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INT RODUCTION  

 

Double beta decay (2ɓ) is a rare nuclear transition which changes the nuclear charge Z 

by two units. There exist 69 naturally-occurring even-even nuclei for which such a process is 

possible, in particular there are 35 2ɓ
ī
 isotopes among them. While the transition involving 

two electrons and two (anti)neutrinos (2ɜ2ɓ) is allowed by the Standard Model (SM) and has 

been already observed for 11 isotopes, this is not the same for the neutrinoless double beta 

decay (0ɜ2ɓ), which can occur only if neutrino is a massive Majorana particle. Observations 

of neutrino oscillations give a clear evidence that neutrino is a massive particle but only the 

measurement of 0ɜ2ɓ decay could establish the Majorana nature of the neutrino, help solving 

neutrino hierarchy problem, measure the effective Majorana mass and test lepton number 

conservation. Moreover, this process could clarify the presence of right-handed currents 

admixture in weak interaction, and prove the existence of Majorons. 0ɜ2ɓ decay can be 

mediated by many hypothetical processes beyond the Standard Model. Taking into account 

the uncertainty of the theoretical estimations of 0ɜ2ɓ decay probability, development of 

experimental methods for different 2ɓ isotopes is highly requested. 
100

Mo is one of the most promising 2ɓ isotopes because of its large transition energy 

Q2ɓ = 3034.40(17) keV [1] and a considerable natural isotopic abundance ŭ = 9.8%. From the 

experimental point of view a large Q2ɓ value simplifies the problem of background induced by 

natural radioactivity and cosmogenic activation. 

At present the best sensitivity to 0ɜ2ɓ decay of 
100

Mo was reached by the NEMO-3 

experiment that, with å 7 kg of enriched 
100

Mo, has obtained a half-lif e limit Ὕϳ  > 1.1 Ĭ 

10
24

 yr at 90% confidence level (C.L.). Despite this valuable result, the NEMO technique has 

two disadvantages that limit its sensitivity: a low detection efficiency (å 14% to 0ɜ2ɓ events) 

and rather poor energy resolution (å 10% at the energy of Q2ɓ of 
100

Mo). The detection 

efficiency can be improved up to 80%ī90% in so called ñsource=detectorò approach by using 

detector containing molybdenum. Only cryogenic bolometers and semiconductor high-purity 

germanium (HPGe) detectors can provide high enough energy resolution (a few keV at Q2ɓ). 

However, the energy region above 2615 keV (the highest gamma line in natural radioactivity) 

is dominated by alpha particles which can cause a significant background. Nevertheless, the 

simultaneous detection of phonon and scintillation signals in cryogenic scintillating 

bolometers allows efficient particle discrimination important to reject background caused by Ŭ 

particles. Therefore, the cryogenic scintillating bolometers are highly promising detectors to 

search for neutrinoless double beta decay in the next-generation experiments. 

There are several inorganic scintillators containing molybdenum. The most promising 

of them are molybdates of Calcium (CaMoO4), Cadmium (CdMoO4), Lead (PbMoO4), 

Strontium (SrMoO4), Lithium (Li2MoO4) and Zinc (ZnMoO4). However CaMoO4 contains 

the 2ɜ2ɓ active isotope 
48

Ca which, even if present in natural calcium with a very small 

abundance of ŭ = 0.187%, creates background at Q2ɓ energy of 
100

Mo. CdMoO4 contains the ɓ 

active 
113

Cd (Ὕϳ  = 8.04 Ĭ 10
15

 yr, ŭ = 12.22%) which, besides being beta active, has a very 

high cross section to capture thermal neutrons. A potential disadvantage of PbMoO4 is that 
100

Mo would be only 27% of the total mass. Current possibilities of SrMoO4 production are 

far from the required mass and quality of the crystals and possible contamination by 
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anthropogenic 
90

Sr. The important advantages of Li 2MoO4 are the highest concentration of 

molybdenum among the other molybdate crystal scintillators (55.2% in weight), absence of 

natural long-living radioactive isotopes and comparatively easy crystal growth process [2]. 

However, the light yield of Li 2MoO4 scintillators is the lowest among all the mentioned 

molybdate crystals. The important advantage of ZnMoO4 crystals is the absence of heavy 

elements and high concentration of molybdenum (43% in weight).  

Development of large volume zinc molybdate scintillators with a low level of 

radioactive contamination, high bolometric properties, scintillation efficiency and optical 

quality from enriched 
100

Mo is required to search for 0ɜ2ɓ decay of 
100

Mo. The production of 

improved quality ZnMoO4 scintillators calls for development of deep purification techniques 

of molybdenum and optimization of crystal growth technique. Zinc molybdate crystal 

scintillators with the mass of a few hundred grams were developed only very recently. 

ZnMoO4 scintillators with a mass of Ḑ 0.3 kg, as well as Zn
100

MoO4 crystals enriched in the 

isotope 
100

Mo were produced for the first time by using the low-thermal-gradient Czochralski 

technique. The optical and luminescent properties of the produced crystals were studied to 

estimate the progress in crystal growth quality. The low-temperature tests with a 313 g 

ZnMoO4 scintillator and two enriched Zn
100

MoO4 were performed aboveground in the Centre 

de Sciences Nucl®aires et de Sciences de la Mati¯re (CSNSM, Orsay, France). The low 

background measurements with three ZnMoO4 and two enriched detectors installed in the 

EDELWEISS set-up at the Laboratoire Souterrain de Modane were also carried out as a part 

of this PhD thesis. 

