parabola of
the A = 101 isobars (from
[Se77]). Possible β-decays are
shown by arrows. The abscissa
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ber, Z. The zero point of the
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ily.

101
46Pd → 101

45Rh + e+ + νe , and
101
45Rh → 101

44Ru + e+ + νe .

Such decays are called β+-decays. Since the mass of a free neutron is larger
than the proton mass, the process (3.9) is only possible inside a nucleus.
By contrast, neutrons outside nuclei can and do decay (3.7). Energetically,
β+-decay is possible whenever the following relationship between the masses
M(A, Z) and M(A, Z − 1) (of the parent and daughter atoms respectively)
is satisfied:

M(A, Z) > M(A, Z − 1) + 2me . (3.10)

This relationship takes into account the creation of a positron and the exis-
tence of an excess electron in the parent atom.

β-decay in even nuclei. Even mass number isobars form, as we described
above, two separate (one for even-even and one for odd-odd nuclei) parabolas
which are split by an amount equal to twice the pairing energy.

Often there is more than one β-stable isobar, especially in the range A >
70. Let us consider the example of the nuclides with A = 106 (Fig. 3.3). The
even-even 106

46Pd and 106
48Cd isobars are on the lower parabola, and 106

46Pd is the
stablest. 106

48Cd is β-stable, since its two odd-odd neighbours both lie above
it. The conversion of 106

48Cd is thus only possible through a double β-decay
into 106

46Pd:
106
48Cd → 106

46Pd + 2e+ + 2νe .

The probability for such a process is so small that 106
48Cd may be considered

to be a stable nuclide.
Odd-odd nuclei always have at least one more strongly bound, even-even

neighbour nucleus in the isobaric spectrum. They are therefore unstable. The

MeV/c2

MeV/c2

Figure 1.1. Examples of mass parabolas for A = 101 (Left) and A = 106 (Right). The
x-axis represents the atomic number, while the y-axis is the relative mass of the isobars,
expressed in energy units (MeV/c2). The zero point on the mass scale is arbitrary. In
the case of odd A only one parabola is obtained, while for even A two parabolas are
present, one for the even Z-even N case and the other for the case with odd Z and odd
N. See text for more details. Figure taken from Ref. [6].

interpreted as two sequential ω-decays with a virtual intermediate state.
In the framework of the SM, the 2ω decay is allowed with the emission of two
neutrinos on the final state, by means of the following processes1:

2ε2ω→ : A

ZX → A

Z+2Y + 2e→ + 2ε̄e (1.4)
2ε2ω+ : A

ZX → A

Z→2Y + 2e+ + 2εe (1.5)
2εϑω+ : e→ + A

ZX → A

Z→2Y + e+ + 2εe (1.6)
2ε2ϑ : 2e→ + A

ZX → A

Z→2Y + 2εe (1.7)

The idea of 2ω decay was originally proposed by Goeppert-Mayer [7] in 1935 but
the first direct laboratory detection was only achieved as recently as 1987 [8]. Since
then, the 2ε2ω→ has been measured for a dozen of nuclei [9], with lifetimes in the
range 1018 ↑ 1022 yr (see Table 1.1). The 2ω+ processes have a significantly lower
probability than 2ω→ decay modes but they are interesting to be studied because
they are simpler to identify: the positrons produced in the decay furnish four ϖ rays
after their annihilation. The coincident detection of two positrons and four ϖ rays
would be used as highly reliable condition for selecting such events.

1In the case of single or double electron capture, emission of X-rays and/or Auger electrons is
also expected (see text).
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The 2𝛽 decay 
• 𝟐𝛎𝟐𝛃 decay is a rare process allowed in the SM→ lepton number L conserved
• 0𝛎𝟐𝛃, if observed, could open a new window beyond the SM→ L violated (∆𝐿 = 2) →massive Majorana neutrino

2

Current sensitivity for 2ν2β! decay: T1/2 ~ 1018-
1024 yr; for 0ν2β! : T1/2 > 1024 - 1026 yr

Positive channels: less studied but easier to 
identify. Current experimental sensitivities: T1/2
~ 1016-1022 yr.

Complementary 
information to 0ν2β!

+ resonant effect

(Neutrino 
oscillations)
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〈 f |S2|i〉 = 4
(−i)2

2 !

(
G F√

2

)2
Np1 Np2

∫ ∑

i

ūL (p1)eip1x1γα Uei 〈0|T (νi L (x1) νT
i L (x2)|0〉

×γ T
β Uei ūT

L (p2)eip2x2 〈N f |T (Jα(x1)Jβ (x2))|Ni 〉 d4x1d4x2−(p1 ! p2). (8.27)

Here p1 and p2 are electron momenta, Jα(x) is the weak charged current in the
Heisenberg representation,1 |Ni 〉 and |N f 〉 are the states of the initial and the
final nuclei with 4-momenta Pi = (Ei , pi) and Pf = (E f , pf), respectively, and
Np = 1

(2π)3/2
√

2p0
is the standard normalization factor. The diagram of 0νββ-decay

is presented in Fig. 8.1.
Let us consider the neutrino propagator. From the Majorana condition (8.26) we

find

〈0|T (νiL(x1)ν
T
iL(x2)|0〉 = −1 − γ5

2
〈0|T (νi (x1)ν̄i (x2))|0〉 1 − γ5

2
C. (8.28)

Further, we have

〈0|T (νi (x1)ν̄i (x2))|0〉 = i
(2π)4

∫
e−iq (x1−x2)

