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INTRODUCTION 

 

In the nowadays astroparticle physics, many of the most interesting open questions 

involve neutrinos.  

The solution of the neutrino flavour oscillation puzzle, thanks to the 

SuperKamiokaNDE and SNO experiments, pointed out the necessity to go beyond the 

Standard Model of the particle physics by realizing that neutrinos have masses. In fact the 

oscillations can be understood only if a mixing mechanism, similarly to what happens in the 

hadronic field, is assumed, which leads to the introduction of neutrino mass eigenstates that 

combine in to flavour eigenstates by means of a mixing matrix. But oscillations are sensitive 

only to the square mass difference of the neutrino masses, therefore they cannot give any 

information about the absolute neutrino mass scale and on the ordering of their  masses. 

Moreover, the fact that neutrino are neutral and massive, allows the hypothesis that, 

differently f rom all the other elementary particles, which are Dirac objects, they can be 

identical to their own antiparticles, being Majorana particles. 

Which is the absolute neutrino mass scale? Which is the neutrino mass hierarchy? 

And, above all, are neutrinos Dirac or Majorana particles? Neutrinoless double beta decay 

investigation can give an answer to these questions. 

The double beta decay (DBD) is a rare nuclear process in which a nuclide transforms 

in a stable daughter by the simultaneous emission of two electrons. This transition can occur 

in principle for 35 nuclei, whose ordinary single beta decay is unfavourable or energetically 

forbidden. Because DBD is a second order process of the weak interaction, it is a very low 

probability transition, so the candidate parent nuclei have a very long lifetime. 

Usually two decay modes are considered: the two-neutrino double beta decay (2ʉɼɼ), 

predicted by the Standard Model and already observed in several nuclides, in which two 

antineutrinos are also present in the final state; and the neutrinoless double beta decay 

(0ʉɼɼ), which, foreseeing no neutrino in the final state, violates the lepton number 

conservation and is possible only if the neutrino is a massive Majorana particle. The 

probability of this rare decay to occur depends on the so-called effective Majorana mass, mɼɼ, 



 
INTRODUCTION 

 

 

11 
 

which is related to the neutrino mass eigenstate through the element of the neutrino mixing 

matrix. 

)Î ÐÒÉÎÃÉÐÌÅ ÔÈÅ ÅØÐÅÒÉÍÅÎÔÁÌ ÓÉÇÎÁÔÕÒÅ ÏÆ ÔÈÅ πʉɼɼ ÉÓ ÃÌÅÁÒÌÙ ÉÄÅÎÔÉÆÉÁÂÌÅȡ Á ÐÅÁË ÁÔ ÔÈÅ 

Q-value of the transition, enlarged only by the finite energy resolution of the detector, in the 

spectrum obtained by summing over the energies of both the electrons emitted in the decay. 

Among the different techniques suitable to approach the πʉɼɼȟ bolometers probed to be a 

very powerful tool for searching this extremely rare decay, as demonstrated by the results of 

the Cuoricino experiment: thanks to its tower made of ~60 TeO2 bolometers, containing 

130Te as DBD isotope, Cuoricino set one of the most sensitive limits on πʉɼɼȟ ÉÎÖÅÓÔÉÇÁÔÉÎÇ ÔÈÅ 

so-called quasi-degenerate pattern of neutrino masses. 

To go further this amazing result, big efforts are required to improve the bolometric 

technique in order to start exploring the inverted hierarchy region of neutrino masses. Due 

to the rarity of the decay, huge quantities of nuclides must be observed for long times, and in 

an environment free of radioactive contaminants whose counting rates could mask the ones 

searched for. 

CUORE is the natural prosecutor of Cuoricino: with 19 towers, each of 52 TeO2 

bolometers, it wil l not be just a big version of the previous experiment: in fact the increase of 

the number of detectors (and therefore of the source mass) of a factor ~20 is not sufficient to 

reach the desired sensitivity on the mɼɼ. A review of all the aspects of the bolometers is 

necessary, in terms of the parameters related more directly to the sensitivity of the 

experiment, as well as of the detection performances. A particular care is devoted to reduce 

the background by avoid the radioactive contamination and re-contamination of the detector 

components. This requires the selection of high-purity raw materials, the development of 

dedicated cleaning procedures and the tower construction in a clean-room environment. 

Moreover, for having a high reproducibility in the detector performances among the huge 

number of bolometers to be produced, a new assembly line is also needed, with the 

introduction of some automated elements. 

An intermediate step will precede the beginning of CUORE: its first tower will be 

cooled-down and measured as a stand-alone experiment, with the beginning of data-taking 

foreseen in the winter  of 2011. CUORE-0 will provide  a test the new CUORE assembly line, 

and a high-statistics check of the improvements to reduce the radioactive background and to 

improve the bolometric behaviour of the detectors, but it will also be a powerful experiment 

on its own, capable of improving the limit on mɼɼ fixed by Cuoricino. 

Besides these Ȱpassive methodsȱ of background reduction, the modularity of the final 

CUORE array will provide another tool for the background suppression, thanks to the 
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rejection of simultaneous events in different detector elements, which cannot be ascribed to 

a 0ʉɼɼ. 

A real Ȱactive methodȱ for suppressing the background is the use of the scintillating 

bolometers technique: the simultaneous detection of heat and scintillation light for the same 

event allows rejecting ɻ particles with 100% efficiency, since the ratio between the photon 

and phonon yield is much different  for ɻ than for ɼ/ ɾ interactions. This possibility, that 

cannot be applied to CUORE bolometers because the TeO2 has no scintillating properties, is 

at the basis of LUCIFER experiment. 

The ÁÉÍ ÏÆ ÔÈÉÓ ÒÅÃÅÎÔÌÙ ÐÒÏÐÏÓÅÄ ÐÒÏÊÅÃÔ ÉÓ ÔÈÅ ÓÅÁÒÃÈ ÏÆ πʉɼɼ decay of candidates 

with a Q-value higher than 2.6 MeV, i.e. outside the natural gamma radioactivity range, since 

in this case alphas are the only really disturbing background sources. A complete elimination 

of ɻs for these candidates could easily lead to specific background levels of the order of 10-3 

counts/ (keV·kg·y) or lower. The most probable candidate isotopes for the LUCIFER 

experiment are 82Se, 100Mo, 116Cd and the selection of their scintillating compound has been 

already started. 

My PhD activity of the last three years, presented here, was performed in the 

framework of both CUORE-O/CUORE and LUCIFER experiment. In the first case my work 

focused on the optimization  of the single bolometer elements, i.e. the sensor and the 

absorber, as well as their coupling, aiming at an increase of both bolometric performances 

and radio-purity : the behaviour of the CUORE-0/CUORE temperature sensors has been 

analysed and the uniformi ty of protocols for the production and processing of energy 

absorbers has been tested; moreover a dedicated study for the optimization  and the 

automation of the coupling between the energy absorbers and the sensors, which is a 

delicate point in the determination of performance reproducibility. The tuning of all of these 

aspects, as will be seen in the course of this thesis, is necessary for CUORE to reach the goal 

of sensitivity to mɼɼ in the range of inverted hierarchy. 

Regarding LUCIFER, my PhD work was concentrated on the selection of materials to 

be used for the scintillating bolometers: different  scintillating crystals and light detectors has 

been tested for evaluating their capability in discriminating ɻ from ɼ/ɾ events, in order to 

find the best combination suitable for the experiment. 
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  Chapter 1.

NEUTRINOS: TO STANDARD MODEL AND 

BEYOND 

Relax 

I need some information first 

Just the basic facts1 

The discovery of the electron and the radioactivity in general at the end of the 1890s 

gives start to the nuclear and subnuclear physics era that, by investigating matter deeper and 

deeper, allows the identification of a wide range of particles and an accurate comprehension 

of the interactions among them, building what nowadays is called the Standard Model of 

particle physics (SM).  

According to this model, the basic bricks of matter are six quarks and six leptons, with 

their related antiparticles, all of them being fermionic particles (i.e. with spin=½) interacting 

through four fundamental forces. In the modern quantum field theory, these interactions are 

mediated by the exchange of integer spin particles, the boson vectors. 

 

The SM certainly is not the final step of the process attempting to unify the physics 

laws in a single, elegant theory. There are several phenomena whose explanation is not 

included into the model, and also a lot of the SM parameters, as the particle masses, are not 

ÐÒÅÄÉÃÔÅÄ ÂÕÔ ÉÎÔÒÏÄÕÃÅÄ ȰÍÁÎÕÁÌÌÙȱ ÏÎ ÔÈÅ ÂÁÓÉÓ ÏÆ ÅØÐÅÒÉÍÅÎÔÁÌ ÍÅÁÓÕÒÅÍÅÎÔÓȢ Moreover, 

one of the main outcomes of the SM, the unification of the electromagnetic force and the 

weak force in a unique interaction, has opened the way to the so called great unification 

theories (GUT). 

Starting from the first steps towards the SM until now, when the physicists try to go 

beyond to this milestone, the investigation of neutrinos has been extremely significant, even 

if, among the elementary particles, they are surely the most elusive. 

The fact that neutrinos have nonzero mass has been the first experimental evidence of 

                                                                    
1 (227). 



 

Optimisation of the bolometric performances of the CUORE-0/CUORE and LUCIFER 

detectors for the neutrinoless double beta decay search 

 

14 
 

new physics beyond the SM. That astonish result of the past century is now well understood, 

but many questions regarding some neutrino property are still open: which is the real 

neutrino mass scale? Are neutrinos Dirac particles, as all the elementary particles in the SM, 

or their nature is different from the other bricks of the universe? The investigation of a rare 

nuclear transition, known as Double Beta Decay, can give hints to the solution of neutrino 

puzzle.  

1.1. The portrait of the neutrino as a Standard Model 

particle 

Having nor colour neither electrical charge, neutrinoÓ ÄÏÎȭÔ ÕÎÄÅÒÇÏ ÔÏ ÓÔÒÏÎÇ ÁÎÄ 

electromagnetic interactions; their mass is assumed to be null, therefore they are not subject 

of gravitation. Hence neutrinos interact only by weak force and so they are a privileged way 

for studying this interaction. 

The neutrino was introduced for the first time to physics by W. Pauli in 1930 (1), as an 

ÁÒÔÉÆÉÃÅ ÆÏÒ ÊÕÓÔÉÆÙÉÎÇ *Ȣ #ÈÁÄ×ÉÃËȭs observations on the so-ÃÁÌÌÅÄ ɼ rays. This radiation is 

made by the electrons emitted in Á ɼ decay, a nuclear process in which an atom with mass 

number A and atomic number Z transforms into an isobar with A and Z+1. The energetic 

spectrum of the emitted electrons is a continuous and cannot be explain in terms of a two 

body observed in the final state (the daughter nucleus and the electron). Therefore Pauli 

supposed a third particle to be present in the final state, carrying the missing energy, and 

called ÉÔ ȰÎÅÕÔÒÏÎȱȢ 

This hypothetical particle was ÒÅÎÁÍÅÄ ȰÎÅÕÔÒÉÎÏȱ ÂÙ %. Fermi after the discovery of 

ÔÈÅ ȰÒÅÁÌȱ ÎÅÕÔÒÏÎ ÉÎ ρωσςȠ Fermi also used both these particles, together with the proton, to 

ÁÄÖÁÎÃÅ ÈÉÓ ÅÆÆÅÃÔÉÖÅ ÔÈÅÏÒÙ ÏÎ ɼ decay as a three-body decay: ÎᴼÐϹe-+’Ӷe (2) . 

Nevertheless the neutrino remained a hypothesis for the following twenty years, until 

C. Cowan and F. Reines (3), in 1956, verified thÅ ÅØÉÓÔÅÎÃÅ ÏÆ ÎÅÕÔÒÉÎÏ ÉÎÄÕÃÅÄ ɼ reactions: 

’Ӷe+pᴼÎϹe+. Using a reactor as a source (Uranium fission fragments are rich in neutrons and 

undergoes to ɼ Äecay emitting of electrons and antineutrinos) for compensating the low 

statistics of the process, a rate of few events per hour was observed on a target of CdCl2 and 

water. 

In the same year T. Lee and C. Yang put forward the hypothesis of the parity violation 

in weak processes (4), then confirmed by several experiments (one above all, the C. Wu one, 

(5)). That opened the way to the so called V-A theory of weak interactions. 
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In 1958 M. Goldhaber measured the negative helicity (i.e. the projection of the 

ÐÁÒÔÉÃÌÅȭÓ ÓÐÉÎ ÏÎÔÏ ÔÈÅ ÄÉÒÅÃÔÉÏÎ ÏÆ ÉÔÓ ÍÏÍÅÎÔÕÍɊ of neutrinos (6) and, in the following 

years, B. Pontecorvo ideas (7), together with the experiments performed at the Brookhaven 

accelerator, showed the existence of two different neutrino flavours: ʉe and ʉʈ (8) .2 

Muonic neutrinos played a very important role in 1973: the observation of processes 

ʉʈ. ʉOʈN in the Gargamelle bubble chamber at CERN (9) showed the existence of weak 

neutral current events, i.e. mediated by the vector boson Z0 as postulated (together with 

weak charged current events and W± bosons) in the electroweak theory by S. Glashow, S. 

Weinberg and A. Salam (10), (11), (12). These bosons were then directly produced in 1983 

using the ὴὴӶ collider SPS at CERN (13), (14), (15). 