To optimize the light collection in ZnMoO4 cryogenic scintillating bolometers, we 

have simulated the collection of scintillation photons in a detector module for different 

geometries by Monte Carlo method using the GEANT4 package. Response to the 2ɜ2ɓ decay 

of 
100

Mo was simulated for the enriched Zn
100

MoO4 detectors of different shape and mass to 

understand the dependence of 2ɜ2ɓ decay spectra on crystal shape. Finally we simulated 48 

Zn
100

MoO4 crystals with a size of Ï60 Ĭ 40 mm installed in the EDELWEISS cryostat. The 

contribution to background from the internal radioactive contamination of the crystals, 

cosmogenic activation and radioactive contamination of the set-up were simulated. 

Taking into account the poor time resolution of the low temperature bolometers, we 

also studied contribution to background at the Q2ɓ energy of random coincidences of signals, 

in particular of 2ɜ2ɓ decay, which is one of the most valuable sources of background in 

cryogenic bolometers. Methods of the randomly coinciding events rejection were developed 

and compared. We have also analyzed dependence of the rejection efficiency on a cryogenic 

detector performance (in particular on the signal to noise ratio and the sampling frequency of 

the data acquisition). 
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CHAPTER 1 

THEORY AND EXPERIMENTAL STATUS OF 2ɓ DECAY 

 

1.1. Double beta decay 

 

Neutrino was first postulated by W. Pauli in 1930 to explain beta decay. However, 

even after more than 80 years, mass and nature of neutrino (Dirac or Majorana particle?) are 

still unknown.  

Several neutrino oscillation experiments finally proved that neutrinos are massive 

particles. Also these results demonstrated that the Standard Model (SM) of electroweak 

interactions is incomplete and should be extended to include massive neutrinos. 

Neutrinoless double beta decay (0ɜ2ɓ) is one of the most promising ways to 

understand nature and properties of neutrino. Experiments to search for this extremely rare 

decay process can probe lepton number conservation, investigate the Dirac/Majorana nature 

of the neutrinos and their absolute mass scale with unprecedented sensitivity.  

 

1.1.1. Fundamentals of double beta decay theory 

 

Double beta decay (2ɓ) is a rare nuclear process in which an initial nucleus with a 

mass A decays to a member of the same isobaric multiplet with the change of the nuclear 

charge Z by two units (see Fig. 1.1). Such transition was first suggested by M. Goeppert-

Mayer in 1935 and the half-life of such process was estimated, by using Fermi theory of ɓ 

decay, to be > 10
17

 years [3]. 2ɓ decay is a second-order process in the Standard Model of 

electroweak interactions, which explains a very low decay probability.  

 

 
Fig. 1.1. Nuclear-level diagram of the double beta decay of the isotope 

100
Mo to the ground 

state and the first excited 0
+
 level of 

100
Ru [4]. 

 

The 2ɓ decay is possible when the decay to the intermediate nucleus is energetically 

forbidden due to the pairing interaction, or if an ordinary ɓ decay is suppressed by a large 

difference in spin between these nuclei. The decay can proceed between two even-even 
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isobars (see Fig. 1.2) from the initial nucleus to the ground state (g.s.) or to the first excited 

states of the daughter nucleus. Therefore the 2ɓ decay is possible for 69 naturally occurring 

even-even nuclei, in particular there are 35 2ɓ
ī
 isotopes [5, 6]. 

 

 
Fig. 1.2. Mass parabolas for nuclear isobars with even A. Due to the pairing interaction in the 

semiempirical mass formula, even-even nuclei have lower masses than odd-odd nuclei. 

Therefore, ɓ
ī
 decay is impossible from point (a) to point (b), though 2ɓ

ī
 decay is 

energetically possible as a second-order process from point (a) to point (c). Likewise, 2ɓ
+
 

decay, double-electron capture or electron capture with emission of one positron processes 

can take place between point (e) and point (c) [7]. 

 

The two-neutrino double beta decay is allowed in the Standard Model of electroweak 

interactions with the following possible channels: 

2ɓ
ī
: ὃȟὤ ᴼ ὃȟὤ ς ςὩ ς’Ӷ,   (1.1) 

2ɓ
+
: ὃȟὤ ᴼ ὃȟὤ ς ςὩ ς’,   (1.2) 

ECEC: ςὩ ὃȟὤ ᴼ ὃȟὤ ς ς’,   (1.3) 

ECɓ
+
: Ὡ ὃȟὤ ᴼ ὃȟὤ ς Ὡ ς’,  (1.4) 

where the electron capture (EC) is expected mainly on a K-shell. The energy released in these 

decays is distributed between the leptons and recoil of the nucleus, which is negligible. The 

Q2ɓ energy of the 2ɜ2ɓ decay for the different modes is as following:  

2ɓ
ī
: ὓὃȟὤ ὓὃȟὤ ς,     (1.5) 

2ɓ
+
: ὓὃȟὤ ὓὃȟὤ ς τάὧ,   (1.6) 

ECEC: ὓὃȟὤ ὓὃȟὤ ς ς‐,            (1.7) 

ECɓ
+
:
 ὓὃȟὤ ὓὃȟὤ ς ςάὧ ς‐,          (1.8) 

where M(A,Z) is the atomic mass of the 2ɓ decay isotope, and Ů is the excitation energy of the 

atomic shell of the daughter nucleus. 