γ · q + mi

q2 − m2
i

d4q (8.29)

Thus, for the neutrino propagator we find the following expression2

〈0|T (νiL(x1)ν̄iL(x2))|0〉 = − i
(2π)4

∫
e−iq (x1−x2)

mi

q2 − m2
i

d4q
1 − γ5

2
C.

(8.30)
The neutrino propagator is proportional to mi . It is obvious from (8.29) that this is
connected with the fact that only left-handed neutrino fields enter into the Hamilto-

Fig. 8.1 Feynman diagram of
the neutrinoless double
β-decay

n

n

p

p

ν i

e−

e−

1 Thus, in (8.27) the strong interaction are taking into account.
2 Notice that in the case of the Dirac neutrinos 〈0|νiL (x1)ν

T
iL (x2)|0〉 = 1−γ5

2 〈0|νi (x1)

νT
i (x2)|0〉 1−γ T

5
2 = 0. The neutrinoless double β-decay is obviously forbidden in the Dirac case.

Decay, Level of 106Pd ω limit T1/2 [yr] at 90% C.L.
0ε2ϑ 2+512 0.003 → 3.6↑ 1020

2εϑϖ+ g.s. 0.016 → 2.1↑ 1021

2εϑϖ+ 2+512 0.037 → 4.7↑ 1021

2εϑϖ+ 2+1128 0.023 → 2.8↑ 1021

2εϑϖ+ 0+1134 0.027 → 3.5↑ 1021

0εϑϖ+ g.s. 0.035 → 4.5↑ 1021

0εϑϖ+ 2+512 0.043 → 5.5↑ 1021

0εϑϖ+ 2+1128 0.028 → 3.6↑ 1021

0εϑϖ+ 0+1134 0.030 → 3.8↑ 1021

2ε2ϖ+ g.s. 0.050 → 6.2↑ 1021

2ε2ϖ+ 2+512 0.046 → 5.8↑ 1021

0ε2ϖ+ g.s. 0.051 → 6.5↑ 1021

0ε2ϖ+ 2+512 0.046 → 5.8↑ 1021

Table 1: OLD

ϖ→ : A
ZX ↓ A

Z+1Y + e→ + ε̄e (1)

(T 0ω
1/2)

→1 = g4AG
0ω(Q,Z)

∣∣∣M0ω
GT ↔ g2V

g2A
M0ω

F

∣∣∣
2
|mεε |2 (2)

2ε2ϑ : 2e→ + A
ZX ↓ A

Z→2X
↑ ↓ A

Z→2X + 2εe + ϱ +X-rays (3)

2ε2ϖ→ : A
ZX ↓ A

Z+2Y + 2e→ + 2ε̄e (4)

2ε2ϖ+ : A
ZX ↓A

Z→2 Y + 2e+ + 2εe (5)

2εϑϖ+ : e→ + A
ZX ↓ A

Z→2Y + e+ + 2εe +X-rays (6)

2ε2ϑ : 2e→ + A
ZX ↓ A

Z→2Y + 2εe +X-rays (7)

0ε2ϖ→ : A
ZX ↓ A

Z+2Y + 2e→ (8)

0ε2ϖ+ : A
ZX ↓A

Z→2 Y + 2e+ (9)

0εϑϖ+ : e→ + A
ZX ↓ A

Z→2Y + e+ +X-rays (10)

0ε2ϑ : 2e→ + A
ZX ↓ A

Z→2Y + ϱ +X-rays (11)

1
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3. Closure approximation.

4. The nonrelativistic impulse approximation for the hadronic charged current
Jµ+

L
:

Jµ+
L

= p̄[gV (q2)εµ + igM (q2) ϑµω

2mN

qω → gA(q2)εµε5 → gP (q2)qµε5]n (1.22)

where qµ is the momentum transfer and q2 is its magnitude, mN is the nucleon
mass (roughly 1 GeV), gV (q2), gA(q2), gM (q2) and gP (q2) are respectively the
vector, axial (see more details in Section 1.2.4), magnetic, pseudoscalar form
factors of the nucleon, while ϑµω are the Pauli matrices.

Due to the high momentum of the virtual neutrino in the nucleus (q ↑ 100 MeV),
one can replace the intermediate state energy by an average value and then use the
closure relation to sum over all the intermediate states. With these considerations,
the expression for the half-life of the 0ϖ2ω decay (both for the cases with electrons
and positrons emission) can be written as:

(T 0ω

1/2)→1 = |mεε |2|M0ω |2G0ω(Q, Z), (1.23)

where (for simplicity, only the case of 2ω→ is considered):

Q = Q2ε→ = M(A, Z) → M(A, Z + 2), (1.24)

is the Q-value of the process, which is equal to the atomic mass di!erence between
M(A, Z) and M(A, Z + 2), which are in fact the masses of the parent and daughter
atoms2. So the total rate of 0ϖ2ω± is the product of three factors:

1. The squared modulus of the e!ective Majorana neutrino mass mεε which is
given by:

mεε =
∑

i

U2
eimi, (1.25)

where mi are the small masses of the Majorana neutrinos ϖi and Uei are
the elements of the neutrino mixing matrix. The purpose of 0ϖ2ω-decay
experiments is, if the process is observed, to extract the value of |mεε | from
measurements of T 0ω

1/2, assuming that the other two factors are known.