The construction of e+e- colliders (LEP at CERN and SLC at Stanford) and more 

powerful pÐ collider (Tevatron at Fermilab) at the end of the 1980s allowed a high statistics 

production of Z and W and therefore a deep investigation of their properties. In particular, at 

LEP, from the decay width of the Z0 resonance, it was obtained that the number of light 

neutrino families (i. e. with mʉ < ½ mZ), Nʉ is equal to 3 (see Figure 1-1). 

 

 

Figure 1-1. Measurement of the cross section of hadron production at the Z resonance. The curves show the 
expected cross section for two, three and for neutrino families coupled with Z in the SM, assumed neutrino 
mass to be negligible (16). 

                                                                    
2The existence of the nt was implied after the detection of the tau particle in the second half of the 1970s at 

SLAC, but its experimental observation happened only in the year 2000 (219). 
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1.2. Neutrino oscillations and leptonic mixing matrix 

In the previously quoted experiments the neutrino sources are ɼ-decaying elements 

(in particular at nuclear reactors, producing ʉe) and accelerators (producing ʉe, ʉe, ʉʈ, ʉʈ). 

Other two important neutrino sources are the sun and the atmosphere, from which firstly 

came out the oscillation phenomena. In fact, in 1968 the chlorine-based 2Ȣ $ÁÖÉÓȭ (ÏÍÅÓÔÁËÅ 

experiment (17) for measuring the solar electron neutrino flux observed a deficit of 

approximately 2/3 with respect to the prediction of the Standard Solar Model (18).  

Its result, afterwards confirmed by other radiochemical experiments (GALLEX, SAGE, 

GNO) starting ÆÒÏÍ ÔÈÅ ȬωπÓ (19), suggested to Bruno Pontecorvo the idea of solar electron 

neutrinos oscillating into other flavours (20) but the confirmation to this theory arrived only 

at the beginning of the new millennium with the Sudbury Neutrino Observatory (SNO) 

experiment (21). 

$ÉÆÆÅÒÅÎÔÌÙ ÆÒÏÍ ÔÈÅ ÒÁÄÉÏÃÈÅÍÉÃÁÌ ÅØÐÅÒÉÍÅÎÔÓȟ ÁÂÌÅ ÔÏ ÍÅÁÓÕÒÅ ÏÎÌÙ ÔÏ ʉe flux, SNO is 

sensitive both to electron neutrinos, thanks to charged current reaction on Deuterium, and to 

all the three flavours together, by measuring neutral current reactions. The results from the 

ÆÉÒÓÔ ÐÒÏÃÅÓÓ ÃÏÎÆÉÒÍ ÔÈÅ ÓÏÌÁÒ ʉe deficit, while the ÔÏÔÁÌ ʉ ÆÌÕØ ÍÅÁÓÕÒÅÄ ÂÙ ÎÅÕÔÒÁÌ ÃÕÒÒÅÎÔ 

process is in agreement with the theoretical prediction: this means that there is a non-

electron component in the solar neutrino flux, but these other-flavoured neutrinos cannot be 

produced by the sun itself. 

Slightly before, the Super-KamiokaNDE experiment (22) ÉÎ ÔÈÅ ȭωπȟ ÓÔÕÄÙÉÎÇ ÔÈÅ 

atmospheric neutrino, observed a difference between the flux of downward-going and the 

flux of upward-ÇÏÉÎÇ ʉmȟ ÅØÐÌÁÉÎÅÄ ÂÙ ÔÈÅÉÒ ÏÓÃÉÌÌÁÔÉÏÎ ÉÎÔÏ ʉt. 

These results from solar and atmospheric neutrinos were also confirmed by using 

artificial  neutrino sources: for example KamLAND first discovered the disappearance of 

reactor-produced ʉe (23), while the ʉm disappearance was observed by the long-baseline 

neutrino beam K2K experiment (24) and then their outcomes have been improved by other 

reactor or long baseline experiments, such as CHOOZ (25) and MINOS (26). 

The solar and atmospheric neutrino flux deficit can be explained assuming that 

neutrinos change their flavour while propagate, but it is possible only if there are massive. 

If neutrinos have mass, there will be neutrino mass eigenstates, ʉi, i = 1, 2, 3, each with 

mass mi, whose time-evolution is:  

ȿ’Ớ Ὡ ȿ’ỚȢ 

1-1 
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To change from the flavour eigenstate basis ȿ’Ớ, ×ÉÔÈ ɻ = e, m, t, to the mass eigenstate 

one ȿ’Ớ and vice versa, ÌÅÔȭÓ ÉÎÔÒÏÄÕÃÅ Á ÕÎÉÔÁÒÙ ÍÁÔÒÉØ 5 ÓÏ it is possible to write each 

flavour eigenstate as a mass eigenstates superposition: 

ȿ’Ớ Ὗᶻȿ’Ớ 

1-2 

In particular, if U is a diagonal matrix, the sum becomes a one to one correspondence 

between a precise mass state and a flavour state, i. e. m(ʉɻ) = ɿɻi mi. 

Hence the probability for a massive neutrino, travelling a distance L in vacuum, in a 

time t, with momentum p, to oscillate from the flavour state ʉɻ to the flavour state ʉɼ is: 

ὖ’ᴼ’ ’ ’ ὟᶻὩ Ὗ

‏ τ ᴘὟᶻὟ Ὗ Ὗᶻ ÓÉÎ
‰‏

ς
ς ᴑὟᶻὟ Ὗ Ὗᶻ ÓÉÎ‏‰ Ȣ 

1-3 

ɿהij is the relative phase between two states, i, j after a time t and it is given by: 

‰‏ Ὁ Ὁ ὸ
Ὁ Ὁ

Ὁ Ὁ
ὸ

ά ά

Ὁ Ὁ
ὸ

ɝά

Ὁ Ὁ
ὸȢ 

1-4 

Because the mass difference among neutrino states is very small if compared to all the 

momenta and energies of the particle, it is possible to define % ḳ ϵɉ%i + Ej) and, taking into 

account that L = t·p/E, one obtains: 

‰‏
ɝά

ςὴ
ὒȢ 

1-5 

Neutrino flavour changing is a quantum interference phenomenon. 

It is easy to see that the oscillation probability is different from zero only if ɝÍÉÊ
ς is not 

null and if the U matrix is not diagonal. Therefore the evidence of oscillations strictly implies 
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that neutrinos are massive particle and the lepton mixing. The U matrix is exactly the 

leptonic mixing matrix, also called PMNS matrix, from the initials of B. Pontecorvo, Z. Maki, 

M. Nakagawa e S. Sakata who introduced and developed the oscillation theory. 

Considering the three known flavour states and three mass states, the U matrix can be 

written as: 

Ὗ  
’
’
’

ʉρ
ÃρςÃρσ

ȤÓρςÃςσȤÃρςÓςσÓρσÅ
Éɿ

ÓρςÓςσȤÃρςÃςσÓρσÅ
Éɿ

ʉς

 

ÓρςÃρσ
ÃρςÃςσȤÓρςÓςσÓρσÅ

Éɿ  

ȤÃρςÓςσȤÓρςÃςσÓρσÅ
Éɿ   

ʉσ

 
ÓρσÅ

ȤÉɿ

ÓςσÃρσ
ÃςσÃρσ

 

1-6 

It depends on four parameters: three mixing angles and one complex phase 

introducing the CP violation in the leptonic sector.  

The existing neutrino oscillation data allow to determine the parameters which drive 

the solar neutrino and ÁÔÍÏÓÐÈÅÒÉÃ ÎÅÕÔÒÉÎÏ ÏÓÃÉÌÌÁÔÉÏÎÓȟ ɝÍ2
solar=ɝÍ212ȟ ʃ12, and 

ɝÍ2atm=ȿɝÍ231|~ȿɝÍ223ȿȟ ʃ32, with a relatively good precision ɉÂÕÔ ÎÏÔ ÔÈÅ ÓÉÇÎ ÏÆ ɝÍ2
atm), 

ÁÎÄ ÔÏ ÏÂÔÁÉÎ ÒÁÔÈÅÒ ÓÔÒÉÎÇÅÎÔ ÌÉÍÉÔÓ ÏÎ ÔÈÅ ÁÎÇÌÅ ʃ13Ȣ 4ÈÅ ÂÅÓÔ ÆÉÔ ÖÁÌÕÅÓ ÁÎÄ ÔÈÅ σʎ ÁÌÌÏ×ÅÄ 

ranges of all the parameters are collected in Table 1-1. 

These ÒÅÓÕÌÔÓ ÉÍÐÌÙ ÔÈÁÔ ʃ23ͯʌȾτȟ ʃ12ͯʌȾυȢτ ÁÎÄ ʃ13 Ṃ ʌȾρσȟ ÍÁËÉÎÇ ÔÈÅ 0-.3 ÍÁÔÒÉØ 

drastically different from the CKM quark mixing matrix (27). At present no experimental 

information on the Dirac and Majorana CP violation phases in the neutrino mixing matrix is 

ÁÖÁÉÌÁÂÌÅȢ 4ÈÕÓȟ ÔÈÅ ÓÔÁÔÕÓ ÏÆ #0 ÓÙÍÍÅÔÒÙ ÉÎ ÔÈÅ ÌÅÐÔÏÎ ÓÅÃÔÏÒ ÉÓ ÕÎËÎÏ×ÎȢ )Æ ʃ13Ёπ the Dirac 

ÐÈÁÓÅ ɿ ÃÁÎ ÇÅÎÅÒÁÔÅ #0-violation effects in neutrino oscillations (28), (29), (30). 

 

 

Parameter  Best Fit σʎ 

ɝÍ212 [10 -5 eV2]  χȢυωȢ
Ȣ  7.03 - 8.27 

ȿɝÍ213| [10 -3 eV2]  ςȢτπȢ
Ȣ  2.07 - 2.75 

sin2ʃ12 πȢσρψȢ
Ȣ  0.27 - 0.38 

sin2ʃ23 πȢυπȢ
Ȣ  0.36 - 0.67 

sin2ʃ13 πȢπρȢ
Ȣ  Ѕ πȢπυσ 

Table 1-1Ȣ "ÅÓÔ ÆÉÔ ÖÁÌÕÅÓ ×ÉÔÈ ρʎ ÅÒÒÏÒÓ ÁÎÄ ÔÈÅ σʎ ÁÌÌÏ×ÅÄ ÉÎÔÅÒÖÁÌÓ ÆÏÒ ÔÈÅ ÔÈÒÅÅ-flavour oscillation 
parameters from global data including solar, atmospheric, reactor (KamLAND and CHOOZ) and accelerator 
(K2K and MINOS) experiments (31). 
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Figure 1-2. 4ÈÅ ʉe survival probability P(ʉe  Oʉe) (Eq. 1-3) in the 2-neutrino scenario as a function of the 
neutrino energy for LЀρψπ ËÍȟ ɝÍ2=7.0·10-5 eV2 and sin2ςʃЀ0.84 (32). 

1.2.1. Neutrino mass hierarchy  

The various oscillation experiments identify a couple of mass eigenstates, ʉ1 and ʉ2, 

divided by a small mass difference, and a third eigenstate ʉ3, very far from the other two. The 

first couple explains the solar neutrino oscillations, while the second one is responsible of 

the atmospheric oscillations (it is possible to explain oscillation data in term of a 2-neutrino 

ÓÃÅÎÁÒÉÏ ÂÅÃÁÕÓÅ ʃ13 is very small. !Î ÅØÁÍÐÌÅ ÏÆ ʉe survival probability in this scenario is 

displayed in Figure 1-2). From the oscillations data it is also possible to estimate the flavour 

component of each mass eigenstate (Figure 1-3).  

4ÈÅ ÓÉÇÎ ÏÆ ɝÍ2
solar leads to m2>m1 ÂÕÔȟ ÂÅÃÁÕÓÅ ÔÈÅ ÓÉÇÎ ÏÆ ɝÍ2

atm is not measured, 

determining the position of m3 with respect to m1 and m2 is not possible. Furthermore, being 

neutrino oscillations sensitive only to the neutrino mass squared differences, they cannot 

give any information about how much the mass squared spectrum is above zero. 

With this situation, three different mass hierarchies are possible: 

V Normal Hierarchy, where m1«m2«m3. In this case, m3~ЍɝÍ2atm~0.04-0.05eV, 

m2ḐπȢππω Å6ȟ Í1Ḑ0 (Figure 1-3, left). 

V Inverted Hierarchy, where m1~m2~Ѝɝ2atm»m3 (Figure 1-3, right).  

V Quasi-Degenerate Hierarchy, where m1~m2~m3 with small mass differences 

responsible of the oscillations. 

Because oscillation experiments are not enough to define an absolute neutrino mass 

scale, other kinds of experiments are required for completing the neutrino mass scenario. 
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Figure 1-3. Three neutrino mass squared spectrum in case of normal (left) and inverted (right) hierarchy, 
with the estimation of the flavour components of each mass eigenstate, according to oscillations data (33). 

  

The first method is to study the single beta decay spectrum, whose end-point is 

modified in shape by neutrino mass. This type of experiment has no theoretical assumption 

on neutrinos and is completely model-independent. It is sensitive to the quantity: 

ά ὠ ά Ȣ 

1-7 

The most sensitive result in this field has been obtained by the Mainz and Troitsk 

experiment, fixing an upper limit of 2.5 eV (95% C.L.) to mɼ (34).  

A second way to understand neutrino masses comes from cosmological observations 

(the formation of Large Scale Structure and the presence of anisotropies in the Cosmic 

Microwave Background) that can probe the quantity: 

ά ά ά άȢ 

1-8 

This evaluation is not connected to weak mechanisms but it is strongly related to 

cosmological models, therefore it needs independent verifications. Presently the limit on the 

sum of mi is mcosmo<0.67 eV (95% C.L.) (35).  