Moreover, there are also considered neutrinoless 2ɓ
ī
 decay modes (we will not 

mention here 2ɓ
+
, ECEC and ECɓ

+
 possible processes): 

¶ neutrinoless double beta decay (0ɜ2ɓ) 

ὢᴼ ὢ ςὩ ,      (1.9) 

¶ 2ɓ decay with emission of one or more neutral bosons … (Majorons) 

ὢᴼ ὢ ςὩ ….     (1.10) 
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The neutrinoless double beta decay (1.9) is the most interesting process since no 

neutrinos are emitted (see Fig. 1.3). This hypothetical process was first considered by Racah 

[8] and Furry [9] at the end of 1930s to understand if neutrino is Majorana (particle ſ 

antiparticle) or Dirac (particle Í antiparticle) type. The 0ɜ2ɓ decay violates the lepton number 

by two units and is forbidden in the Standard Model. Furthermore, such process is possible 

only when neutrinos are massive Majorana particles. Indeed, the antineutrino ’Ӷ is right-

handed in the emission process ὲᴼὴ Ὡ ’Ӷ, while in the absorption process ὲ

’ᴼὴ Ὡ  the neutrino ’ is left-handed (see Fig. 1.3). Therefore, when neutrino has a 

non-zero mass, it would not have a definite helicity in the two processes and a match of their 

helicities becomes possible. 

There considered also other mechanisms of neutrinoless double beta process, for 

example, mediated by right-handed currents with the exchange of both light and heavy 

neutrinos, or the exchange of other exotic particles. 

 

 
Fig. 1.3. Feynman diagrams of (a) 0ɜ2ɓ decay with the exchange of light Majorana neutrino, 

and (b) 2ɜ2ɓ decay. 

 

The transition (1.10) is interesting from the point of existence of the so-called 

Majorons, the Nambu-Goldstone bosons that arise upon a global breakdown of B-L symmetry 

[10]. The Majorons can be described as a hypothetical neutral pseudoscalar particle with zero 

(or very small) mass, which can be emitted in 0ɜ2ɓ decay [11, 12, 13]. The energy spectra of 

the process (1.10) are continuous, since Majorons do not interact with an ordinary matter and 

cannot be detected. However, the energy distributions have different maxima energies 

compare to the two-neutrino 2ɓ decay mode, so the different channels of 2b processes can be 

separated by analysis of their energy spectra (see Fig. 1.4). 
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Fig. 1.4. The electron sum energy spectra calculated for the different double beta decay modes 

of the isotope 
116

Cd [14]. 

 

1.1.2. Properties of neutrino and weak interactions 

 

The first observation of the solar neutrinos in the 1960s of the last century by Ray 

Davis [15] showed a clear disagreement with the Standard Solar Model [16]. The chlorine 

experiment was sensitive only to the electron neutrinos and the measured neutrino flux was 

lower than expected. To explain the solar neutrino problem the hypothesis of neutrino 

oscillations was proposed [17]. In the following past decades many experiments (Homestake 

[18], GALLEX/GNO [19], SAGE [20], Super-Kamiokande [21], SNO [22]) were performed 

to investigate the neutrino disappearance problem, and they confirmed that the electron 

neutrino flux decreases, which can be explained by oscillation of the electron neutrinos  into 

muon and tau neutrinos. The following studies of the neutrinos demonstrated the oscillation 

from muon neutrino into tau and electron neutrinos (K2K [23] and T2K [24] accelerator 

experiments, OPERA experiment [25]), as well as the oscillation of the electron antineutrino 

(KamLAND [26] reactor experiment). Thanks to these experiments, today we know that 

neutrinos are massive particles and the flavors (electron, muon and tau) are mixing among 

mass eigenstates.  

The mixing of neutrinos can be described with a Pontecorvo-Maki-Nakagawa-Sakata 

matrix (PMNS) [17, 27, 28] with the following equation: 

’ ВὟ ’,      (1.11) 

where ὰ Ὡȟ‘ȟ†; i starts from 1 to the number of mass eigenstates and Uli is a PMNS matrix 

element. In the most general case there are three mass eigenstates, and PMNS is a 3 Ĭ 3 

unitary matrix characterized by the three mixing angles (— , —  and — ) and three CP-

violating phases (,  and ): 

Ὗ

ὧὧ ίὧ ίὩ

ίὧ ὧί ίὩ ὧὧ ίί ίὩ ίὧ

ίί ὧὧ ίὩ ὧί ίὧ ίὩ ὧὧ

ÄÉÁÇρȟὩ ȟὩ  

(1.12) 
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where ὧ ḳÃÏÓ—  and ί ḳÓÉÎ— . It should be stressed, that in case of the Dirac neutrino 

particles there are only 4 free parameters in PMNS matrix, due to the  and  Majorana 

phases can be reabsorbed by a rephasing of the neutrino fields. 

The probabilities of the neutrino oscillation are described with mixing angles and 

square mass differences of the eigenstates: ɝά ά ά . The difference ɝά π and 

mixing angle —  describes the solar neutrino mixing (’ᴼ’ȟ), while ɝά  and —  

describes the mixing observed with atmospheric neutrinos (’ᴼ’). From the results of the 

oscillation experiments we obtained that ɝά Ḻɝά , which allows three different mass 

patterns (see Fig. 1.5 and Fig. 1.6): direct hierarchy (ά ά Ḻά , ɝά π), inverted 

hierarchy (ά Ḻά ά , ɝά π), and degenerate hierarchy (ά ḗά ḗά ) [29, 30, 

31, 32]. 

 

 
Fig. 1.5. Normal and inverted hierarchies of the mass patterns and neutrino flavor 

composition of the mass eigenstates. 

 

The neutrino mass hierarchy problem can be solved in the future oscillation 

experiments [33]. However they will not provide information on the absolute scale of neutrino 

mass which is presently provided by experimental measurements of the effective sum of 

neutrino masses (Ɇ), electron neutrino mass (mɓ) and effective Majorana mass (ȿộά Ớȿ). 