2. The squared modulus of the nuclear matrix element (NME) M0ω . Since the
momentum transfer involved in the decay is low, one can perform the expansion
of the weak current in the impulse approximation (see Eq. 1.22) and get the
dominant terms for the vector and axial-vector multipole moments: they
describe, at lowest order, Fermi and Gamow-Teller transitions, respectively.
Thus the NME assumes the form [30]:

M0ω = g2
A

(

M0ω

GT → g2
V

g2
A

M0ω

F

)

(1.26)

2In the positive channels, also the masses of the electrons and the binding energy of the electrons
must be taken into account in the calculation of the Q-value (see Eq. 1.16 -1.18).

where:
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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

• One of the highest 2𝛽!	decay energy: 	𝑄"# = 	2775.39 10  
keV;

• Relatively high isotopic abundance: δ = 1.245(22)	%;

• Possibility of enrichment by gas centrifugation;

• 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 «near resonant» 0ν2𝜀	to excited levels of 
106Pd;

• Existing technologies of cadmium purification and 
availability of Cd-based calorimetric detectors with high 
detection efficiency.

Advantages of 106Cd for 𝟐𝜷 decay searches  
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Some general properties CdWO4

Effective atomic number 66

Density (g/cm3) 7.9

Melting point (°C) 1325

Refractive index 2.2 – 2.3 

Emission maximum (nm) 475 – 490 

Scintillation time constants (µs) ~15 (89%), ~4.6 (9%), ~0.8 
(2%), ~0.15 (0.5%) [1]

Light Yield ≈ 15000 photons/MeV

Linearity of the energy response Excellent, down to ~100 
keV

Energy resolution (FWHM, %) @ 662 
keV

~ 7.0 – 10 

Pulse-shape discrimination ability Excellent 

CdWO4 crystal scintillators

ARTICLE IN PRESS

following extractive distillation of cadmium. The Cd/W ratio
in the initial 106CdWO4 compound was determined to be
(1.00370.002). Then, the Cd/W ratio in the charge was adjusted
to an optimal value for CdWO4 crystal growth by adding a small
amount of cadmium oxide (106CdO). The mass of the initial
106CdWO4 charge was 265 g.

A boule of 231 g was grown (see Fig. 1, left), that is 87.2% of the
mass of the initial charge. The growth direction was parallel to the
crystal axis [0 1 0]. The length of the boule was 60 mm, diameter
of the cylindrical part was 27 mm. The crystal has practically
neither coloration nor defects, which imperfections are typical for
CdWO4 crystals. The irreplaceable losses of cadmium (mainly due
to evaporation from melt) were only 0.78 g (0.3%). Therefore, the
total loss of enriched cadmium on the stages of purification (1.8%),
powder production (0.2%) and crystal growth (0.3%) was at the
level of 2.3%.

A scintillation element with mass of 215.8 g (E+27!50 mm2)
was produced from the grown 106CdWO4 crystal boule by cleavage
(with the help of a sharp knife) of the top and bottom conic parts
on cleavage plane. The loss of material was practically negligible
(o0.01%) at this stage. To maximize the number of the 106Cd
nuclei available for a double b experiment, no other treatment of
the crystal was done (Fig. 1, right). Only the side surface of the
crystal was made diffuse, using fine-grain polishing paper, to
improve uniformity of the scintillation light collection. As a result,
the loss of enriched material at this stage was very low E0.03%.

3. The characterization of 106CdWO4 crystal

3.1. The absolute isotopic composition of the enriched 106Cd

The isotopic composition of the two metal samples of enriched
106Cd was measured in a VG 354 thermal ionization mass
spectrometer in the Isotope Science Laboratory at Curtin Uni-
versity (Perth, Australia). The absolute isotopic compositions of
these samples were then determined by calibrating the mass
spectrometer with the international reference material for
cadmium—BAM I012 (Bundesanstalt für Materialforschung und
-prüfung), in order to calculate the isotope fractionation factor for
cadmium. In this experiment no significant isotope correction
factor was required, so that the absolute isotopic composition of
the 106Cd samples is presented in Table 4.

The absolute isotope abundance for 106Cd is (66.4070.05)%,
whilst b active 113Cd has an absolute isotope abundance of
(3.93570.003)%. The atomic weight of the 106Cd samples is

(108.0370.02) as compared to the BAM-I012 value of
(112.41170.002).

As was demonstrated in [33], the production of CdWO4

crystals does not change the isotopic abundance of cadmium.
Therefore, we can assume that the isotopic composition of
cadmium in the grown 106CdWO4 crystal scintillators is the same
as in the measured metal samples presented in Table 4.

3.2. The luminescence under ultraviolet and X-ray excitation

The photoluminescence (PL) spectrum of a sample of the
106CdWO4 crystal was measured with a single monochromator
MDR-23 at the room temperature. Photoluminescence was
excited by a nitrogen laser (337.1 nm wavelength). The emission
spectrum of the crystal is presented in Fig. 2. A wide (E240 nm)
PL band in the visible region with a maximum at 492 nm was
observed in agreement with the results obtained by other authors
for CdWO4 crystals [34–36].