,ÁÓÔ ÂÕÔ ÎÏÔ ÌÅÁÓÔ ÔÈÅ ÎÅÕÔÒÉÎÏÌÅÓÓ ÄÏÕÂÌÅ ÂÅÔÁ ÄÅÃÁÙ ɉπʉɼɼɊȟ Á ÒÁÒÅ ÎÕÃÌÅÁÒ ÄÅÃÁÙ ÔÈÁÔ 

is not foreseen in the SM and, if observed, will state important information not only about the 

neutrino absolute mass scale, but also on the neutrino nature. Being this kind of experiment 

ÔÈÅ ÆÒÁÍÅ×ÏÒË ÉÎ ×ÈÉÃÈ ÔÈÉÓ 0È$ ÔÈÅÓÉÓ ÈÁÓ ÂÅÅÎ ÄÅÖÅÌÏÐÅÄȟ ÔÈÅ πʉɼɼ ×ÉÌÌ ÂÅ ÄÉÓÃÕÓÓÅÄ ÉÎ 

detail in Section 1.4. 

Inverted hierarchy Normal hierarchy 
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1.3. The importance of being a Majorana particle 

In the Standard Model, neutrinos are described as left-handed massless particles, 

associated to the charged leptons. Therefore the observation of neutrino oscillations opens 

the way to new theories able to expand the SM and explaining not only why neutrinos have 

mass, but also why their mass is so small if compared with the other particles. One way for 

achieving this result is questioning the assumption that the neutrino is a fermion of the same 

kind of the other elementary particles of the SM, i.e. a Dirac particle. 

A Dirac fermion is a particle well differentiated from its own antiparticl e; a Majorana 

fermion, instead, is a particle identical to its own antiparticle. For all the quarks and the 

charged leptons the difference between particle and antiparticle is carried by the electric 

charge; being neutrinos neutral, for them this difference is no more obvious. 

The possibility of having neutrinos as Majorana particles shows up in the mass terms 

of their Lagrangian precluded to the others fermion. Generally, the Lagrangian of a fermionic 

field, ʕ, from which the Dirac equation describing the particle evolution is derived, is: 

fl ‪Ὥ‎‬ ά ‪ ‪Ὥ‎‬‪ ά ‪‪, 

1-9 

where the first term corresponds to the kinetic energy, while the second one, called Ȱ$ÉÒÁÃ 

ÔÅÒÍȱȟ ÉÓ ÔÈÅ ÍÁÓÓ ÔÅÒÍȢ Decomposing the field ʕ in its left and right chirality components 

(ʕL and ʕR respectively), the Dirac mass term becomes: 

fl ά ‪‪ ά ‪‪ ‪‪ ά ‪‪  ὬȢὧȢ3 

1-10 

For neutrinos it is possible to introduce another mass term still hold ing the Lorentz 

invariance, i.e. ʕTC-1ʕ (here T denotes transposition and C is the charge conjugation matrix) 

but that, unlikely to the Dirac mass term, is not invariant under a phase transformation 

ʕO Åiɻʕ, ÓÏ ÉÔ ÄÏÅÓÎȭÔ ÉÍÐÌÙ ÔÈÅ ÅØÉÓÔÅÎÃÅ ÏÆ Á ÃÏÎÓÅÒÖÅÄ ÃÈÁÒÇÅȟ Ás happens instead for Dirac 

particles. Because ‪ ḳὅ‪ , this new mass term, called Majorana term, can be written as: 

fl ά ‪‪ άᶻ‪‪ ά ‪‪  ὬȢὧȢ, 

1-11 

                                                                    
3 From here now h.c. means hermitian conjugate. 
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where mM (taken as real) is called Majorana mass. Using again left and right projections and 

considering that (ʕL,R)C = (ʕC)R,L, one left and one right Majorana mass terms are obtained: 

fl ά ‪ ‪ ὬȢὧȢ and fl ά ‪ ‪ ὬȢὧ  

1-12 

Hence, the more general mass term, i.e. the Dirac-Majorana term, is: 

fl ά ‪‪
ά

ς
‪ ‪

ά

ς
‪ ‪ ὬȢὧȢ 

1-13 

,ÅÔȭÓ now introduce two new fields, 1ה and 2ה, in order that:  

‰
Ѝ

 and   ‰
Ѝ

. 

1-14 

They describe Majorana objects, because 1ה
C = 1ה and 2ה

C = 2ה; using these fields it is 

possible to rewrite the mass term as: 

fl ά ‰‰ ‰‰ ά‰‰ ά ‰‰ ɮὓɮ, 

1-15 

where ɮ ÉÓ a column vector with components 1ה and 2ה, and ὓ
ά ά
ά ά  is the 

neutrino mass matrix that can be diagonalized with a rotation in the space of vector ɮ, 

represented by the matrix Z. The elements of the diagonal matrix =꜠ZMZT are the 

eigenvalues of M, i.e. mʉ and MN, so ꜠  can be used to rewrite the mass term. In this case the 

fields are expressed by the components of the vector Ὂḳ
’
ὔ

ὤ  , which are still 

Majorana objects. 

Hence: 

fl ά ’Ӷ’ ὓ ὔὔ. 

1-16 

In other words, the eigenstates of the combination of Dirac and Majorana mass terms 

are two distinct Majorana particles, ʉ and N, with mass mʉ and MN. 

The matrix eigenvalues are: 
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ά
ὓ

ρ

ς
ά ά ᶸ ά ά τά Ȣ 

1-17 

According to the values of the Dirac or Majorana masses, different cases arise. For 

example, if mL=mR=0, we have mʉ=-MN=mD and there are two degenerate mass eigenstates 

that give a Dirac mass term: in other words, a Dirac fermion is a special case of the 

superposition of two Majorana fermions. 

A very interesting case is the one with mL=0 and mD«mR, that leads to: 

ά ḙ
ά
ά   and  ὓ ḙά , 

1-18 

i.e. one particle, ʉ, has an extremely small mass mʉ and corresponds to the light neutrino, 

while the other is a very heavy neutral lepton4. That explanation of the lightness of the 

neutrinos because of a big Majorana mass mR is called See-Saw mechanism. 

This procedure can be easily extended to three flavour neutrinos: F becomes a six 

component vector (ʉρȣσ, Nρȣσ) and mL,R,D are matrixes. 

The Majorana nature of neutrinos implies also a modification in the leptonic mixing 

matrix: it was defined unless a phase factor that lives the lepton eigenstates unchanged, 

because they were considered as Dirac fermions. But that redefinition is no more possible for 

Majorana neutrinos and so the mixing matrix becomes: 

ὠ Ὗ ὃ  

ÃρςÃρσ ÓρςÃρσ ÓρσÅ
-Éɿ

-ÓρςÃςσ-ÃρςÓςσÓρσÅ
Éɿ ÃρςÃςσ-ÓρςÓςσÓρσÅ

Éɿ ÓςσÃρσ

ÓρςÓςσ-ÃρςÃςσÓρσÅ
Éɿ -ÃρςÓςσ-ÓρςÃςσÓρσÅ

Éɿ ÃςσÃρσ

ÅÉ π π

π ÅÉ π
π π ρ

. 

1-19 

The phases ɻ1 and ɻ2 are known as Majorana phases, besides the Dirac phase, ɿ, 

similar to the one existing in the quark mixing matrix. 

The See-Saw mechanism plays an important role in the context of cosmology, in 

particular in the explanation of the baryon-antibaryon asymmetry, i.e. the excess of matter 

over antimatter in the universe (36): 

                                                                    
4 Until  now there is no evidence of other neutral lepton with mass lower than 80GeV. 
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–ḳ
ὲ ὲ

ὲ
φȢρυ πȢςυϽρπ  

1-20 

Is difficult to justify  this tiny difference as an initial condition at the beginning of the 

big-bang, so a mechanism is needed that generated dynamically the baryon asymmetry at a 

certain stage of the universe evolution. There is a set of requirements (known as the 

Sakharov conditions, (37)) that this interaction must fulfil in order to generate the baryon 

asymmetry: it must violate the baryon number conservation, as well as the C and C-P 

conservation, and it has to be out of the thermal equilibrium.  

It is not possible to fulfil these requirements in the framework of the Standard Model. 

Within the extension of the SM several theories arise; one of the most favourable is the 

baryogenesis through leptogenesis: lepton number might be violated by some non SM 

physics, giving rise to a lepton asymmetry, which is converted into the observed baryon 

asymmetry by a sphaleron process5. 

The thermal leptogenesis (38), (37), (39), (36), (40) is an implementation of a 

baryogenesis through leptogenesis scenario that satisfies the Sakharov conditions in the SM 

with just the addition of the heavy singlet right-handed neutrinos foreseen in the See-Saw. 

These heavy neutrinos N, produced in the Big-Bang, being Majorana particles, can 

ÄÅÃÁÙ ÉÎÔÏ ÌÅÐÔÏÎ ÏÒ ÁÎ ÁÎÔÉÌÅÐÔÏÎȢ 3ÉÎÃÅ Á #0 ÖÉÏÌÁÔÉÏÎ ÉÓ ÅØÐÅÃÔÅÄȟ ÔÈÅ ÄÅÃÁÙÓ .ᴼЉ-+H+ and 

.ᴼЉ++H- (where H± are the SM Higgs particles) would have different rates, producing a 

universe with a different number of leptons and antileptons. Then the sphaleron process 

converts this lepton asymmetry into a baryon asymmetry; CP-violation is due to the Yukawa 

interactions of the right-handed neutrinos with the SM lepton doublets and out-of-

equilibrium is induced by the right-handed neutrino decays. 

Therefore, by confirming the existence of Majorana masses and the Majorana 

ÃÈÁÒÁÃÔÅÒ ÏÆ ÎÅÕÔÒÉÎÏÓ ÔÈÅ ÏÂÓÅÒÖÁÔÉÏÎ ÏÆ πʉɼɼ ×ÏÕÌÄ ÂÅ ÅÖÉÄÅÎÃÅ ÉÎ ÆÁÖÏÕÒ ÏÆ ÔÈÅ 3ÅÅ-Saw, 

hence of thermal leptogenesis. 

                                                                    
5 A sphaleron (from the greek ʎʒɻʇʀʍʝʏ meaning ȰÒÅÁÄÙ ÔÏ ÆÁÌÌȱɊ is a time independent solution to the 

electroweak field equations of the Standard Model; it is a non-perturbative process that ÄÏÅÓÎȭÔ ÃÏÎÓÅÒÖÅ ÂÁÒÙÏÎ 
number, B, or lepton number, L, but conserve L-B. Geometrically, a sphaleron is simply a saddle point of the 
electroweak potential energy (in the infinite dimensional field space).  

ȰIn electroweak gauge theory, the vacuum state is infinitely degenerate, and the different substates are separated by 
energy barriers. Through a quantum tunneling process, the system can move to a different vacuum substate which has 

nonzero baryon number. This process is heavily-suppressed at low energies (below the so-called sphaleron mass of ~  10 
TeV), so it is not expected to occur in Nature today, but is feasible at earlier ÐÏÉÎÔÓ ÉÎ ÔÈÅ ÕÎÉÖÅÒÓÅȭÓ ÈÉÓÔÏÒÙȢ 4ÈÅ 
sphaleron process is non-perturbative, so a true Feynman dÉÁÇÒÁÍ ÃÁÎȭÔ ÂÅ ÄÒÁ×Î ÆÏÒ ÉÔ ɍȣɎȢ This process trades 
three leptons, one from each generation, for nine quarks, three within each generation, and one of each colour per 
generation. L and B are not conserved separately ɍȣɎ though the quantum number B ɀ L is. In a sense, this process 
generates a baryon excess out of a lepton excess ɍȣɎȢȱ (218). 
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As briefly introduced, a consequence of the Majorana nature of neutrinos is that the 

leptonic number, L, is no more a conserved quantity, unlike in the SM.  

In fact, in the description of SM processes, L=1 denotes negative charged leptons and 

neutrinos, L=-1 is for positive charged leptons and antineutrinos and L=0 is for not leptonic 

particles, and neutrinos and antineutrinos can be distinguished according to the leptonic 

number they should have in order that L is conserved in the reaction. For example, ÌÅÔȭÓ 

consider the decay ʌ+ ʈO++ʉʈ: because L(ʌ+)=0 and L(ʈ+)=1, ʉʈ should be a neutrino that will 

produce a ʈ+ while interacting in the detector. On the other side, in the process ʌ-ᴼʈ-+ʉʈ, ʉʈ is 

an antineutrino that will create a ʈ- in a following interaction6. This behaviour seems to 

underline that neutrino and antineutrino are two well distinct particles, in opposition to 

what should happens if they were Majorana particles. 

The same situation can also be seen in a different way by mean of the helicity ; in the 

ʌ+ decay, the ʉʈ is produced in a negative helicity state (LH), while in the ʌ- decay the ʉʈ 

comes out with positive helicity (RH); hence ʉʈ e ʉʈ are different because they are created in 

a opposite helicity state (even if, for a given helicity, they are the same particle) and, while 

interacting, they will produce a ʈ+ and a ʈ- respectively. 