The upper limits on the sum of neutrino masses Ɇ comes from the cosmology by 

fitting the experimental data with different complex models. Therefore the limits are strongly 

dependent on the model, and most recent results of the Ɇ upper limit ranges from ~ 1 eV to 

0.23 eV depending on the set of data and models used in calculations [34]. The lower limit of 

the Ɇ on the level of ~ 0.04 eV was obtained by oscillation experiments. 

The electron neutrino mass mɓ can be measured in beta decay by studying the end 

point of Kurie plot. The tritium experiments give the upper limit on mɓ at the level of 2 eV at 

95% confidence level (C.L.) [35, 36]. In near future another spectrometer experiment 

KATRIN should improve the sensitivity to ~ 0.2 eV [37]. There are also calorimetric 

experiments to measure the neutrino mass mɓ [38, 39]. 

Finally, the value of the effective Majorana mass ȿộά Ớȿ ВὟά  can be 

measured if neutrino is Majorana particle in neutrinoless double beta decay. Even if 0ɜ2ɓ 



17 

 

decay will not be experimentally observed with an upper limit on the effective Majorana mass 

lower than ~ 0.01 eV (see Fig. 1.6), then the normal hierarchy of neutrino mass pattern will be 

confirmed. 

 

 
Fig. 1.6. The effective Majorana mass as a function of the smallest of the three mass 

eigenvalues. The upper limits on ộά Ớ are taken from CUORICINO [40], IGEX [ 41], 

NEMO-3 [42], KamLAND-Zen [43], EXO [44] experiments, and IBM-2 nuclear matrix 

elements [45]. 

 

1.1.3. Probability of 2ɓ decay 

 

The probability of two-neutrino 2ɓ decay can be expressed through the half-life with 

the following formula [12, 13, 46]: 

Ὕϳ Ὃ Ͻȿὓ ȿ,    (1.13) 

where Ὃ  is the phase space factor, and ὓ  is the nuclear matrix element (NME) of the 

2ɜ2ɓ decay. The phase space factor can be precisely calculated [11, 13], while the NME can 

be obtained either from calculations, either directly by measuring the rate of 2ɜ2ɓ decay [12, 

13]. This gives a possibility to test the details of nuclear structure by comparing the calculated 

and the measured NME values. It should be also noted, that the probability of 2ɓ
ī
 decay (1.1) 

is higher than for the other 2ɜ2ɓ decay modes (1.2ï1.4), which have smaller phase space Ὃ  

and, as a result, are more difficult to observe experimentally. 

The neutrinoless 2ɓ decay rate can be written as 

Ὕϳ Ὃ Ͻȿὓ ȿϽȿộά Ớȿ άϳ ,   (1.14) 

where Ὃ  is the phase space integral of the 0ɜ2ɓ decay, ὓ  is the nuclear matrix element, 

ά  is the electron mass, and ộά Ớ is the effective Majorana mass of neutrino, which can be 

expressed through the elements of PMNS matrix as  

ộά Ớ ὧὧά ίὧὩ ά ίὩ ά .   (1.15) 

As we can see from the formula (1.14), the effective Majorana mass of neutrino can be 

obtained from experimentally measured half-life, theoretically evaluated phase space factor 
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and nuclear matrix element. However, while the phase space integral Ὃ  can be precisely 

calculated [47, 48, 49], only approximate evaluations of the NME were obtained. Moreover, 

these estimations are often in disagreement among each other, which leads to the significant 

uncertainties of ộά Ớ. 

The difficulties in the calculations of NME are due to the nuclear many-body problem. 

There were several methods to calculate nuclear matrix elements for 0ɜ2ɓ decay: the quasi-

particle random phase approximation (QRPA, Renormalized QRPA ï RQRPA, proton-

neutron pairing ï pnQRPA, etc.) [50, 51, 52], the nuclear shell model (NSM) [53, 54], the 

interacting boson model (IBM) [ 55], the generating coordinate method (GCM) [ 56], 

projected-Hartree-Fock-Bogoliubov model (PHFB) [57]. The results of 2ɜ2ɓ decay can 

provide an important information used to calibrate NME calculations [58], because two-

neutrino 2ɓ decay is the closest nuclear process to 0ɜ2ɓ decay. However, as we can see from 

the theoretical estimations of 0ɜ2ɓ half-lifes presented in Fig. 1.7 (for axial-vector coupling 

constant gA = 1) and Fig. 1.8 (for gA = 1.25), the results of NME calculations are still into 

significant disagreement. Moreover, it is not possible to understand which method is closer to 

the reality at this moment, thus the experimental studies of 2ɓ decay processes in variety of 

nuclei are necessary.  

 

 
Fig. 1.7. The half-lifes of 0ɜ2ɓ decay (in units of 10

26
 yr), evaluated for the different NME 

calculation methods [59] for the effective Majorana mass ȿộά Ớȿ υπ ÍÅ6 and the axial-

vector coupling constant gA = 1. Bars refer to ranges of calculated values for the same model 

with different parametrizations. Single calculations are marked with dots. Discrepancies 

among different calculations are of the order of a factor 2-3. 

 

It should be stressed that nuclear matrix elements are required not only to extract the 

value of effective Majorana mass of neutrino, but also to compare sensitivities and results of 

the experiments with different nuclei. Therefore we can conclude that NME are one of the 

crucial problems of 0ɜ2ɓ decay. 
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Fig. 1.8. The 0ɜ2ɓ decay half-lives estimated for the different approaches of NME calculation 

[60] for the effective Majorana mass ȿộά Ớȿ υπ ÍÅ6 and the axial-vector coupling constant 

gA = 1.25. 