The luminescence under X-ray excitation was studied with
BHV7 tube with rhenium anode (20 kV, 20 mA) at the room
temperature. The light from the sample +10!3 mm2 was
detected in the visible region by photomultiplier FEU-106
(sensitive in the wide wavelength region of 300–800 nm). The
spectral measurements were carried out by using high-aperture
monochromator MDP-2. The X-ray emission spectrum (see Fig. 2)
shows a maximum intensity at the same wavelength 493 nm
in agreement with the results obtained with CdWO4 crystals
[37–40].

3.3. The transmittance of 106CdWO4 crystal

The transmittance of the 106CdWO4 scintillation element
+27!50 mm2 was measured in the spectral range 300–700 nm

Fig. 1. Boule of 106CdWO4 single crystal grown by the low-thermal-gradient Czochralski process (left; the scale is in centimeters and inches). Scintillation element
106CdWO4 with mass of 215.8 g (E +27!50 mm2) produced from the boule (right; the scale is in centimeters). The side surface of the scintillation element was made
diffuse with the help of fine-grain polishing paper to improve the uniformity of the scintillation light collection.

Table 4
The absolute isotopic composition of the 106Cd samples (%).

Atomic number Enriched 106Cd Natural cadmium [10]

106 66.4070.05 1.2570.06
108 0.65870.004 0.8970.03
110 5.0670.01 12.4970.18
111 4.8370.01 12.8070.12
112 8.8570.03 24.1370.21
113 3.93570.003 12.2270.12
114 8.7770.03 28.7370.42
116 1.49770.008 7.4970.18

The isotopic composition of natural cadmium is given for comparison.

P. Belli et al. / Nuclear Instruments and Methods in Physics Research A 615 (2010) 301–306304

Boule of 106CdWO4 single crystal grown 
by low-thermal-gradient Czochrlaski 
technique and crystal scintillator 
obtained by cutting a boule and grinding 
its surface. 

[1] Bardelli, L. et al. Nucl. Instrum. Meth. A 2006, 569, 743–753. 4

[2] Belli, P. et al., NIMA 2010, 615, 301-306.
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Searches for 𝟐𝜷	decay of 106Cd at LNGS: 
previous stages of the experiment

8

Low background scintillation detector with 
106CdWO4 crystal scintillator

Polystyrene
Light-guide

F.A. Danevich  TAUP 2011 Munich 08 Sep 2011

Low BG 3’’ PMT106CdWO4
∅27×50

Quartz
Light-guide

Low BG 3’’ PMT

Quartz
Light-guide

100 312 100

∅66

Version September 2, 2020 submitted to Universe 4 of 14

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

A 106CdWO4 crystal (approximate sizes ⌀ 27 mm x 50 mm, mass 215 
g) enriched in 106Cd at 66 % was developed [NIMA 615 (2010) 301] 
and used in the experiment:

v Stage 1 (2012) [PRC 85 (2012) 044610]: 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.

v Stage 2 (2016) [PRC 93 (2016) 045502]: 106CdWO4 crystal in 
coincidence with 4 ultra-low-background HPGe detectors of the 
GeMulti setup of the STELLA (SubTErranean Low Level Assay) 
facility.

v Stage 3 (2020) [Universe 6 (2020) 182]: 106CdWO4 detector in 
coincidence with two large-volume CdWO4 scintillator 
detectors in the DAMA/CRYS set-up to improve the detection 
efficiency to 𝛾 quanta emitted in the 2𝜷 processes in 106Cd.

Stage 1

Stage 2

Stage 3

6



106CdWO4 in DAMA R&D 
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R11065-20 MOD 
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The new experiment
installed in the DAMA/R&D setup at LNGS

CdWO4
counters106CdWO4

Calibration 
pipe

DAMA/R&D setup at LNGS
Ø DAMA/R&D: high-purity copper 10 cm thick,

15 cm of low-radioactive lead, a 1.5 mm layer
of cadmium and from 4 to 10 cm of
polyethylene/ paraffin.

Ø 106CdWO4 is housed in a cylindrical cut-out 
of the two CdWO4 (⌀70 mm x 38 mm) 
scintillators which almost completely 
envelop the enriched crystal. 

106CdWO4

106CdWO4 CdWO4
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Energy and time resolutions
The energy scale was calibrated using 22Na, 60Co,
133Ba, 137Cs, and 228Th 𝛾 sources.

FWHM = A	× E"

CdWO4
106CdWO4

[Universe 11 (2025), 123] 
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Distribution of time intervals ∆𝑡 between signals of 106CdWO4

and one of the CdWO4 counters with energy 511 ± 2𝜎#	keV:

𝑓 ∆𝑡 = 𝐴	×
exp −

1
2
∆𝑡	 − 𝜇
𝜎

$
,

∆𝑡	 − 𝜇
𝜎 	≤ 𝑘;

exp
𝑘$

2 − 𝑘
∆𝑡 − 𝜇
𝜎 ,

	∆𝑡	 − 𝜇
𝜎 	> 𝑘;

where A, 𝜇, 𝜎 and k are free parameters of the fit.