4ÈÅÒÅÆÏÒÅȟ ÔÈÅ ÐÁÒÔÉÃÌÅ ÄÅÆÉÎÅÄ ȰÎÅÕÔÒÉÎÏȱ ×ÈÅÎ ÔÈÅ ÃÏÎÓÅÒÖÁÔÉÏÎ ÏÆ , ÉÓ ÁÓÓÕÍÅÄ ÉÓ Á 

LH state of a Majorana neutrino, and an ȰÁÎÔÉÎÅÕÔÒÉÎÏȱ ÉÓ Á 2( ÓÔÁÔÅ ÏÆ ÔÈÅ ÓÁÍÅ ÐÁÒÔÉÃÌÅȢ 

As a matter of fact, a massive particle cannot be a pure helicity state, so a neutrino 

producing a negative charged lepton will have a small component of RH helicity. 

These remarks are fundamental for the comprehension of the key phenomena in the 

investigation of the Dirac/Majorana nature of neutrinos, i.e. the neutrinoless double beta 

decay (πʉɼɼ). This process, being the central topic of this PhD work, will be detailed treated 

in the next section. 

1.4. Neutrinoless double beta decay: the final frontier 

Double beta decay (DBD) is a rare, spontaneous nuclear process consisting in a father 

nucleus (A, Z) that transforms into a stable daughter with the same mass number but with 

nuclear charge increased by two units: (A, Z+2). 

This transition, first proposed by Maria Goeppert-Mayer in 1935 (41), can in principle 

occur for 35 nuclei, whose ordinary single beta decay is suppressed by a large change of the 

nuclear spin-parity state or energetically forbidden (if the intermediate (A, Z+1) nucleus has 

                                                                    
6 Neutrino mixing and oscillations are not considered here, for simplicity, and nm is a mass eigenstate. 
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a binding energy greater than the (A, Z) and (A, Z+2) nuclei). Because DBD is a second order 

process of the weak interaction, it is a very low probability transition, so the candidate 

parent nuclei have a very long lifetime, as can be seen in Table 1-2. 

Usually two different DBD modes are considered. In the first one the transition is 

characterised by the emission of two electrons and two antineutrinos, and so it is called two-

ÎÅÕÔÒÉÎÏ ÄÏÕÂÌÅ ÂÅÔÁ ÄÅÃÁÙ ɉςʉɼɼɊȡ 

(A, Z)  O  A, Z+2) + 2e - +2ʉ. 

1-21 

This process, for which the lepton number is conserved, can be understood in terms of 

two simultaneous neutron decays, as can be seen from Figure 1-4a. It is predicted by the 

Standard Model and it has been already observed in several nuclides (see Table 1-2). 

In the second mode the process will have just the two electrons in the final state: 

(A, :  ᴼ A, Z+2) + 2e -. 

1-22 

This is called neutrinoless double beta decay (πʉɼɼ): it  violates the lepton number 

conservation (ɝL=2) and is possible only if the neutrino is a massive Majorana particle, 

definitely implying new physics beyond the SM. It can be explained by two consecutive steps: 

!ȟ:ᴼ !ȟ: ρ  Å  ’Ӷ  

!ȟ: ρ  ʉᴼ !ȟ: ς  Å 

1-23 

A neutron decays emitting a RH ʉe ÔÈÁÔ ÉÓ ÔÈÅÎ ÁÂÓÏÒÂÅÄ ÁÓ Á ,( ʉe, starting the second 

part of the process. This is the so-called mass mechanism. The neutrino emitted at one weak 

interaction vertex and absorbed at the other one, as the intermediate nuclide with all its 

excited states, is a virtual particle. This is possible if the neutrino and the antineutrino are 

the same particle that should be massive in order to be in a mixed helicity state and allowing 

the helicity flip. The process is sketched in Figure 1-4b. 

4ÈÅÒÅ ÁÒÅ ÁÌÓÏ ÏÔÈÅÒ ÍÅÃÈÁÎÉÓÍÓ ×ÈÉÃÈ ÃÁÎ ÉÎÄÕÃÅ ÔÈÅ πʉɼɼ ÐÒÏÃÅÓÓȡ ÒÉÇÈÔ-handed 

currents with the exchange of both light and heavy neutrinos, or the exchange of other more 

exotic particles. In addition, the neutrinoless process can be accompanied by the emission of 

a Majoron (a hypothetical neutral pseudoscalar particle with zero mass, associated with the 

spontaneous breaking of the local or global BɀL symmetry). 
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Isotope  ςʉɼɼ ÈÁÌÆ-life [y]  πʉɼɼ ÈÁÌÆ-life [y]  

48#Á ᴼ 48Ti 4.4·1019 > 1.5·1021 (42)  

76'Å ᴼ 76Se 1.5·1021 > 1.9·1025 (43)  > 1.6·1025 (44)  

823Å ᴼ 82Kr 0.9·1020 > 2.1·1023 (45)  

96:Ò ᴼ 100Mo 2.3·1019 > 1.0·1021 (46)  

100-Ï ᴼ 100Ru 7.1·1018 > 5.8·1023 (45)  > 5.5·1023 (47)  

116#Ä ᴼ 116Sn 2.8·1019 > 1.7·1023 (48)  

1284Å ᴼ 128Xe 1.9·1024 > 8.6·1022 (49)  

1304Å ᴼ 130Xe 6.8·1020 > 2.8·1024 (50)  

1368Å ᴼ 136Ba > 8.1·1020 > 1.2·1024 (51)  

150.Ä ᴼ 150Sm 8.2·1018 > 1.8·1022 (52)  

Table 1-2Ȣ 3ÕÍÍÁÒÙ ÏÆ ÔÈÅ ÍÏÓÔ ÓÅÎÓÉÔÉÖÅ ÄÉÒÅÃÔ ÓÅÁÒÃÈÅÓ ÆÏÒ ςʉɼɼ ÁÎÄ πʉɼɼȢ ,ÉÍÉÔÓ ÁÒÅ ÁÔ ωπϷ #Ȣ,Ȣ !ÌÌ ÔÈÅ 
ςʉɼɼ ÈÁÌÆ-lives come from (53), except the limit on 136Xe, that is taken from (54). The references for the 
0ʉɼɼ ÈÁÌÆ-lives are reported directly in the table. 

 

Nevertheless it has been demonstrated (55) that, whatever is the mechanism driving 

the πʉɼɼ decay, this transition requires that the neutrino is a massive Majorana particle. 

&ÒÏÍ ÔÈÅ ÅØÐÅÒÉÍÅÎÔÁÌ ÐÏÉÎÔ ÏÆ ÖÉÅ×ȟ ÁÎ ÅÆÆÅÃÔÉÖÅ ×ÁÙ ÔÏ ÄÉÓÔÉÎÇÕÉÓÈ ÔÈÅ πʉɼɼ ÆÒÏÍ ÔÈÅ 

ςʉɼɼ ÉÓ ÔÏ ÍÅÁÓÕÒÅ ÔÈÅ ÅÎÅÒÇÙ ÏÆ ÔÈÅ two electrons emitted in the decay and to analyse the 

ÓÈÁÐÅ ÏÆ ÔÈÅ Ô×Ï ÅÌÅÃÔÒÏÎ ÓÕÍ ÅÎÅÒÇÙ ÓÐÅÃÔÒÕÍȢ )Î ÆÁÃÔȟ ÂÅÃÁÕÓÅ ÔÈÅ ςʉɼɼ ÉÓ Á ÆÏÕÒ-body 

decay, it will be a continuous spectrum between 0 and the total energy available in the decay, 

the Q-value, with a ÍÁØÉÍÕÍ ÁÒÏÕÎÄ 1Ȣ /Î ÔÈÅ ÃÏÎÔÒÁÒÙȟ ÉÎ ÃÁÓÅ ÏÆ ÔÈÅ ÎÅÕÔÒÉÎÏÌÅÓÓ ÄÅÃÁÙȟ 

all the kinetic energy is carried by the two electrons (neglecting nuclear recoil) and the 

spectrum will result in a sharp peak centred at the transition energy (Figure 1-5), whose 

width depends on the energy resolution of the detector. 

 

 

Figure 1-4. &ÅÙÎÍÁÎ ÄÉÁÇÒÁÍÓ ÆÏÒ ÔÈÅ ςʉɼɼ ɉÁɊ ÁÎÄ πʉɼɼ ɉÂɊ ÄÅÃÁÙ ÃÈÁÎÎÅÌÓȢ )Î ÔÈÅ ÌÁÔÔÅÒȟ ÁÎ ÁÎÔÉÎÅÕÔÒÉÎÏ ÉÓ 
produce at the vertex 1 and a neutrino is absorbed at vertex 2. 



 

Optimisation of the bolometric performances of the CUORE-0/CUORE and LUCIFER 

detectors for the neutrinoless double beta decay search 

 

28 
 

 

Figure 1-5. Spectra of the sum of the two electron kinetic energies, Keȡ ÈÅ ςʉɼɼ ɉÄÏÔÔÅÄ ÃÕÒÖÅɊ ÉÓ ÎÏÒÍÁÌÉÓÅÄ 
ÔÏ ρȟ ×ÈÉÌÅ ÔÈÅ πʉɼɼ ɉÓÏÌÉÄ ÃÕÒÖÅɊ ÉÓ ÎÏÒÍÁÌÉÓÅÄ ÔÏ ρπ-2 (10-6 in the inset, to underline the contribution of the 
ςʉɼɼ ÁÓ Á ÂÁÃËÇÒÏÕÎÄ ÔÏ ÔÈÅ πʉɼɼɊȢ !ÌÌ ÓÐÅÃÔÒÁ ÁÒÅ ÃÏÎÖÏÌÖÅÄ ×ÉÔÈ ÅÎÅÒÇÙ ÒÅÓolution of 5% (56). 

 

4ÈÅ πʉɼɼ decay rate is usually expressed using the general relation derived from 

&ÅÒÍÉȭÓ ÇÏÌÄÅÎ ÒÕÌÅ (57): 

Ὑ
Ⱦ
Ὃ ὗȟὤȿὓ ȿά , 

1-24 

where Gπʉ(Q,Z) is the two electron phase-space integral, that can be exactly calculated and 

scales as Q5, and Mπʉ is the nuclear matrix element; both parameters depend ÏÎ ÔÈÅ πʉɼɼ 

candidate. mɼɼ is the effective neutrino mass: 

ά ȿὟ ȿάὩ Ȣ 
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Here the Uei are the neutrino mixing matrix elements, mi are the neutrino mass 

ÅÉÇÅÎÓÔÁÔÅÓ ÁÎÄ ÔÈÅ ɻi are the Majorana phases introduced in equation 1-19. Their presence 

implies that cancellations are possible, and if the neutrino is a Dirac particle the cancellation 

is total (it is equivalent to a couple of degenerate Majorana neutrinos with opposite phases), 

ÓÏ ÔÈÁÔ ÔÈÅ ÄÅÃÁÙ ÄÏÅÓÎȭÔ ÔÁËÅ ÐÌÁÃÅȢ  

It is possible to relate the effective Majorana mass, mɼɼ, with the lightest mass 

eigenstate, mlight, which is determined according to the mass hierarchy. For example, 

considering the normal hierarchy, where mlight=m1, one obtains:  



 
NEUTRINOS: TO STANDARD MODEL AND BEYOND 

 

 

29 
 

ά ȿὧέί— ὧέί— Ὡ ά ίὭὲ— ὧέί— Ὡ Ўά ά

ίὭὲ— Ὡ ȿЎά ȿ ά ȿȢ 

1-26 

(ÅÒÅ ʃ12, ʃ13 ÁÎÄ ɿ ÁÒÅ ÔÈÅ ÍÉØÉÎÇ ÁÎÇÌÅÓ ÁÎÄ ÐÈÁÓÅȟ ÁÎÄ ɻ1,2 are the Majorana phases 

appearing in Eq. 1-19. Using angle and squared-mass difference values from oscillation 

experiments, for a given set of phases, an allowed region of mɼɼ in function of mlight is 

determined. A plot of mɼɼ in case of normal hierarchy and inverted hierarchy with phases 

ÆÒÏÍ π ÔÏ ςʌ ÉÓ ÓÈÏ×Î ÉÎ Figure 1-6. It is clear from this plot that finding a value for mɼɼ will 

at last fix the neutrino mass hierarchy, setting a range for the absolute neutrino mass values. 

Eq. 1-24 shows that measuring the half-life of the decay is not enough to obtain the 

value of mɼɼ. While the phase-space factors, Gπʉ(Q,Z), are exactly computable (see Figure 

1-8), this is not the case for the Nuclear Matrix Elements, Mπʉ.  

Several models have been proposed for carrying on this theoretical calculation; 

actually the most accredited are the Quasiparticle Random Phase Approximation (QRPA), 

that is developed in different frameworks such as Renormalized QRPA or proton-neutron 

QRPA (see, for example, (58), (59)), the Interacting Shell Model (ISM) (60) and, recently, also 

the Microscopic Interacting Boson Model (IBM-2) (61). The results obtained with these 

calculations are collected in Figure 1-7. 