 

1.2. Current status of 2ɓ experiments 

 

The first experiment to search for double beta decay was performed by R. Fireman in 

1948 [61]. He used Geiger counters to measure 2ɓ decay of 
124

Sn and set the lower limit on 

such process as 3 Ĭ 10
15

 yr. Afterwards, there were many experiments to study 2ɓ decay and 

nowadays 2ɜ2ɓ decay was measured for 11 nuclei and the half-life varies from 10
18

 to 10
22

 

years [62]. 

In general, the experimental approaches to search for 2ɓ decay can be divided into two 

categories: direct (counting) and indirect experiments. Direct experiments are focused on the 

direct detection of the two electrons emitted during 2ɓ decay by a particle detector. From the 

other side, indirect approach is based on measurement of an excess of daughter isotopes in a 

material containing the parent 2ɓ decay isotopes. 

The first 2ɓ decay observation with indirect method was achieved in 1950 [63], while 

the direct experimental registration of 2ɜ2ɓ decay was measured only in 1987 [64]. However, 

indirect experiments are not available to distinguish between the two-neutrino and 

neutrinoless modes of 2ɓ process. Therefore, the 2ɓ decay studies are currently focused on 

direct experimental methods. 

 

1.2.1. Geochemical and radiochemical experiments  

 

In geochemical method an old mineral containing 2ɓ isotope is analyzed by counting 

the number of daughter atoms accumulated over the long time by 2ɓ decay process. In such 

minerals an amount of daughter nuclides exceeds the natural abundance, and can be measured 

with a help of mass spectrometry. Taking into account that the age of the samples ranges from 

10
6
 yr to more than 10

9
 yr, such experiments are very sensitive. The probability of the decay 

ɚɓɓ depends on the age of the mineral T and abundances measured for parent N(Z, A) and 

daughter N(Z Ñ 2, A) nuclei: 
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‗ ḙ
ȟ

ȟ
Ͻ.     (1.16) 

The main disadvantage of such method is the impossibility to distinguish between the 

two-neutrino and neutrinoless 2ɓ decay modes, therefore ɚɓɓ is the total probability of 2ɜ2ɓ 

and 0ɜ2ɓ decay modes: ‗ ‗ ‗ . Thus the sensitivity of such experiments to 0ɜ2ɓ 

process is limited by half-life of the two-neutrino 2ɓ decay. 

Moreover, only restricted amount of 2ɓ isotopes can be studied with a geochemical 

method since the minerals used in experiments should satisfy several geological and chemical 

requests. First of all, concentration of the studied element in the mineral should be high. Next, 

the decay product should be generated by 2ɓ decay only, and not by other processes like 

evaporation of the light decay products. Besides, the age of the mineral should be correctly 

determined from geological surroundings. 

As a result of these limitations the geochemical methods for a long time were used 

only for selenium and tellurium ores. In both cases the daughter products are chemically inert 

gases krypton and xenon, whose initial abundance in minerals was very small. High 

sensitivity in the study of these gases can be achieved by using mass spectrometer, which 

allows to register even scanty excess of the daughter nucleus accumulated over a long 

geological period. 2ɓ decay was observed for the first time in the geochemical experiment 

with a tellurium ore of the age of 1.5 Ñ 0.5 Ĭ 10
6
 years. The half-life of the isotope 

130
Te 

measured using mass spectrometer was 1.4 Ĭ 10
21

 years [63]. The results of the geochemical 

experiments for all studied isotopes are presented in Table 1.1. 

 

Table 1.1 

The half-li ves relatively to 2ɓ decay of different isotopes measured in radiochemical and 

geochemical experiments. 

Isotope Q2ɓ, keV Decay mode T1/2, years 
82

Se 2995 2ɓ
ī
 = (1.2 Ñ 0.1) Ĭ 10

20
 [65] 

96
Zr 3350 2ɓ

ī
 

= (3.9 Ñ 0.9) Ĭ 10
19

 [66] 

= (9.4 Ñ 3.2) Ĭ 10
18

 [67] 
100
ʄʦ 3034 2ɓ

ī
 = (2.1 Ñ 0.3) Ĭ 10

18
 [68] 

128
Te 868 2ɓ

ī
 

= (1.8 Ñ 0.7) Ĭ 10
24

 [65] 

= (7.7 Ñ 0.4) Ĭ 10
24

 [69] 

= (2.2 Ñ 0.4) Ĭ 10
24

 [70] 

130
Te 2533 2ɓ

ī
 

~ 0.8 Ĭ 10
21

 [70] 

= (2.7 Ñ 0.1) Ĭ 10
21

 [71] 

130
Ba 2611 

2ɓ
+
, Ůɓ

+
, 2Ů 

2Ů 

> 4.0 Ĭ 10
21

 [72] 

= (ςȢρ Ȣ
Ȣ) Ĭ 10

21
 [72] 

= (2.2 Ñ 0.5) Ĭ 10
21

 [73] 

132
Ba 840 2Ů 

> 3.0 Ĭ 10
20

 [72] 

> 2.2 Ĭ 10
21

 [73] 
238

U
1 

1150 2ɓ
ī
 = (2.0 Ñ 0.6) Ĭ 10

21
 [74] 

 

                                           
1
 The radiochemical method was applied to measure 2ɓ decay half-life of the isotope 

238
U.
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Although geochemical experiments are unable to provide direct information about the 

decay mode, the half-life of 
130
Te relatively to the 2ɜ2ɓ decay mode can be estimated from the 

ratio of decay probabilities of the two tellurium isotopes (
128

Te and 
130

Te) [75, 76]. This result 

is based mainly on the difference in the energy dependence of the phase space factors 

(Ὃ ὗͯ , Ὃ ὗͯ ). The geochemical experiments can give only model dependent 

information on the probability of 0ɜ2ɓ decay; however they cannot provide sufficiently 

reliable evidence of the neutrinoless decay. 