A = 4.92 for 106CdWO4
A = 3.65 for CdWO4 – 1
A = 3.20 for CdWO4 – 2 
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Figure 5. Two-dimensional distribution of the background events measured by CdWO4 detector in
energy (E) versus Shape Indicator (SI) coordinates (a). Distributions of the SI parameters for γ&β and
ε particles approximated by two Gaussian functions in the energy interval 500–1200 keV (inset in (a)).
The green and red solid lines in the panel (a) represent µPSD for γ&β and ε events, respectively.
The green and red dashed lines in the panel (a) represent µPSD ± 3 → ϱPSD for γ&β events and
µPSD ± 2 → ϱPSD for ε events. Selected ε and γ&β events between the dashed lines projected on the
energy axis are shown in the panel (b).

3.3. Experimental Energy Spectra

The experimental energy spectra measured over 1075 days by the 106CdWO4 and
CdWO4 detectors under different selection conditions are shown in Figure 6. It was possible
to achieve a noticeable reduction of the background measured by the 106CdWO4 detector
in the energy range of 0.5–1.5 MeV by separating γ&β events from ε ones by the pulse-
shape discrimination. The main part of the spectrum measured by the 106CdWO4 detector
with energy < 0.5 MeV in anti-coincidence (AC) with the CdWO4 counters is the 113mCd
β distribution. For the events in coincidence (CC) with the CdWO4 counters, the data
acquisition system records events with the low energy trigger of the 106CdWO4 detector
(see Section 2). As a result, the 113mCd β spectrum represents the main part of the spectra
for all the detectors below 0.5 MeV. Also, an important selection condition is a coincidence
with 511 keV γ-quantum (quanta) in the CdWO4 counter(s), which should occur during the
annihilation of a positron from the double beta processes in 106Cd with positron(s) emission
(Figure 6, γ&β CC Enat = 511 ± 2ϱE keV, where Enat is an energy deposit in at least one of
CdWO4 detectors). The only two peaks with energies of 202 keV and 307 keV that can be
seen in the spectrum measured by the CdWO4 counters in coincidence with events in the

9
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[Universe 11 (2025), 123] 

ü 1075 days of data taking

vAnticoincidence mode (AC): 
An event in the 106CdWO4 detector with 

an energy > 500 keV.

vCoincidence mode (CC):
An event in the 106CdWO4 detector with 
an energy > 50 keV in coincidence with 

at least one of the CdWO4 counters with 
E > 50 keV.
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Radioactive contamination of the experimental 
setup 

Universe 2025, 11, 123 9 of 15

and 228Th →↑ 208Pb (the 232Th chain); 238U →↑ 234U, 226Ra →↑ 210Pb and 210Pb →↑ 206Pb
(the 238U chain).

The energy distributions of the background components were simulated using the
Monte Carlo package EGSnrc [43] with the initial kinematics provided by the DECAY0 event
generator [44]. Each distribution was properly normalized by the parameter representing
the number of decays. This parameter is obtained through fitting the experimental data by
the Monte Carlo simulated distributions. The spectral shape of the distributions account
also for the SI and ∆t selection cuts that were applied to the data. Each simulated event was
multiplied by ηSI and η∆t. Figure 7 shows the result of the simultaneous binned maximum
likelihood fit of five γ&ε spectra: three spectra measured by the 106CdWO4 detector under
selection conditions AC, CC, and CC Enat = 511 ± 2ϱE keV; and two spectra measured by the
CdWO4 detectors under the selection conditions CC and CC E106 > 500 keV. The maximum
likelihood was applied since many bins have very low data statistics. The goodness of
the fit is calculated with the Baker–Cousins approach [45] χ2/NDF = 421/123 = 3.4,
where NDF is a number of degrees of freedom. The fit quality is rather low. However,
the problem may be that one cannot be sure all the contaminations of the set-up materials
are included in the background model. Moreover, despite efforts to reconstruct the setup
geometry in the Monte Carlo simulations as accurately as possible, it does not perfectly
reproduce the actual experiment’s geometry. Some worsening of the fit quality could also
be due to imperfect knowledge of the detector system’s spectrometric characteristics, their
degradation in time, etc. The radioactive contaminations of the main components of the
experimental setup are reported in Table 1. The 228Th contaminations in the 106CdWO4 and
in CdWO4 detectors were determined by using the time-amplitude analysis [40]. Activities
of 238U, 234U, 230Th, 226Ra, 210Pb, and 232Th in the CdWO4 detectors were determined by
the α spectrum analysis [40].

Table 1. Radioactive contamination (mBq/kg) of the setup details. Upper limits are given at 90%
confidence level, uncertainties of the last digit are given with 68% confidence level. Activities
labeled by (*) were determined by using the time-amplitude analysis, the values marked by (†) were
determined by analysis of the α distribution [40]. Q. lg. denotes quartz light guide.