Figure 1-6. ωωϷ #, ÅØÐÅÃÔÅÄ ÒÁÎÇÅÓ ÁÓ ÆÕÎÃÔÉÏÎ ÏÆ ÔÈÅ ÌÉÇÈÔÅÓÔ ÎÅÕÔÒÉÎÏ ÍÁÓÓ ÆÏÒ Íɼɼ ɉÈÅÒÅ Íee) using 
recent data from oscillation experiments. The green region corresponds to the inverted hierarchy (mlight = 
m3) while the red one is for the normal hierarchy (mlight = m1). The darker regions at the centre of both areas 
show how the ranges would shrink if the oscillation values were known with negligible errors (36). 
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Figure 1-7Ȣ πʉɼɼ ÎÕÃÌÅÁÒ ÍÁÔÒÉØ ÅÌÅÍÅÎÔÓ ÃÁÌÃÕÌÁÔÅÄ ÆÏÒ ÓÏÍÅ πʉɼɼ ÃÁÎÄÉÄÁÔÅÓ ×ÉÔÈ ÔÈÅ -ÉÃÒÏÓÃÏÐÉÃ 
Interacting Boson Model (IBM-2) (61), the Quasiparticle Random Phase Approximation (QRPA) in both 
renormalized QRPA (58) and proton-neutron QRPA (59) frameworks, and in a recent work taking into 
account nuclear deformation for the 150Nd (62), and the Interacting Shell Model (ISM) (60). When a range is 
present, the central mark for each NME range indicates only the mean of the maximum and minimum values 
of the range, and is intended solely to guide the eye. The range limits are obtained identifying the minimum 
and the maximum NME values among the two NME ranges calculated with Jastrow and UCOM Short Range 
Correlation, and the central value is obtained averaging the range limits. All matrix elements are in 
dimensionless units. The three coloured bands highlight the isotopes considered in this PhD work. 
 

 

Figure 1-8. Phase-ÓÐÁÃÅ ÆÁÃÔÏÒÓ ÆÏÒ ÓÏÍÅ πʉɼɼ ÃÁÎÄÉÄÁÔÅÓȟ ÃÁÌÃÕÌÁÔÅÄ ÆÒÏÍ ÔÈÅ ÅÌÅÃÔÒÏÎ ×avefunctions 
according to (63) with r 0=1.1 fm and gA=1.25 for the blue-round series (Simkovic, (64), (65)) and with 
r0=1.2 fm and gA=1.25 for the green-square series (Suhonen-1998, (66)); the yellow-rhomb series (Tomoda) 
is obtained from (67), with r0=1.2 fm and gA=1.25: the value listed in (67) are in [y-1fm2] unit, being 
multiplied by a factor 4R2 (R= r0A1/3 ) to match the definition of the nuclear matrix element and the neutrino 
potential in (67). The phase space factors in the red-squared series (Suhonen-2009) are deduced from the 
decay time T1/2  reported in (59) with r 0=1.2 fm and gA=1.00. The three coloured bands highlight the 
isotopes considered in this PhD work. 
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Presently, no best-model exists, being difficult to estimate the correctness and the 

accuracy of the calculations, that are complicated and involves several steps, because they 

are not connected to other nuclear process that allows a simple verification. Even the 

ÃÏÍÐÁÒÉÓÏÎ ×ÉÔÈ ÔÈÅ ςʉ-channel presents unclear points, mostly because of the different role 

played by neutrinos in the two processes. In this situation, one possibility is to consider the 

spread of the theoretical values of the Nuclear Matrix Element as a measure of their 

uncertainty; actually this is the main source of uncertainty in the value of mɼɼ obtained by the 

various experiments. However a convergence of the Mπʉ from the different models has been 

observed in the last years. A confrontation among the Mπʉ results from different models is 

displayed in Figure 1-7. 

1.4.1. %ØÐÅÒÉÍÅÎÔÁÌ ÁÐÐÒÏÁÃÈÅÓ ÔÏ πʉɼɼ 

%ÖÅÎ ÉÆ ÔÈÅ πʉɼɼ ÅØÐÅÒÉÍÅÎÔÁÌ ÓÉÇÎÁÔÕÒÅ ÉÓ ÖÅÒÙ ÓÉÍÐÌÅȟ Á ÐÅÁË ÁÔ ÔÈÅ 1-value in the 

two electron sum energy spectrum, finding it is not simple at all. The observation of this 

small effect and the demonstration that it corresponds really to the searched decay is a 

challenging task and imposes severe constraints on the experiment design. 

The peak is superimposed to a continuum background, to which contributed also the 

ςʉɼɼȟ ×ÈÏÓÅ ÔÁÉÌ ÅØÔÅÎÄÓ ÉÎ ÔÈÅ ÒÅÇÉÏÎ ÏÆ ÉÎÔÅÒÅÓÔ (56). A detector with good energy 

resolution is therefore mandatory for distinguish the peak, together with strategies to 

control the natural radioactivity and cosmogenic background, as underground production 

and operating of the detector. In addition to the two-electron sum peak evaluation, the event 

reconstruction providing the kinematic of the single electron would be useful to reduce the 

background and to give information about the πʉɼɼ ÍÅÃÈÁÎÉÓÍ driving the decay (57). 

In the present DBD experimental scenario it is possible to distinguish two main 

approaches to the πʉɼɼ ÓÅÁÒÃÈ (68): the calorimetric technique, with  the source embedded 

in the detector itself, and the external-source approach, in which source and detector are two 

separate systems. Both methods have pros and contra: the calorimetric approach is an 

intrinsically high efficiency method, so large source masses are possible; and also, with the 

proper choice of the detectors (bolometers or Ge diodes), it can reach a very high energy 

resolution (of the order of 0.1%). But there are of course constraints on detector materials 

(and so on the investigable nuclei) and reconstructing the event topology is difficult. 

On the contrary, the external source approach allows a precise event topology 

reconstruction, which lead to background identification (except for the ςʉɼɼ). With this 

method it is also possible to investigate several candidate nuclei at the same time with the 
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same detector, and different experimental techniques can be profitably combined: 

scintillation, TPC, drift chamber, magnetic field and TOF. But there is the problem of the 

auto-absorption in the source, that makes difficult to use large source masses, and the energy 

resolution is poor (order of 10%) limited by the fluctuation of the energy deposed by the 

electrons in the source itself. 

The exploration of different techniques and several sources is mandatory to reduce 

the experimental systematic in the results. 

1.4.1.1. The experimental sensitivity to mɼɼ 

In order to compare the different experiments, it is useful to provide an analytical 

expression for the half-life to which an experiment investigating a certain nucleus with a 

given level of background is sensitive. The sensitivity to the lifetime, Sπʉ, can be defined as 

the lifetime corresponding to the minimum detectable number of particles over the 

background at a certain confidence level. It can be derived from the radioactive decay law: 

ὔὸͯ ὔ Ͻρ ÌÎςϽ
ὸ

ὝȾ
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where N0 is the number of nuclei at t=0 and Tπʉ1/2 «t (as confirmed from the present limits on 

πʉɼɼ ÌÉÆÅ-times ɀsee Table 1-2ɊȢ &ÒÏÍ ÔÈÉÓȟ ÔÈÅ ÎÕÍÂÅÒ ÏÆ πʉɼɼ ÄÅÃÁÙÓ ÅØÐÅÃÔÅÄ ÉÎ ÔÈÅ 

measuring time t, Nɼɼ, becomes: 

ὔ
ὓϽὔ Ͻὥ

ὡ
ϽÌÎςϽ

ὸ

ὝȾ
Ͻ‐ 
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where M is the source mass, NA is the Avogadro number, a is the isotopic abundance of the 

ÐÁÒÅÎÔ ÎÕÃÌÉÄÅȟ 7 ÉÓ ÔÈÅ ÍÏÌÅÃÕÌÁÒ ×ÅÉÇÈÔ ÏÆ ÔÈÅ ÓÏÕÒÃÅȟ ʀ ÔÈÅ ÄÅÔÅÃÔÏÒ ÅÆÆÉÃÉÅÎÃÙȢ 

If no decays are observed in the measuring time, Nɼɼ is the background fluctuation in 

the energy region under investigation, and Tπʉ1/2  expresses the limit on the decay half-life.  

To detect Nɼɼ ÉÎ ÁÎ ÅÎÅÒÇÙ ×ÉÎÄÏ× ɝ% ÃÏÒÒÅÓÐÏÎÄÉÎÇ ÔÏ ÔÈÅ ÅÎÅÒÇÙ ÒÅÓÏÌÕÔÉÏÎ ÏÆ ÔÈÅ 

detector, the presence of radioactive background must be considered. The number of 

background events B iÎ Á ÔÉÍÅ Ô ÁÎÄ ÉÎ ÁÎ ÉÎÔÅÒÖÁÌ ÅÑÕÁÌ ÔÏ ÔÈÅ ÅÎÅÒÇÙ ÒÅÓÏÌÕÔÉÏÎ ɝ%ȟ ÃÅÎÔÒÅÄ 

at the Q-value of the decay, is given by: 
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"  Â - Ô ɝ%ȟ 
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where b is the background rate measured in counts/(kg·keV·y) and M is again the source 

ÍÁÓÓȢ )Î ÔÈÉÓ ÃÁÓÅȟ ÉÔ ÈÁÓ ÂÅÅÎ ÁÓÓÕÍÅÄ ÔÈÁÔ ÔÈÅ ÂÁÃËÇÒÏÕÎÄ ÕÎÄÅÒ ÔÈÅ πʉɼɼ-peak is 

ÉÎÄÅÐÅÎÄÅÎÔÌÙ ÍÅÁÓÕÒÅÄ ÁÎÄ ÉÓ ÁÐÐÒÏØÉÍÁÔÅÌÙ ÃÏÎÓÔÁÎÔȢ )Î ÃÁÓÅ ÔÈÁÔ ɝ% ÉÓ ÖÅÒÙ ÌÁÒÇÅȟ ÔÈÉÓ 

ÁÐÐÒÏØÉÍÁÔÉÏÎ ÉÓ ÌÅÓÓ ÖÁÌÉÄ ÂÅÃÁÕÓÅ ÅÖÅÎÔÓ ÆÒÏÍ ςʉɼɼ ÄÅÃÁÙ ÃÁÎ ÅÎÔÅÒ ÔÈÅ ÉÎÔÅÒÖÁÌ ɝ%Ȣ 

Moreover, the number of background events, considered as scaling with the source mass, 

will follow a Poissonian distribution. 

The minimum number of events that are needed to reach a certain significance of the 

peak (a certain C.L.) is given by the probability that the fluctuation of background events is 

equal to the peak:  

ὔ ὲ ϽЍὄ 

1-30 

Here nʎ is the number of standard deviations corresponding to a given Confidence 

Level (for example, a C.L. of 99.73% corresponds to nʎ=3).  

Inserting Eq. 1-28 and Eq. 1-29 in Eq. 1-30, one obtains the sensitivity of an 

experiment with non-zero background rate: 

Ὓ
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The lifetime sensitivity can be translated into the neutrino mass sensitivity; using the 

πʉɼɼ ÄÅÃÁÙ ÒÁÔÅ ÅØÐÒÅÓÓÉÏÎ ÉÎ ÃÁÓÅ ÏÆ ÍÁÓÓ ÍÅÃÈÁÎÉÓÍ ɉ%ÑÕÁÔÉÏÎ 1-24) together with the 

lifetime sensitivity, one gets: 

3Í ᶿ
ρ

Ὃ
ϳȿ- ȿ

Ͻ
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ϳ
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From Eq. 1-32 it is clear that the most relevant factor that influences the sensitivity on 

the effective Majorana mass is the nuclide choice, being the set-up parameters under a forth 

root. 
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The isotope selection should be driven by several considerations. First of all the Q-

value, i.e. the ÄÅÃÁÙȭÓ ÔÒÁÎÓÉÔÉÏÎ ÅÎÅÒÇÙȟ ÃÏÎÓÉÄÅÒÉÎÇ ÔÈÁÔ ÔÈÅ ÓÐÁÃÅ ÐÈÁÓÅ ÆÁÃÔÏÒȟ 'πʉ, depends 

on Q5; the higher the Q-value assures a bigger the probability for the decay to occur, but also 

ÔÈÁÔ ÔÈÅ πʉɼɼ-peak will be far from the natural-radioactivity region, that ends with the 2.6 

-Å6 ɾ-peak of 208Tl from the 232Th decay chain. Above this energy there are only extremely 

ÒÁÒÅ ÈÉÇÈ ÅÎÅÒÇÙ ɾ ÆÒÏÍ 214Bi.  

Also the nuclear dynamics, expressed by the nuclear matrix element, is relevant: even 

if the spread of the Mπʉ for different candidates is not wide, for some nuclei the disagreement 

among the various theories is bigger, while for other there is no more than one calculation. 

Usually, to deal with these aspects, the nuclear factor of merit, FN, is introduced, 

defined as the product of the squared modulus of the nuclear matrix element and the phase 

space factor of the decay: 

FN=Gπʉ·|Mπʉ|2 

1-33 

! ÌÉÓÔ ÏÆ ÓÏÍÅ πʉɼɼ ÃÁÎÄÉÄÁÔÅ ×ÉÔÈ ÔÈÅ ÃÏÒÒÅÓÐÏÎÄÉÎÇ 1-value is depicted in Figure 

1-9, while the corresponding nuclear matrix elements and phase-space factors are collected 

in Figure 1-7 and Figure 1-8. 

To understand tÈÅ ÉÍÐÏÒÔÁÎÃÅ ÏÆ ÈÁÖÉÎÇ Á ÈÉÇÈ ÉÓÏÔÏÐÉÃ ÁÂÕÎÄÁÎÃÅ ÌÅÔȭÓ ÃÏÎÓÉÄÅÒ ÁÎ 

experiment, running for 1 year, whose detectors have energy resolutioÎ ɝ%=10 keV, 

ÅÆÆÉÃÉÅÎÃÙ ʀЀρ ÁÎÄ ÁÎ ÏÖÅÒÁÌÌ ÂÁÃËÇÒÏÕÎÄ ÌÅÖÅÌ ÏÆ ρ ÃÏÕÎÔȾɉËÅ6ϽËÇϽÙÒɊȡ ÔÈÅ ÍÉÎÉÍÕÍ ÎÕÍÂÅÒ 

of candidate nuclei required to this experiment for detecting half-lives higher than 1026 years 

ÉÓ υϽρπ27. This means that natural isotopic abundances of a few per cent are not enough for 

this purpose.  