Radiochemical experiment to search for 2ɓ decay of 
238

U was also based on 

measurements of daughter nuclei in the sample of 
238

U [74]. The decay product is radioactive, 

thus the much higher sensitivity in comparison to mass spectrometry methods to detect small 

amounts of atoms can be achieved. Moreover, radiochemical method do not require long-term 

(geochemical) accumulation of decay product, the studied material is well known, therefore, 

this method have not uncertainties associated with the age of the mineral, an initial 

concentration of daughter nuclides and a possible effects of dissipation or accumulation of 2ɓ 

decay product by long geological period. After the deep purification of the uranium salt, the 

decay product 
238

Pu was accumulated for 33 years, and then extracted by chemical methods 

from the sample. Afterwards, it was placed into low-background Ŭ particle counters to 

measure the amount of Ŭ particles with the energy of 5.51 MeV from 
238

Pu. As a result, the 

radiochemical measurement with 
238

U gave the half-life T1/2 = (2.0 Ñ 0.6) Ĭ 10
21

 years [74]. 

 

1.2.2. Counting experiments 

 

Counting experiments are based on the direct detection of 2ɓ decay process. Therefore 

they can distinguish the two-neutrino and neutrinoless double beta decay modes. Most of the 

experimental results on 2ɓ decay were achieved in counting experiments. These experiments 

can be divided into two groups: detectors with ñactiveò and ñpassiveò sources.  

In the experiments with active source (also called calorimeter experiments) a sensitive 

detector contains the nuclei of 2ɓ isotope, i.e. detector is equal to source. The decisive 

advantage of this technique is close to 100% detection efficiency to the 2ɓ process, since all 

the energy of ɓ-particles emitted in the decay is absorbed in the detector. Disadvantage of this 

method is an inability to prove that the observed event is related to two electrons. 

The isotope under study and detector are not the same in the experiments with a 

passive source. An important advantage of such experiments is ability to obtain information 

about the kinematical characteristics of the emitted ɓ particles (g quanta) such as the energy of 

the particles, their coordinates, tracks and charge. Another advantage of the method is 

possibility to study a wide range of isotopes, since the only requirement is to produce quite 

thin foils (tens of mg/cm
2
). However, strong disadvantage of the passive sources is the low 

efficiency of registration (typically ~ 10%), and deterioration of the energy resolution due to 

the energy losses in the sample. 

Among the counting experiments with active and passive sources there is also an 

intermediate type of detectors which combine the main properties of these two groups. In such 

experiments the source and detector are the same, and electron tracks can be reconstructed. 

Moreover, registered electrons can be discriminated from Ŭ and ɔ particles, as well as 

positrons in some cases. However, the measured angular information is very limited, and 
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individual electron energies cannot be obtained. The most famous examples of such detector 

type are the time projection chambers (TPC) filled with a xenon gas and pixelated CdZnTe 

detectors. 

The first direct detection of 2ɜ2ɓ decay was achieved with a passive source of isotope 
82

Se [64]. The experiment was based on the TPC where the central electrode was the 14 g 

source of 
82

Se enriched up to 97% and deposited on a thin Mylar film. The TPC was located 

in the 700 G magnetic field, and electrons emitted in 2ɜ2ɓ decay were measured. As a result, 

only 36 candidates for two-neutrino double beta events were detected, and the measured half-

life was ρȢρ Ȣ
Ȣ Ĭ 10

20
 years [64]. This experiment had a huge value for the study of 2ɓ decay, 

and started the era of 2b decay observations in counting experiments. 

 

1.2.3. Most sensitive 2ɓ decay experiments 

 

Among the 35 naturally-occurring 2ɓ
-
 candidates the experiments are concentrated on 

the most promising isotopes with a high Q2ɓ value (see Table 1.2). The Q2ɓ energy is one of 

the most important characteristics due to the phase space factor depends on 2ɓ decay energy 

as Ὃ ὗͯ    and Ὃ ὗͯ   for two-neutrino and neutrinoless double beta decay, respectively 

[13]. Therefore, taking into account Eq. (1.13) and Eq. (1.14), the Q2ɓ value directly 

influences the probability of double beta decay processes. Moreover, suppression of 

background becomes easier when the energy of 2ɓ decay exceeds maximal natural gamma 

quanta energy 2615 keV (gamma quanta of 
208

Tl). 

 

Table 1.2 

The most promising double beta candidates for next-generation experiments [77]. 

Double beta 

isotope 

Q2ɓ energy 

(MeV) 

Isotopic 

abundance (%) 

Enrichable by 

centrifugation 
48

Ca 4.27226 (404) 0.187 No 
76

Ge 2.03904 (16) 7.8 Yes 
82

Se 2.99512 (201) 9.2 Yes 
96

Zr 3.35037 (289) 2.8 No 
100

Mo 3.03440 (17) 9.6 Yes 
116

Cd 2.81350 (13) 7.5 Yes 
130

Te 2.52697 (23) 33.8 Yes 
136

Xe 2.45783 (37) 8.9 Yes 
150

Nd 3.37138 (20) 5.6 No 

 

The sensitivity of the detector can be expressed in terms of a lower half-life limit as 

following [14]: 

Ὕϳ Ͻ‐Ͻͯ
Ͻ

Ͻ
,      (1.17) 

where  is the abundance of 2ɓ isotope in the detector; ‐ is the detection efficiency; ά is the 

mass of detector; ὸ is the time of measurements; Ὑ is the energy resolution (FWHM) of the 

detector at Q2ɓ; and ὄ is the background rate in the energy region of 0ɜ2ɓ decay. 
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As we can see from Eq. (1.17) the isotopic concentration and the detection efficiency 

are the most important parameters, because any other characteristics are under the square root. 