Setup
Component

238U 234U 230Th 226Ra 210Pb 232Th 228Ra 228Th 40K 176Lu 56Co 60Co

106CdWO4 0.65(3) <0.04 <0.4 <0.02 0.0174(14) * <0.24 1.68(3)
CdWO4 0.29(7) † <0.2 † 1.40(7) † <0.002 † 0.89(4) † <0.01 † <0.03 0.012(2) * <2
Plastic
scintillator <8.9 <1.1 <11.8 <2.8 <1.1 <8.7

Optical
couplant <59 <79 <32 <13 <9.5 <260

Teflon tape <4.1 <2.0 <31 <6.4 <2.8 <12
Teflon support
details <1.4 <1.3 <7.3 <5.0 <5.2 <9.7

Q. lg. for
CdWO4

<1.0 <3.4 <3.2 <0.6 <0.4 <1.2

Q. lg. for
106CdWO4

<3.5 <9.3 <20 <9.1 <14.7 <40

Internal
copper <4.2 <0.09 <28 <0.16 <0.04 <2.4 <0.08 <0.07

External
copper <17 <0.46 <0.39 <0.08 <0.73

PMTs for
CdWO4

<920 <1530 <1500 <1420 <1630

PMTs for
106CdWO4

<1400 <2500 <2500 <450 <2320

Main components of the background 
considered in the fit:

1) 40K and 232Th, 238U with their 
daughters in all the setup 
components;

2) Residual 𝛼 distribution in the 
106CdWO4 crystal (7.3% of the 
alpha distribution);

3) Beta decay of 176Lu and 113mCd 
(𝑄$ = 587 keV), and 2𝜈2𝛽 decay 
of 116Cd with a half-life of 𝑇%/' =
2.63 ×10%( yr in the 106CdWO4

crystal. 

4) 113Cd (𝑄$ = 324 keV) in the 
CdWO4 and 106CdWO4 crystal 
scintillators. 

5) 56Co and 60Co in the internal 
copper.  

[Universe 11 (2025), 123] 

• Activities are in mBq/kg
• (*) determined using the time-amplitude analysis
• (†) determined by analysis of the 𝛼 distribution
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𝜸&𝜷 spectra in different modes
[Universe 11 (2025), 123] 
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§ The main background contributions arise from the PMT, the light guide and the internal contamination 
of the 106CdWO4 crystal.



Half-life limits on 𝟐𝜷 decay processes
in 106Cd 

lim	𝑇?/A = 𝑁 * 𝜂BCD * 𝜂ECF * ⁄ln 2 * 𝑡 lim 𝑆

§ 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  and 𝜂-,. is the selection efficiency;
§ t is the measurement live time (1075 days);

§ lim	𝑆	is the number of events of the effect searched for, which can be excluded at a given 
confidence level (C.L.; in the present study all limits are given at the 90% C.L.).

⟹ lim	𝑇?/A= 𝑁 * ln 2 * ⁄𝑡 lim𝑁BCL

§ lim𝑁+,/ = ⁄lim𝑆 ( 𝜂+,( M 𝜂-,.) is the number of decays of the process searched for. 
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must be modified. Since the spectral shape of the Monte Carlo distributions account for the
parameters ηdet and ηsel, Equation (5) can be rewritten as:

lim T1/2 = N(106Cd)→ ln 2 → t/ lim Ndec, (6)

where lim Ndec = lim S/(ηdet → ηsel) is a number of decays of the process searched for.
Now, values of lim Ndec can be obtained from simultaneous approximation of the energy
spectra with different selection conditions. The parameters of the approximation were
bounded, taking into account the data on the radioactive contamination of the experimental
setup details (see Table 1).

For example, for the 2ν2ε+ decay of 106Cd to the ground state of 106Pd, the fit gives
Ndec = 0 ± 18. According to [46], we took lim Ndec = 29 events at 90% C.L., which gives
lim T2ν2ε+g.s.

1/2 = 1.7 → 1022 years (the distribution is shown in Figure 7). The total detection
efficiency for 2ν2ε+ decay to the ground state of 106Pd for the different selection conditions
and detectors are: η106

AC = 12.8%, η106
CC = 79.6%, η106

CCEnat=511±2ϱEkeV = 37.3%, ηnat
CC = 52.7%,

and ηnat
CCE106>500keV = 49.1%. The half-life limits on different modes of 2ε decay of 106Cd

were obtained in a similar way and are presented in Table 2.
One of the most interesting processes is 2νECε+ decay of 106Cd to the ground

state of 106Pd. In this work, we give a new half-life limit on this process as
lim T2νECε+g.s.

1/2 = 7.7 → 1021 years, which is in the region of the theoretical prediction
T1/2 = 1021 ↑ 1023 years [47–53]. The most optimistic theoretical calculations
T1/2 = 1020 ↑ 1022 years are for 2ν2EC decay to the ground state of 106Pd. But due to
the large background from the ε decays of 113mCd and 113Cd, it is difficult to obtain a
high-sensitivity search for the characteristic X-rays from 2ν2EC decay that are expected in
the low energy region.

Another interesting feature is the possibility of near resonant 0ν2EC decays of 106Cd
to excited levels of 106Pd when the initial and final states are degenerate [32]. There are
three possible near resonant transitions to the 2718 keV, 2741 keV, and 2748 keV excited
levels of 106Pd. In this work we give the half-life limits on the near resonance processes as
lim TRes.0ν2EC

1/2 = (1.2 ↑ 2.0)→ 1021 years (see Table 2).

Table 2. Half-life limits on different modes and channels of 2ε decay of 106Cd given at 90% confidence
level. The most sensitive previous results and the theoretical predictions are also presented.