The problem can be overcome by the isotopic enrichment, but it is to be considered 

that it is a complex and expensive procedure that can also introduce radioactive 

contaminants in the detector. Figure 1-10 shows the isotopic abundance of some nuclei 

ÃÁÎÄÉÄÁÔÅÓ ÔÏ πʉɼɼ ÄÅÃÁÙȢ !ÌÌ ÔÈÅ ÉÓÏÔÏÐÉÃ ÁÂÕÎÄÁÎÃÅÓ ÁÒÅ ÓÉÍÉÌÁÒȟ ×ÉÔÈ ÔÈÅ ÅØÃÅÐÔÉÏÎ ÏÆ ÔÈÅ 

one of Te, that is very high. 

Of course, selecting a certain isotope fixes (or limit) the type of detector to be used in 

the experiment: not all the material, for example, can become a bolometer (see Table 1-3).  
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Figure 1-9. Q-values of ÓÏÍÅ ÃÁÎÄÉÄÁÔÅ ÎÕÃÌÅÉ ÔÏ πʉɼɼ (69), (70). The three coloured bands highlight the 
ÉÓÏÔÏÐÅÓ ÒÅÌÅÖÁÎÔ ÉÎ ÔÈÉÓ 0È$ ×ÏÒËȢ !Ó Á ÒÅÆÅÒÅÎÃÅȟ ÔÈÅ ÒÅÄ ÌÉÎÅ ÄÅÎÏÔÅÓ ÔÈÅ ςȢφ -Å6 ɾ-peak of 208Tl, 
corresponding to the end-point of natural radioactivity. 

 

 

Figure 1-10. The isotopic ÁÂÕÎÄÁÎÃÅ ÏÆ ÓÏÍÅ ÎÕÃÌÅÉ ÃÁÎÄÉÄÁÔÅ ÔÏ πʉɼɼ (71), (72). The three coloured bands 
highlight the isotopes relevant in this PhD work. 
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Figure 1-11. Q-value ÖÅÒÓÕÓ ÉÓÏÔÏÐÉÃ ÁÂÕÎÄÁÎÃÅ ÆÏÒ ÓÏÍÅ πʉɼɼ ÃÁÎÄÉÄÁÔÅ ÎÕÃÌÉÄÅÓȢ 

 

 

Figure 1-12. Nuclear form factors (defined by Eq. 1-33) ÆÏÒ ÓÏÍÅ πʉɼɼ ÃÁÎÄÉÄÁÔÅÓȢ As in the NME plot 
(Figure 1-7), the central mark of each FN range indicates the mean of the maximum and minimum values of 
the range, and is intended solely to guide the eye. The error bars show the full extent of each range. The 
reference used for the calculation are: IBM-2: (61) (Mπʉ), and (66), (67) (Gπʉ); (R)QRPA: (58) (Mπʉ) and (64), 
(65) (Gπʉ); pnQRPA: (59) (Mπʉ) and (66), deduced from T1/2  in (59) (Gπʉ) ISM: (60) (Mπʉ) and (66) (Gπʉ). For 
details see the caption of Figure 1-7 and Figure 1-8. 
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Candidate 
nuclide  

Materials successfully tested as bolometers  

48#Á ᴼ 48Ti CaF2, CaMoO4 

76'Å ᴼ 76Se Ge 

823Å ᴼ 82Kr ZnSe 

96:Ò ᴼ 100Mo ZrO2 

100-Ï ᴼ 100Ru PbMoO4, CaMoO4, SrMoO4, CdMoO4, ZnMoO4, Li2MoO4, MgMoO4, 

116#Ä ᴼ 116Sn CdWO4, CdMoO4 

1304Å ᴼ 130Xe TeO2 

1368Å ᴼ 136Ba --- 

150.Ä ᴼ 150Sm --- 

Table 1-3. Successfully tested bolometric materials for DBD search; the compounds written in bald are good 
scintillators at low temperatures. 

 

Despite all these considerations, what emerges confronting the characteristic of 

different 0ʉɼɼ ÃÁÎÄÉÄÁÔÅÓ ÉÓ ÔÈÁÔ ÔÈÅÒÅ ÉÓ ÎÏ Á ȰÂÅÓÔ-ÉÓÏÔÏÐÅȱȟ ÈÁÖÉÎÇ ÁÌÌ ÓÁÍÅ ÐÒÏÓ ÁÎÄ ÃÏÎÓȡ 

for example 48Ca has a high Q-value but a low isotopic abundance, and so on. Figure 1-11 and 

Figure 1-12 empathize this concept, showing both isotopic abundance and the nuclear factor 

FN versus the Q-ÖÁÌÕÅ ÏÆ ÓÏÍÅ πʉɼɼ ÃÁÎÄÉÄÁÔÅÓȢ %ØÃÅÐÔ ÆÏÒ ÆÅ× ÎÕÃÌÅÉȟ ÔÈÅ ÉÓÏÔÏÐÅÓ ÁÒÅ 

concentrated in a small area in both graphs. This allows exploring several sources and using 

different  techniquesȟ ÅÎÌÁÒÇÉÎÇ ÔÈÅ πʉɼɼ ÅØÐÅÒÉÍÅÎÔÁÌ ÓÃÅÎÁÒÉÏ.  

1.4.2. πʉɼɼȡ ÓÔÁÔÅ ÏÆ ÔÈe art  

4ÈÅ ÐÒÅÓÅÎÔ πʉɼɼ ÓÅÁÒÃÈ is dominated by three recently concluded experiments: 

Heidelberg-Moscow, NEMO3 and Cuoricino.  

These projects are different in the source investigated and in the detecting technique, 

but have some comparable elements, such as the measuring time and the total mass of the 

source, and explored the same region of the possible neutrino mass patterns. In the next sub-

sections their features and results will be briefly presented. 

1.4.2.1. The Heidelberg-Moscow experiment 

The Heidelberg-Moscow (HM) experiment (73), running in the Nineties and now over, 

ÂÅÌÏÎÇ ÔÏ ÔÈÅ ÃÁÌÏÒÉÍÅÔÒÉÃ ÔÅÃÈÎÉÑÕÅȟ ÉÎÖÅÓÔÉÇÁÔÉÎÇ ÔÈÅ πʉɼɼ ÏÆ 76Ge in 76Se by meaning of five 
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high-purity Ge-diodes enriched at 86% in 76Ge, with an active mass of 10.96 kg 

corresponding to a source strength of 7.6×1025 76Ge nuclei. 

The detectors operated in the underground site of Laboratori Nazionali del Gran Sasso 

(LNGS), Italy, with an high energy resolution, typically 4 keV FWHM, achieving very low 

background level (0.17 counts/(keV·kg·y) around Q-value) that has been further improved 

by a factor 5 using Pulse Shape Discrimination (PSD) techniques for rejecting events in 

coincidence among different diodes. With a statistics of 35.5 kg·y in 76Ge, the limits on the 

half-life and on the effective Majorana mass are Tπʉ½ <1.9×1025 y and mɼɼ <0.3-0.6 eV 

(depending on the nuclear matrix elements chosen for the analysis) respectively. 

However in 2001 ÆÅ× ÍÅÍÂÅÒÓ ÏÆ ÔÈÅ (- ÃÏÌÌÁÂÏÒÁÔÉÏÎ ÃÌÁÉÍÅÄ ÅÖÉÄÅÎÃÅ ÏÆ Á πʉɼɼ-

peak (74)  that nowadays gives Tπʉ½=ςȢςσȢ
Ȣ ·1025 Ù ÁÔ φʎȠ this would translate in 

mɼɼ=(0.32±0.03) eV (75), (76), (77), (78), (79), (80). The energy spectrum is reported in 

Figure 1-13. Of course the claim raised scepticism in the Double Beta Decay community, 

including a large part of the HM collaboration itself (81), (82), (83), (84), (85), mostly due to 

the fact that the identification of the background in the region of the peak is not clear. 

Because the HM experiment is now over, a definitive word about the claim will be given only 

ÂÙ ÔÈÅ ÖÅÒÙ ÓÅÎÓÉÔÉÖÅ ÎÅØÔ ÇÅÎÅÒÁÔÉÏÎ πʉɼɼ ÐÒÏÊÅÃÔÓȡ ÉÎ Ðarticular, the first phase of the 

GERDA experiment (86), whose data taking on 76Ge has recently begun, will be able to verify 

the claim. 

 

 

Figure 1-13. Energy spectrum measured by the Heidelberg-Moscow experiment in the Qɼɼπʉ region (78). 
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1.4.2.2. The NEMO-3 experiment 

The Neutrino Ettore Majorana Observatory (NEMO-3) (87), concluded in January 

2011 after effective 5 years of data collection (88), was the most sensitive DBD experiment 

belonging to the external source technique. 

The set-up, installed underground in the Laboratoire Souterrain de Modane (France), 

is divided in twenty sectors, allowing the study of many nuclides at the same time, such as 

100Mo, 82Se, 150Nd, 116Cd, 130Te, 96Zr, 48Ca. 

The experiment is based on the direct detection of the two electrons emitted in the 

decay that cross a magnetised tracking volume made of Geiger counter cells and release their 

energy in a calorimeter based on plastic scintillator.  

In this way, in addition to the two-electron sum peak, the experiment can reconstruct 

the two-electron angular distribution and the energy spectrum of the single electron, 

ÂÅÃÏÍÉÎÇ ÓÅÎÓÉÔÉÖÅ ÁÌÓÏ ÔÏ ÔÈÅ ÍÅÃÈÁÎÉÓÍ ÄÒÉÖÉÎÇ ÔÈÅ πʉɼɼ ÄÅÃÁÙ (57). The energy 

resolution ranges from 11% to 14.5%. 

The best efforts have been made on 100Mo and 82Se nuclei, resulting in the presently 

most precise values on their 2ʉɼɼ half-lives (see Table 1-2, central column) and providing 

ÁÌÓÏ ÌÏ×ÅÒ ÌÉÍÉÔÓ ÏÎ ÔÈÅÉÒ πʉɼɼ ÈÁÌÆ-lives (see Table 1-2, right column), corresponding to a 

lower limit  on the effective Majorana mass of 0.8Ϻ1.3 eV and 1.4Ϻ2.2 eV respectively, 

according to the nuclear matrix element used (89). 

An example of the energy sum spectrum of the two electrons, of the angular 

distribution of the two electrons, and of the single energy spectrum of the electrons for the 

100Mo is displayed in Figure 1-14. 

 

 

Figure 1-14. (a) Energy sum spectrum of the two electrons, (b) angular distribution of the two electrons, 
and (c) single energy spectrum of the electrons, after background subtraction from 100Mo with 7.369 kg·yr 
ÅØÐÏÓÕÒÅȢ 4ÈÅ ÓÏÌÉÄ ÌÉÎÅ ÃÏÒÒÅÓÐÏÎÄÓ ÔÏ ÔÈÅ ÅØÐÅÃÔÅÄ ÓÐÅÃÔÒÕÍ ÆÒÏÍ ςʉɼɼ ÓÉÍÕÌÁÔÉÏÎÓ ÁÎÄ ÔÈÅ ÓÈÁÄÅÄ 
histogram is the subtracted background computed by Monte Carlo simulations. The signal contains 219 000 
ɼɼ ÅÖÅÎÔÓ ÁÎÄ ÔÈÅ ÓÉÇÎÁÌ-to-background ratio is 40 (90). 
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1.4.2.3. The Cuoricino experiment 

In the underground site of LNGS, from 2003 to summer 2008, the Cuoricino detector 

(91) searched for ÔÈÅ πʉɼɼ ÄÅÃÁÙ ÏÆ 130Te using the bolometric technique, providing one of 

the best present limit on mɼɼ and prepared the way for one of the most promising next-

ÇÅÎÅÒÁÔÉÏÎ πʉɼɼ ÓÅÁÒÃÈÅÓȡ ÔÈÅ #5/2% ÅØÐÅÒÉÍÅÎÔȟ ÔÈÁÔ ÃÏÎÓÔitutes the framework of this 

PhD thesis. For this reason in this section just a brief description of the Cuoricino detector 

and the bolometric technique will be given, and then these subject will be detailed in Chapter 

2 and Chapter 3. 

The operating principle of a bolometer is very simple: the energy deposited in the 

detector by a nuclear event is measured by recording the temperature increase of the 

detector as a whole. In order to make this extremely small heating appreciable and to reduce 

all the intrinsic noise sources, the detector must be operated at very low temperatures, of the 

order of 10 mK for large masses. In the Cuoricino detector the absorber is a TeO2 crystal and 

the thermal pulses are read by Neutron Transmutation Doped Ge thermistors. 

The Cuoricino array (Figure 1-15) is a tower made of 62 TeO2 bolometers arranged in 

thirteen floors, for a total detector mass of Ḑ41 kg, corresponding to a source strength of 

5.0×1025
 
130Te nuclei. The mechanical structure of tower is made of OFHC copper, to which 

bolometers are connected by means of PTFE holders. The detector was cooled down in a 

dilution refrigerator to a temperature of ~8 mK. 

 

Figure 1-15. The thirteen floors of the Cuoricino tower. Eleven floors are made with four bolometers whose 
absorber size is 5x5x5cm3, while the remaining two are composed by six 3x3x6cm3 detectors. Among these 
small crystals, two have been enriched at 82% in 130Te and other two at 75% in 128Te. 
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Figure 1-16. Best fit, 68% and 90% confidence intervals for the total statistics superimposed on the 
#ÕÏÒÉÃÉÎÏ ÓÕÍ ÓÐÅÃÔÒÕÍ ÉÎ ÔÈÅ πʉɼɼ ÒÅÇÉÏÎ (50). 