The natural abundances for the most promising double beta candidates are presented 

in Table 1.2. The typical abundances are on the level of few percent, except the case of 
130

Te 

and 
160

Gd with 33.8% and 21.86% isotopic abundances, respectively. So, detectors can be 

manufactured without application of isotopically enriched materials. However, enriched 

detectors are necessary to explore the inverted hierarchy region of neutrino mass pattern; 

meanwhile the detector volume should be as low as possible to minimize background. This 

requirement immediately limits the list of candidate nuclei to 
76

Ge, 
82

Se, 
100

Mo, 
116

Cd, 
130

Te 

and 
136

Xe, which can be enriched by gas-centrifuge technique. 

 

 

Fig. 1.9. Simulated energy spectra of 2n2b and 0n2ɓ decays with the half-lives Ὕϳ  = 10
19

 yr 

and Ὕϳ  = 10
24

 yr in a zero background experiment utilizing 1 kg of 
100

Mo over 5 years of 

measurements [14]. (a) ñActiveò source technique: 
100

Mo contained in the detector with 100% 

of the detection efficiency and the energy resolution of 10 keV. (b) The same as (a) with a 

scaled-up vertical axis. (c) ñPassiveò source technique: 
100

Mo foil source with thicknesses 15 

mg/cm
2
 in the same detector. (d) The same as (c) with the foil thickness of 60 mg/cm

2
. (e) 

The same as (c) but the energy resolution of the detector at 3 MeV is 120 keV. (f) The same 

as (d) but the energy resolution is 264 keV. 
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The detection efficiency should be close to the hundred percent in order to reach a 

highest possible sensitivity. As it was already mentioned in subsection 1.2.2, this is feasible 

only for the active source-detector technique. In the ñpassive sourceò experiments the 

sensitivity is restricted by the reverse relation between source mass and detection efficiency. 

The mass of 2ɓ isotope can be increased by using thicker passive source; however this leads 

to lower detection efficiency and energy resolution due to absorption of electrons inside the 

source (see Fig. 1.9 (c,d)). 

Another very important characteristic of the detector is the energy resolution, since the 

high-energy tail of 2ɜ2ɓ spectrum can be an irremovable background in the energy window of 

0ɜ2ɓ decay peak. The higher energy resolution, the smaller part of two-neutrino tail will fall 

in the neutrinoless 2ɓ decay peak (see Fig. 1.9), and thus the background level will be lower 

[78]. This feature is especially important for the isotopes with a fast 2ɜ2ɓ decay process like 
100

Mo (Ὕϳ  = 7.16 Ĭ 10
18

 yr [79]), for which an energy resolution less than 1% is required 

(< 30 keV at 3 MeV) [77]. 

The lowest possible background level is requested for the next generation double beta 

decay experiments. Experimental set-up should be placed deep underground to reduce cosmic 

ray flux, and shielded by passive and active shields against environmental radioactivity. 

Highly radiopure materials should be used to produce the detectors and shielding materials. 

Taking into account the typical time of measurements of 5ï10 years, the detector should be 

stable enough during the experiment. 

The experimental studies of double beta decay started in 1940s and continue 

nowadays with a step by step improvement of experimental technologies. For the last 20 years 

a significant progress on this subject was achieved. The best results on half-lives of the most 

interesting 2ɓ isotopes are presented in Table 1.3. Here we will briefly describe the most 

sensitive 2ɓ decay experiments. 

 

Table 1.3 

The best reported results on 2ɓ decay processes. The limits on 0ɜ2ɓ decay are at 90% C.L. 

Isotope Experiment Ὕϳ , years Ὕϳ , years 

48
Ca 

NEMO-3 

ELEGANT VI 

τȢτ Ȣ
ȢÓÔÁÔπȢτÓÙÓÔρπ [79] 

 

ρȢσ ρπ [80] 

υȢψ ρπ [81] 

76
Ge 

IGEX 

HM 

 

GERDA-I 

(1.45 Ñ 0.15) Ĭ 10
21

 [82] 

(ρȢχτȢ
Ȣ) Ĭ 10

21
 [83] 

 

ρȢψτȢ
Ȣ ρπ [84] 

ρȢυχρπ [85] 

ρȢω ρπ [86] 

ςȢςσȢ
Ȣ ρπ [87] 

ςȢρ ρπ [88] 
82

Se NEMO-3 ωȢφ πȢρÓÔÁÔρȢπÓÙÓÔρπ [79] σȢφ ρπ [80] 
96

Zr NEMO-3 (2.35 Ñ 0.14 (stat) Ñ 0.16 (syst)) Ĭ 10
19

 [89] ωȢς ρπ [80] 
100

Mo NEMO-3 (7.16 Ñ 0.01 (stat) Ñ 0.54 (syst)) Ĭ 10
18

 [79] ρȢρ ρπ [90] 

116
Cd 

Solotvina 

NEMO-3 

ςȢω Ȣ
Ȣ ρπ [91] 

(2.88 Ñ 0.04 (stat) Ñ 0.16 (syst)) Ĭ 10
19

 [79] 

ρȢχ ρπ [91] 

ρȢφ ρπ [80] 