Decay Level of 106Pd, Theoretical T1/2, Years limT1/2, Years
keV Previous Result Present Work

2ν2ε+ g.s. (5.4 ↑ 880)→ 1025 [47,48,50], >2.4 → 1027 [49] 4.4 → 1021 [54] 1.7 → 1022

512 (1.5 ↑ 25)→ 1027 [47,55,56] 4.1 → 1021 [54] 1.5 → 1022

0ν2ε+ g.s. (1.4 ↑ 32)→ 1027 [47,55–61] 5.9 → 1021 [62] 2.2 → 1022

512 4.1 → 1021 [54] 1.5 → 1022

2νECε+ g.s. (1.4 ↑ 240)→ 1021 [47,48,50–53], >2.7 → 1022 [49] 2.1 → 1021 [62] 7.7 → 1021

512 (5.3 ↑ 24)→ 1025 [51,52], >1.1 → 1025 [49] 3.3 → 1021 [54] 9.9 → 1021

1128 3.7 → 1030 [51] 2.0 → 1021 [54] 1.2 → 1022

1134 (1.3 ↑ 13)→ 1026 [51,52], >1.1 → 1027 [49] 2.5 → 1021 [54] 1.3 → 1022

0νECε+ g.s. (1.0 ↑ 17)→ 1026 [32,47,55,56] 1.4 → 1022 [62] 1.5 → 1022

512 9.7 → 1021 [62] 2.1 → 1022

1128 1.0 → 1022 [62] 1.9 → 1022

1134 (1.0 ↑ 21)→ 1029 [32,55,57,58] 2.7 → 1021 [54] 2.1 → 1022

Results
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[54] Leoncini, A. et al. Phys. Scr. 2022, 97, 064006.
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[56] Rath, P.K. et al. Phys. Rev. C 2009, 80, 044303.
[57] Suhonen, J. J. Phys. Conf. Ser. 2012,
338, 012030.
[58] Suhonen, J. Phys. Scripta T 2012, 150, 014039.
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Table 2. Cont.

Decay Level of 106Pd, Theoretical T1/2, Years limT1/2, Years
keV Previous Result Present Work

2ν2EC g.s. (2.0 → 230)↑ 1020 [47,48,50–53] 1.7 ↑ 1021 [63] –
512 (1.5 → 9.4)↑ 1027 [51,52], >4.0 ↑ 1026 [49] 9.9 ↑ 1020 [64] 2.2 ↑ 1020

1128 9.9 ↑ 1028 [51] 6.6 ↑ 1020 [62] 9.3 ↑ 1020

1134 (1.1 → 11)↑ 1023 [51,52] 1.0 ↑ 1021 [64] 1.4 ↑ 1021

1562 (2.4 → 4.3)↑ 1028 [52], >5.4 ↑ 1028 [49] 7.8 ↑ 1020 [62] 7.9 ↑ 1020

1706 >1.9 ↑ 1025 [49] 7.1 ↑ 1020 [64] 4.6 ↑ 1021

2001 >8.9 ↑ 1024 [49] 1.5 ↑ 1021 [62] 1.4 ↑ 1021

2278 >2.1 ↑ 1027 [49] 1.0 ↑ 1021 [64] 1.8 ↑ 1021

0ν2EC g.s. 1.0 ↑ 1021 [39] 1.2 ↑ 1021

512 5.1 ↑ 1020 [39] 1.9 ↑ 1021

1128 5.1 ↑ 1020 [64] 1.7 ↑ 1021

1134 1.1 ↑ 1021 [64] 2.2 ↑ 1021

1562 1.4 ↑ 1021 [62] 2.0 ↑ 1021

1706 2.0 ↑ 1021 [62] 1.7 ↑ 1021

2001 1.2 ↑ 1021 [64] 3.3 ↑ 1021

2278 1.2 ↑ 1021 [62] 1.2 ↑ 1021

Res. 0ν2EC 2718 (3.2 → 9.7)↑ 1022 [57], >5.2 ↑ 1024 [65,66], >7.9 ↑ 1023 [32] 2.9 ↑ 1021 [62] 2.0 ↑ 1021

2741 >5.2 ↑ 1024 [66] 9.5 ↑ 1020 [39] 1.2 ↑ 1021

2748 2 ↑ 1029 → 2 ↑ 1034 [29] 1.4 ↑ 1021 [64] 1.9 ↑ 1021

5. Conclusions
One of the most sensitive double beta plus experiments to search for 2β decay of

106Cd with an enriched 106CdWO4 scintillator in coincidence with two large volume
CdWO4 counters was carried out at the Gran Sasso underground laboratory of the
INFN (Italy). After 1075 days of data taking, we were able to provide new improved
half-life limits on the different channels and modes of 106Cd 2β decay at the level of
lim T1/2 = 1020–1022 years. A new half-life limit on 2νECβ+ decay to the ground state of
106Pd was set as lim T2νECβ+g.s.

1/2 = 7.7 ↑ 1021 years, in the region of the theoretical predic-
tions of 1021–1023 years. The half-life limits on near resonant 0ν2EC decay transitions to
the 2718 keV, 2741 keV, and 2748 keV excited levels of 106Pd have been set at the level
lim TRes.0ν2EC

1/2 = (1.2 → 2.0)↑ 1021 years. Analysis of the complete data set of the experi-
ment is in progress.
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Conclusions
• One of the most sensitive 2𝛽!experiments to search for 2𝛽 decay of 106Cd with an enriched 106CdWO4 

scintillator in coincidence with two large volume CdWO4 counters was carried out at the LNGS (Italy). 