 

A very low background, of the order of 0.18 counts/(keV·kg·y) was obtained in the 

πʉɼɼ ÄÅÃÁÙ ÒÅÇÉÏÎ ÁÎÄ ÔÈÅ ÅÎÅÒÇÙ ÒÅÓÏÌÕÔÉÏÎ ÉÓ ÁÂÏÕÔ ψ ËÅ6 &7(-ȟ ÑÕÉÔÅ ÒÅÐÒÏÄÕÃÉÂÌÅ ÉÎ ÁÌÌ 

the crystals. The spectrum collected in the Double Beta Decay region is shown in Figure 1-16. 

The obtained limit on the 130Te half-life is Tπʉ½ <2.8·1024 y, corresponding to a 

sensitivity on the effective Majorana mass of 0.3-0.7 eV (50), depending on the adopted 

nuclear matrix element. 

Despite its sensitivity comparable to the one of the HM experiment, Cuoricino cannot 

disprove the 76Ge claim due to the discrepancies in the nuclear matrix element calculations. 

This can be seen inserting the nuclear factor of merit, FN, defined by Eq 1-33, in the 

expression of the effective Majorana mass (Eq. 1-24). This will give:  

ά
ρ

ὝȾ ϽὊ

ȟ 

1-34 

that allows comparing Ge results with the Te results without any dependence on mɼɼ: 

ὝȾ ὝὩ ὝȾ ὋὩϽ
Ὂ ὋὩ

Ὂ ὝὩ
Ȣ 

1-35 
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Figure 1-17. Comparison between the Cuoricino limit on 130Te Tπʉ½ and the 76Ge claim from the HM 
experiment claim expressed in terms of Tπʉ½ (130Te) as stated from Eq. 1-35. The orange horizontal line 
represents the Cuoricino limit where the blue columns are the range of the limit of the 130Te obtained from 
the 76Ge claim by using nuclear factor taken from IBM-2, (R)QRPA, pnQRPA and ISM nuclear matrix element 
calculation (see Figure 1-12 for the details of the FN calculation and references).  

 

This confrontation results in different intervals, according to the nuclear matrix 

element chosen for the calculation of the nuclear factor. Figure 1-17 shows the bands 

corresponding to the 76Ge claim translated into the Cuoricino results according to four most 

quoted nuclear matrix calculations. As can be easily seen, the present Cuoricino limit is well 

inside these intervals, but cannot exclude them in any nuclear model. 
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  Chapter 2.

BOLOMETRICALLY SEEKING NEUTRINOLESS 

DOUBLE BETA DECAY 

We're lost. Unless you've got something that can smell neutrinos.7 

In the previous Chapter the ÃÕÒÒÅÎÔ ÒÅÓÕÌÔÓ ÏÎ πʉɼɼ ÓÅÁÒÃÈ ÈÁÖÅ ÂÅÅÎ Äescribed, 

showing how presently the experiments are just investigating the quasi-degenerate 

hierarchy of neutrino mass (see Figure 2-1), being their sensitivity to the effective Majorana 

mass around 500 meV. .Ï× ÔÈÅ πʉɼɼ ÃÏÍÍÕÎÉty is addressing its efforts to reach the 

inverted hierarchy region and this means improving the sensitivity of at least one order of 

magnitude. To understand the efforts requir ed to reach this target, the characteristics of an 

experiment that should be improved to enhance the discovery potential of a detector will be 

presented in this Chapter. In particular the attention will be focused on the Cuoricino 

experiment and its bolometers, being the optimisation of these detectors towards the CUORE 

and LUCIFER experiments the main subject of this dissertation. Therefore a detailed 

description of bolometers and their operation will be discussed here. 

2.1. The next-ÇÅÎÅÒÁÔÉÏÎ πʉɼɼ ÅØÐÅÒÉÍÅÎÔÓ 

To reach the inverted hierarchy region, the sensitivity should be improved by one 

order of magnitude, i.e. S(mɼɼ) ~50 meV while S(mɼɼ) ~10 meV is needed to exclude it. 

Exploring the direct hierarchy region requires to gain at least one order of magnitude more 

in the sensitivity. 

From Eq. 1-31 and Eq. 1-32 it is evident that, fixed tÈÅ πʉɼɼ ÃÁÎÄÉÄÁÔÅ ɉÐÏÓÓÉÂÌÙ ×ÉÔÈ Á 

high Q-value, as discussed in Section 1.4.1.1), the half-life sensitivity can be improved by 

acting on the source mass (M), the mÅÁÓÕÒÉÎÇ ÔÉÍÅ ɉÔɊȟ ÔÈÅ ÅÎÅÒÇÙ ÒÅÓÏÌÕÔÉÏÎ ɉɝ%Ɋȟ ÔÈÅ 

background level (b) and, eventually, if not already exploited, the isotopic abundance (a). 

                                                                    
7 (228). 
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Figure 2-1. 4ÈÅ ÓÔÁÔÕÓ ÏÆ ÔÈÅ ÁÃÔÕÁÌ πʉɼɼ ÓÅÁÒÃÈÅÓ ÉÎ ÔÅÒÍÓ ÏÆ ÅØÐÌÏÒÅÄ ÎÅÕÔÒÉÎÏ ÍÁÓÓ ÈÉÅÒÁÒÃÈÙ ÒÅÇÉÏÎÓȢ 
Being the present experimental sensitivity to the effective Majorana mass about 500 meV, only the Quasi-
Degenerate hierarchy region has been probed, as shown by the yellow band. The black line denotes the 
central value of the HM claim. 

 

Among them, the less influent is the measuring time. As can be seen by the following 

comparisons: 

Ὓ τ ώὩὥὶ

Ὓ ρ ώὩὥὶ
ḙς          ÁÎÄ          

Ὓ ςπ ώὩὥὶ

Ὓ υ ώὩὥὶ
ḙςȟ 

2-1 

after an initial improvement thanks to few years of data taking, gaining another factor two in 

the sensitivity requires a detector live-time of 20 years, hardly reachable by the experiments. 

4ÈÅ ÐÒÅÓÅÎÔ πʉɼɼ ÓÏÕÒÃÅÓ ÈÁÖÅ ÍÁÓÓÅÓ ÏÆ ÓÏÍÅ ÔÅÎÔÈ ÏÆ ËÇȢ 4Ï ÈÁÖÅ Á ÓÅÎÓÉÂÌÅ 

improvement in the sensitivity the source mass should increase of one order of magnitude: 

Ὓ υππ ËÇ

Ὓ υπ ËÇ
ḙσȢ 

2-2 

Cuoricino, HM, NEMO-3 excluded region 

HM claim 
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This enlargement is difficult in particular for the external-source experiments, 

because of the possibility of self-absorption in the source, but in general it is an expensive 

and complicated solution; another possibility, instead of having a bigger source is to use an 

enriched source, even if also this opportunity is complex.  

Nevertheless this effort is mandatory: considering only candidate nuclei with high Q-

value (as the ones in Figure 1-9), approaching the inverted hierarchy region means searching 

for 1-10 counts/(y·ton), while fully covering it means to be sensitive to 0.1-1 counts/(y·ton), 

fixing the size of the future experiments from hundreds of kg to 1 ton of isotope. 

This imposes also severe constraints on the background level, b, that should be close 

to 0 for the entire live-ÔÉÍÅ ÏÆ ÔÈÅ ÅØÐÅÒÉÍÅÎÔȢ &ÏÒ ÓÅÁÒÃÈÅÓ ×ÉÔÈ ɝ%ɉ&7(-Ɋ ͯρ ËÅ6 ÔÈÉÓ 

requirement translate in to b ~1 counts/(keV·y·ton), while the target is even more ambitious 

for experiments with worse energy resolution, where however the most critical role is 

ÐÌÁÙÅÄ ÂÙ ςʉɼɼ ÄÅÃÁÙȢ 

There are various sources that give rise to these spurious counts such as 

ÅÎÖÉÒÏÎÍÅÎÔÁÌ ɼ ÁÎÄ ɾ ÒÁÄÉÏÁÃÔÉÖÉÔÙȟ ÃÏÓÍÉÃ ÒÁÙÓȟ ÎÅÕÔÒÏÎÓȟ ÒÁÄon and contamination of the 

materials composing the detectors and their shielding. 

4ÈÅ ɾ ÂÁÃËÇÒÏÕÎÄȟ ÃÏÍÉÎÇ ÆÒÏÍ ÎÁÔÕÒÁÌ ÃÏÎÔÁÍÉÎÁÔÉÏÎÓ ÉÎ 238U and 232Th of the 

materials that surround the detectors can be easily avoided thanks to the choice of a high Q-

vaÌÕÅ ÉÓÏÔÏÐÅ ÁÓ Á πʉɼɼ ÓÏÕÒÃÅȢ 4ÈÅ ÃÁÓÅ ÏÆ 238U and 232Th internal contaminations has to be 

dealt with more carefully, in particular for non-homogeneous (or passive) detectors, while, 

under certain assumptions, it does not play a significant role for homogeneous detectors (Ge-

ÄÉÏÄÅÓ ÁÎÄ ÂÏÌÏÍÅÔÅÒÓɊȡ ɻ ÄÅÃÁÙÓȟ ÉÎ ÆÁÃÔȟ ×ÉÌÌ ÐÒÏÄÕÃÅ ÔÈÅ ÆÕÌÌ ÅÎÅÒÇÙ ÐÅÁËȟ ×ÅÌÌ ÁÂÏÖÅ ÔÈÅ 

most interesting Qɼɼ ÖÁÌÕÅÓȟ ×ÈÉÌÅ ÁÌÌ ÔÈÅ ɼɀɾ ÅÖÅÎÔÓ ÏÆ ÔÈÅÓÅ Ô×Ï ÒÁÄÉÏÁÃÔÉÖÅ ÃÈÁÉÎÓ ɉÅØÃÅÐÔ 

the contribution of 234 Pa from the 238U chain) can be recognized through coincidences with 

ÔÈÅ ɻ ÅÍÉÓÓÉÏÎ ÔÈÁÔ ÐÒÅÃÅÄÅÓ ɉÏÒ ÆÏÌÌÏ×ÓɊ ÔÈÅÍ ɉÓÅÅ Figure 2-2). 

The cosmic ray contribution to background can be reduced by ÃÏÎÄÕÃÔÉÎÇ ÔÈÅ πʉɼɼ 

deep underground, where the only surviving cosmic-ray particles are the muons, that can 

ÐÒÏÄÕÃÅ ÈÉÇÈ ÅÎÅÒÇÙ ÎÅÕÔÒÏÎÓȟ ÂÒÅÍÓÓÔÒÁÈÌÕÎÇ ɾ-rays and electromagnetic showers. A muon 

veto can help in controlling this background component. 

The best known cosmogenic isotope is 60Co, which is a common contaminant in 

#ÏÐÐÅÒȟ ÔÈÅ ÍÁÔÅÒÉÁÌ ÃÏÍÍÏÎÌÙ ÕÓÅÄ ÉÎ ÓÈÉÅÌÄÉÎÇ πʉɼɼ ÅØÐÅÒÉÍÅÎÔÓ ÂÅÃÁÕÓÅ ÉÔ ÉÓ ÔÈÅ ÃÌÅÁÎÅÓÔ 

solid material available (92). Because its high production rates at the Earth surface and its 

long half-life (5.3 y) 60Co is able to remain in the apparatus and potentially create 

background after the materials have been placed underground. These backgrounds can be 
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mitigated by purifying the radioactive isotope from the host material and then minimizing its 

exposure above ground. 

,Ï× ÅÎÅÒÇÙ ÎÅÕÔÒÏÎÓ ÐÒÏÄÕÃÅÄ ÂÙ ÅÎÖÉÒÏÎÍÅÎÔÁÌ ÒÁÄÉÏÁÃÔÉÖÉÔÙ ÃÁÎ ÉÎÄÕÃÅ ɉÎȟɾɊ 

reactions, that leads to radioactive nuclei, in materials close to or inside the detectors with 

gamma energies up to 10 MeV; furthermore, high energy neutrons generated by m-induced 

spallation reactions can release several MeV by direct interaction in the detectors. 

4ÈÅ ÓÏ ÃÁÌÌÅÄ ȰÓÕÒÆÁÃÅ ÃÏÎÔÁÍÉÎÁÔÉÏÎȱ ÂÁÃËÇÒÏÕÎÄ ÐÌÁÙÓ Á ÒÏÌÅ ÉÎ ÁÌÍÏÓÔ ÁÌÌ ÄÅÔÅÃÔÏÒÓȟ 

but it is in particular crucial for fully active detectors, as in the case of bolometers; it is 

ÃÏÍÐÏÓÅÄ ÂÙ ÔÈÅ ɻ ÐÁÒÔÉÃÌÅÓȟ ÅÍÉÔÔÅÄ ÆÒÏÍ ÒÁÄÉÏÁÃÔÉÖÅ ÎÕÃÌÅÕÓ ÌÏÃÁÔÅÄ ×ÉÔÈÉÎ ÆÅ× mm of a 

surface facing the detector, that lose part, or even all, of their energy in the few microns of 

this dead layer before reaching the detector.  