130
Te 

NEMO-3 

CUORICINO 

(7.0 Ñ 0.9 (stat) Ñ 1.1 (syst)) Ĭ 10
20

 [92] 

 

ρȢπ ρπ [80] 

ςȢψ ρπ [93] 

136
Xe 

EXO-200 

KamLAND-Zen 

(2.165 Ñ 0.016 (stat) Ñ 0.059 (syst)) Ĭ 10
21

 [94] 

(2.38  Ñ 0.02 (stat) Ñ 0.14 (syst)) Ĭ 10
21

 [43] 

ρȢρ ρπ [95] 

ρȢω ρπ [96] 
150

Nd NEMO-3 ωȢρρȢ
Ȣ ÓÔÁÔπȢφσÓÙÓÔρπ [97] ρȢψ ρπ [80] 
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The detectors with high-pure germanium (HPGe) were one of the most sensitive 2ɓ 

decay experiments at the end of last century. The intrinsic purity of germanium crystals, 

availability of enriched isotope 
76

Ge, low level of radioactive contamination and high energy 

resolution were the key features of such experiments. The first observation of 2ɜ2ɓ decay in 
76

Ge with HPGe detectors gave the half-life of (0.9 Ñ 0.1) Ĭ 10
21

 years [98]. Afterwards, the 

International Germanium Experiment (IGEX) and the Heidelberg-Moscow (HM) experiments 

performed more accurate measurements. 

The IGEX experiment was installed in the Laboratorio Subterr§neo de Canfranc 

(Canfranc Underground Laboratory, Canfranc, Spain) at the depth of 2450 meters of water 

equivalent (m.w.e.). Three HPGe detectors with a mass of 2 kg each enriched in 
76

Ge up to 

86% were used in the experiment. The shielding of the set-up consisted of 2.5 tons of 

archeological lead, ~ 10 tons of the 70 years old low-activity lead, active muon veto from 

plastic scintillators, and ~ 1.5 tons of an external polyethylene neutron moderator. Pulse-shape 

discrimination (PSD) technique was applied for the data analyzing. The achieved background 

level in the energy range of 2.0 MeVï2.5 MeV was å 0.06 counts/(keVĿkgĿyr) [99]. The 

energy resolution at the energy of expected 0ɜ2ɓ decay peak of 
76

Ge (Q2ɓ = 2039.04(16) keV) 

was ~ 4 keV. The data were collected with a total exposure of 8.87 kg Ĭ year. The half-life 

relatively to the 2ɜ2ɓ decay of 
76

Ge was measured as (1.45 Ñ 0.15) Ĭ 10
21

 yr [82]. A limit  was 

set on the 0ɜ2ɓ decay of 
76

Ge as Ὕϳ ρȢυχρπ yr (see Fig. 1.10) [85]. 

 

 
Fig. 1.10. The energy spectrum accumulated in the IGEX experiment in the vicinity of 

neutrinoless double beta decay of 
76

Ge. Fits of the data and excluded peaks are shown for the 

data sets with and without application of PSD. 

 

The Heidelberg-Moscow (HM) experiment was based on 5 HPGe detectors enriched 

in 
76

Ge at the level of 86%. The detectors with a total mass of 10.96 kg were operated at 3600 

m.w.e. at the Laboratori Nazionali del Gran Sasso (LNGS, Assergi, Italy). The background 

level at Q2ɓ was å 0.06 counts/(keVĿkgĿyr), thanks to a shielding and pulse shape analysis. 

The achieved energy resolution was 3.9 keV at the energy 2038.5 keV. After analysis of the 

data from 35.5 kg Ĭ year exposure, the half-life limit on 0ɜ2ɓ decay of 
76

Ge was set as 

Ὕϳ ρȢω ρπ yr (90% C.L.) [86]. However, in 2001 H.V. Klapdor-Kleingrothaus with a 
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few co-authors has claimed the discovery of 0ɜ2ɓ decay. The announced half-life time of 

0ɜ2ɓ decay was Ὕϳ πȢψ ρψȢσ ρπ yr (95% C.L.), with a best value of 1.5 Ĭ 10
25

 yr 

[100]. The derived value of the effective neutrino mass was ộά Ớ = (0.11ï0.56) eV at 95% 

C.L., with a best value of 0.39 eV. Taking into account the uncertainties in the nuclear matrix 

elements the claimed range for the effective neutrino mass can be wider by at most a factor 2. 

The small peak at the energy Q2ɓ of 
76

Ge was identified as due to the 0ɜ2ɓ decay of 
76

Ge. 

However, the scientific community (including the most part of the HM collaboration) harshly 

criticized the claim [101, 102, 103, 104]. The skepticism raised due to some peaks couldnôt be 

identified, the claimed 0ɜ2ɓ decay peak was strongly dependent on the spectral window 

chosen for the analysis, and its statistical significance seems to be lower than the claimed 

2.2ů. 

 

 
Fig. 1.11. The total sum spectrum of 5 HPGe detectors enriched in 

76
Ge (total detectors mass 

10.96 kg) measured in the Heidelberg-Moscow experiment. The energy spectra are in the 

range 2000 keVï2060 keV with its fits for the periods: (a) August 1990 to May 2000 (50.57 

kg Ĭ yr); (b) August 1990 to May 2003 (71.7 kg Ĭ yr); (c) November 1995 to May 2003 

(56.66 kg Ĭ yr). (d) Search for the lines in the energy spectrum (c) by using the maximum 

likelihood method. The Bi lines at 2010.7, 2016.7, 2021.8 and 2052.9 keV can be seen, with 

the signal at Ḑ 2039 keV [105]. 

 




























































































































































































