• After 1075 days of data taking, we provide new improved half-life limits on the different channels and 
modes of 106Cd 2𝛽 decay at the level of lim	𝑇"/$ =	10$%– 10$$	years.

• A new half-life limit on 2𝜈𝐸𝐶𝛽! decay to the g.s. of 106Pd was set as lim	𝑇"/$
$&'()!	+.-. = 	7.7	×10$"	years, in 

the region of the theoretical predictions of 1021–1023 years.

• The half-life limits on near resonant 0𝜈2𝐸𝐶	decay transitions to the 2718 keV, 2741 keV, and 2748 keV 
excited levels of 106Pd have been set at the level lim	𝑇"/$	./-.%&$'( = (1.2	 − 2.0)	×10$"	years.

• The main sources of background are the PMT, the light-guide and the internal contamination of 
the 106CdWO4 crystal, which affect the sensitivity to 2𝛽 decay processes. 

• Analysis of the complete data set of the experiment is in progress.
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4.1 Introduction 134

Table 4.1. Experiments on the search for 2ω decay of 106Cd. The range of T1/2 limits (at
90% C.L.) corresponds to values given for the transitions to the ground state or to the
excited levels of 106Pd. More detailed information can be found in the original papers.

Description T1/2 limit (yr) Year[Ref. No]
Cd samples between photographic emulsions → 1015(0ε2ω+, 0εϑω+) 1952 [294]

Cd foil in a Wilson cloud chamber 6 ↑ 1016(0ε2ω+) 1955 [295]

Cd sample between two NaI(Tl) scintillators in coincidence (2.2 ↓ 2.6) ↑ 1017((0ε + 2ε)2ω+) 1984 [296]
(4.9 ↓ 5.7) ↑ 1017((0ε + 2ε)ϑω+)

1.5 ↑ 1017(2ε2ϑ)

116CdWO4 crystal scintillator (0.5 ↓ 1.4) ↑ 1018(0ε2ω+) 1995 [297]
(0.3 ↓ 1.1) ↑ 1019(0εϑω+)

5.8 ↑ 1017(2ε2ϑ)

CdWO4 crystal scintillator 2.2 ↑ 1019(0ε2ω+) 1996 [298]
9.2 ↑ 1017(2ε2ω+)
5.5 ↑ 1019(0εϑω+)
2.6 ↑ 1017(2εϑω+)

Cd sample measured by HPGe detector 1.0 ↑ 1019((0ε + 2ε)2ω+) 1996 [299]
(6.6 ↓ 8.1) ↑ 1018((0ε + 2ε)ϑω+)
(3.5 ↓ 6.2) ↑ 1018((0ε + 2ε)2ϑ)

CdTe cryogenic bolometer 1.4 ↑ 1016(0εϑω+) 1997 [300]

106Cd sample between two NaI(Tl) (1.6 ↓ 2.4) ↑ 1020((0ε + 2ε)2ω+) 1999 [301]
scintillators in coincidence (1.1 ↓ 4.1) ↑ 1020((0ε + 2ε)ϑω+)

(3.0 ↓ 7.3) ↑ 1019((0ε + 2ε)2ϑω)

116CdWO4 crystal scintillator (0.5 ↓ 1.4) ↑ 1019((0ε + 2ε)2ω+) 2003 [252]
(0.1 ↓ 7.0) ↑ 1019((0ε + 2ε)ϑω+)
(0.6 ↓ 8.0) ↑ 1018((0ε + 2ε)2ϑ)

CdZnTe semiconductor detectors (COBRA) (0.9 ↓ 2.7) ↑ 1018((0ε + 2ε)2ω+) 2009 [302–305]
(4.9 ↓ 4.7) ↑ 1018((0ε + 2ε)ϑω+)

1.6 ↑ 1017((0ε + 2ε)2ϑ)

Cd samples between planar HPGe detectors(TGV) 3.6 ↑ 1020(2ε2ϑ) 2011 [306]
1.1 ↑ 1020(0ε2ϑ, 2741 keV)

(1.4 ↓ 1.7) ↑ 1020((0ε + 2ε)2ω+) 2011 [307]
(1.1 ↓ 1.6) ↑ 1020((0ε + 2ε)ϑω+)

1.6 ↑ 1020(0ε2ϑ, 2718 keV)

CdWO4 enriched in 106Cd up to 66% (2.1) ↑ 1020(2εϑω+) 2012 [292]
(4.3) ↑ 1020(2ε2ω+)
(1.0) ↑ 1021(0ε2ϑ)

106CdWO4 enriched in 106Cd up to 66% in
coincidence with HPGe detectors with 1.1 ↑ 1021(2εϑω+) 2016 [293]

four Ge crystals

106CdWO4 in coincidence
with two large volume CdWO4 4 ↑ 1021(2εϑω+) 2019 [308]

Advancement of the experiment was carried out in the low background DAMA/CRYS
setup located at the LNGS, using the 106CdWO4 detector in coincidence with two
large-volume CdWO4 scintillators detectors in close geometry to improve the de-
tection e!ciency to ϖ quanta emitted in the 2ω processes in 106Cd. Preliminary

Past experiments on 
the search of 2𝛃 
decay processes

in 106Cd
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