The resulting energy spectrum will be a continuum between 0 and 4ɀ8 MeV (the 

ÃÏÍÍÏÎ ɻ ÅÎÅÒÇÙɊȟ ÃÏÖÅÒÉÎÇȟ ÕÎÆÏÒÔÕÎÁÔÅÌÙ ÁÌÌ ÔÈÅ ÐÏÓÓÉÂÌÅ 1ɼɼ values. Furthermore, the 

ÓÁÍÅ ÍÅÃÈÁÎÉÓÍ ÈÏÌÄÓ ÉÎ ÔÈÅ ÃÁÓÅ ÏÆ ÓÕÒÆÁÃÅ ÃÏÎÔÁÍÉÎÁÔÉÏÎÓ ÏÎ ÔÈÅ ÄÅÔÅÃÔÏÒ ÉÔÓÅÌÆȢ 4ÈÉÓ ɻ-

induced background represents the main source of background for the Cuoricino 

experiment. These surface contaminations are usually one order of magnitude smaller (93) 

with respect to the sensitivity available with the best commercial detectors (namely High 

purity Silicon Barrier Detectors), making impossible their measurement. 

All of these background sources must be considered when selecting the detector 

materials and technology in order the experiment will be able to test the inverted hierarchy 

region of neutrino masses, together with the fact that this technology should deal with about 

one ton of source.  

 

Figure 2-2Ȣ (ÉÇÈ ÅÎÅÒÇÙ ɼ-ɾ ÄÅÃÁÙÓ ÏÆ ÔÈÅ 238U and 2324È ÃÈÁÉÎÓ ÐÒÅÃÅÄÅÄ ɉÏÒ ÆÏÌÌÏ×ÅÄɊ ÂÙ ÁÎ ɻ ÅÍÉÓÓÉÏÎȢ 
5ÓÉÎÇ ÄÅÌÁÙÅÄ ɻ ÃÏÉÎÃÉÄÅÎÃÅÓȟ ɼ-ɾ ÄÅÃÁÙÓ ÃÁÎ ÂÅ ÉÄÅÎÔÉÆÉÅÄ (94). 
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Experiment  Isotope  Technique  
ɝ%  

[% at Qval] 
 

Bkg rate  

[c/(keV·kg·y)]  

Mass 
[kg]  

CUORE 

(95), (96), (97) 
130Te Bolometers 0.18 

R 4·10-2 200 

O 1·10-3 400 

EXO 

(98), (99), 
(100), (101) 

136Xe Liquid Xe 3.3 
R 1·10-3 160 

O 5·10-4 1000 

GERDA 

(102), (103), 
(104), (105) 

76Ge Ge-diodes 0.16 
R 1·10-2 35 

O 1·10-3 100 

KamLAND-Zen 

(106), (107) 
136Xe 

Liquid 
Scint 

9.5 
R 5·10-4 360 

O 1·10-4 1000 

NEXT-100 

(108), (109) 
136Xe TPC 0.7 

R 2·10-4 90 

O 6·10-5 1000 

SNO+ 

(110), (111), 
(112) 

150Nd 
Liquid 
Scint 

6.5 
R 1·10-3 50 

O 5·10-4 500 

SuperNEMO 

(113), (114), 
(115) 

82Se 
Tracko-

calo 
4.0 

R 4·10-4 25 

O 6·10-5 100 

Table 2-1. 3ÅÖÅÒÁÌ ÐÒÏÐÏÓÅÄ ÎÅØÔ ÇÅÎÅÒÁÔÉÏÎ πʉɼɼ ÅØÐÅÒÉÍÅÎÔÓȡ ÆÏÒ ÅÁÃÈ ÐÒÏÐÏÓÁÌȟ ÔÈÅ ÉÓÏÔÏÐÅ ÔÈÁÔ ×ÉÌÌ ÂÅ 
used, together with estimates for detector performance parameters (FWHM energy resolution, detection 
efficiency and background rate per unit of energy, time and πʉɼɼ ÉÓÏÔÏÐÅ ÍÁÓÓɊ ÁÒÅ ÇÉÖÅÎȢ 4ÈÅ ÂÁÃËÇÒÏÕÎÄ 
ÅÓÔÉÍÁÔÅÓ ÁÎÄ ÔÈÅ πʉɼɼ ÓÏÕÒÃÅ ÍÁÓÓ ÉÎÃÌÕÄÅ ÂÏÔÈ Á ÒÅÆÅÒÅÎÃÅ ® and an optimistic (O) scenario (116). 

 

Among the several next-generation proposed or under-construction experiments (see 

Table 2-1), the CUORE project is one of the most sensitive (116). It is the natural prosecutor 

of the Cuoricino experiment, with a mass twenty  times greater and a target level of 

background two orders of magnitude lower. The details of the experiment, being the main 

framework in which this PhD works has been done, will be discussed in Chapter 3. In 

particular the great efforts that have been carried on in the material selection will be 

presented in Chapter 5. 

Further improvements in the background rate would require, probably, active 

suppression methods such as the scintillating bolometers, a very promising development of 

the calorimetric approach. The simultaneous detection of heat and scintillation light for the 

ÓÁÍÅ ÅÖÅÎÔ ÁÌÌÏ×Ó ÒÅÊÅÃÔÉÎÇ ɻ-particles with 100% efficiency, since the ratio between the 

ÐÈÏÔÏÎ ÁÎÄ ÐÈÏÎÏÎ ÙÉÅÌÄ ÉÓ ÄÉÆÆÅÒÅÎÔ ÆÏÒ ɻ ÔÈÁÎ ÆÏÒ ɼ ÁÎÄ ɾ ÉÎÔÅÒÁÃÔÉÏÎÓȢ 3ÕÃÈ ÔÅÃÈÎÉÑÕÅȟ 

actually carried on by the LUCIFER project, may permit a reduction of the background rate 

down to 10-3 counts/(keV·kg·y) or better and will be discussed in Chapter 7. 
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Both the CUORE and LUCIFER experiments are based on the bolometric technique, 

which has been briefly presented in the discussion about the Cuoricino detector. In order to 

understand the efforts and the improvements needed to go toward the CUORE experiment, 

that aims to explore the inverted mass pattern of neutrino masses with the same typology of 

detector, and the innovation introduced by the LUCIFER experiment, a detailed description 

of bolometers and their operation will be presented in the next Section. 

2.2. Bolometers 

The use of Low Temperature Detectors (LTD) in the field of nuclear physics research 

and radioactivity measurements was proposed in 1934 by F.E. Simon (117), while the first 

detection of an alpha particle with such as device happened fifteen years later, thanks to the 

work made by Andrews and his collaborators (118). But other thirty years have to pass for 

the use of bolometric technique in the search of DBD to be proposed by E. Fiorini and T.O. 

Niinikoski in 1984 (119). The high energy resolution, combined to the versatility in the 

ÃÈÏÉÃÅ ÏÆ ÍÁÔÅÒÉÁÌÓȟ ÍÁËÅ ÂÏÌÏÍÅÔÅÒÓ ÅØÔÒÅÍÅÌÙ ÓÕÉÔÁÂÌÅ ÉÎ ÔÈÅ ÆÉÅÌÄ ÏÆ πʉɼɼ ÓÅÁÒÃÈȢ 

The bolometric technique can be considered young, with only twenty-six years of 

activity in fundamental physics research; its potentialities have not been fully explored yet, 

and there is room for the improvement of current performances. In particular the 

development from the Cuoricino to the CUORE bolometers will be treated in Chapter 3 

Bolometers are low temperature detectors (LTD) made of an absorber, where the 

particle energy is released, producing excitations, and a sensor that converts them into a 

signal. Here in particular devices are considered in which the particle detection is mediated 

by phonons, the quasiparticles associated to crystal lattice vibrations (and therefore called 

Phonon Mediate Detectors, PMDs). Because the energy of such as excitations is very low («10 

meV), these detectors must operate at very low temperature (10-100 mK), for preventing 

the thermal generation of phonons that cud mimic or hide a real particle signal. 

A PMD is a very efficient device if considered that almost all the energy deposed in a 

detector is converted in phonons. &ÏÒ ÅØÁÍÐÌÅȟ ÌÅÔȭÓ ÃÏÎÓÉÄÅÒ Á ρ ËÅ6 ÅÌÅÃÔÒÏÎ ÄÅÐÏÓÉÎÇ ÁÌÌ ÉÔÓ 

energy in a detector: in case of a semiconductor detector, only the 30% of the electron 

energy will produce ionization, while the remaining creates phonons; for a scintillator 

detector all the electron energy is converted in electron-hole pairs, but the efficiency in the 

light output production is 5-15%; if the electron is detected by hitting a nucleus, no more 

than 6% of its recoil energy will be create ionization. 
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Moreover, because the energy w needed for creating phonons is lower with respect to 

the energy for creating other signal mediators (such as ionization or electron-hole pairs), 

bolometers have excellent performances in particle detection. The number of mediators N 

created by a particle releasing energy E in the detector is: 

ὔ
Ὁ

ύ
 Ȣ 

2-3 

For example, in a scintillator detector w is about 100 eV, in case of gas detector, for the 

production of an electron-ion pair, w~30 eV whereas in a solid state detector w ~3 eV. Of 

course as lower is the minimum energy required for generating a mediator, as lower will be 

the minimum detectable energy released in the detector: that makes bolometers particularly 

suitable for low-energy particle detection. 

Having a small w implies also having a better energy resolution, because, for the same 

energy release, a bigger amount of mediators is created, increasing the statistics associated 

to the single event. Assuming a Poisson statistics, for which the standard deviation for a 

measurement of N events is ɝN=ЍN (i.e. assuming that the intrinsic energy resolution is 

limited only by statistical fluctuation of the produced mediator number), the FWHM energy 

resolution ɝE, using Eq. 2-3, is given by: 
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F is the Fano factor, generally lower than 1 (120), taking into account the deviation 

from the poissonian statistics.  

The theoretical energy resolution of a bolometer is very high if compared to others 

kinds of detectors. For example, a 1 g Si bolometer operating at 20 mK ×ÉÌÌ ÈÁÖÅ ɝE <1 eV, i.e. 

two order of magnitude better of the best Si(Li) diode; or a 1 kg Ge bolometer at 10 mK could 

measure ɾ rays with ɝE ~10 eV, i.e. two order of magnitude better of a Ge diode. 

This thermodynamic limit can be reached by a real bolometer only if the statistical 

fluctuations due to others deposing energy mechanism (such as metastable electron-hole 

states) are minimized and there are no dominant contribution from the noise sources (see 

Section 2.5).  
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2.3. Ideal bolometer model 

The first bolometers were proposed as perfect calorimeters, able to thermalize (i.e. to 

convert in heat) all the energy released in the absorber. This is an idealization of their 

behaviour, which is more complex, but it is enough to describe their main features as rare 

event detectors. 

In a first approximation a bolometer made of an absorber, where the impinging 

particle transmits its energy to phonons, coupled to a sensor, which is sensitive to the 

resulting rise in temperature and converts it in another physical quantity, such as a current 

or a voltage signal, can be roughly modelled as a heat capacity C linked by means of a thermal 

conductance G to a heat bath at the constant temperature T0 (Figure 2-3). This model is 

called monolithic because there is just one overall heat capacity C taking into account the 

contributions of both the absorber and the sensor. A more complex model will be presented 

in Section 0. 4ÈÅ ÈÅÁÔ ÂÁÔÈȭÓ ÃÁÐÁÃÉÔÙ ÉÓ ÃÏÎÓÉÄÅÒÅÄ ÁÓ ÉÎÆÉÎÉÔÅȢ  

If T(t) is temperature of the absorber ÁÔ ÔÈÅ ÔÉÍÅ Ôȟ ÁÓÓÕÍÉÎÇ ɝ4Ѐȿ4ɉÔɊ-T0|«T0 

corresponds to state  that C and G has no dependence on T. Therefore the temporal evolution 

of an energy E deposed in the absorber and instantaneously thermalized is: 

ɝὝὸ
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where ʐ=C/G is the thermal relaxation time.  

 

 

Figure 2-3. Schematic model of a bolometer. 
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According to the approximation, the maximum value of the temperature variation is: 

Ὕ ᶿ
Ὁ

ὅ
Ȣ  

2-6 

It follows that lower is the thermal capacity, higher will be the signal amplitude. For 

energy depositions in the keV-MeV range, appreciable signals with respect to statistical 

fluctuations can be obtained by working at very low temperature (10-100 mK). On the 

contrary, a release of 1 MeV energy in a 1 mole absorber at room temperature corresponds 

to a temperature variation of order of 10-15 K, impossible to be measured. 

(ÅÁÔ ÃÁÐÁÃÉÔÙ ÉÓ ÁÌÓÏ ÒÅÌÅÖÁÎÔ ÆÏÒ ÔÈÅ ÔÈÅÒÍÁÌ ÒÅÌÁØÁÔÉÏÎ ÔÉÍÅ ʐ ÁÎÄ ÉÔÓ ÒÅÄÕÃÔÉÏÎ ÌÅÁÄÓ 

ÔÏ ÆÁÓÔ ÓÉÇÎÁÌÓȢ !Ô ÔÈÅ ÓÁÍÅ ÔÉÍÅȟ ÈÏ×ÅÖÅÒȟ ʐ ÓÈÏÕÌÄ ÂÅ ÌÏÎÇ ÃÏÍÐÁÒÅÄ ÔÏ ÔÈÅ ÔÉÍÅ ÓÃÁÌÅ ÏÆ ÔÈÅ 

transmission of the signal to the sensor, which is of order a few ms for the bolometers 

considered here: for this reason, bolometers cannot stand counting rates higher than Hz.  

From this simple model is possible to see the important role played by the heat 

capacity in the definition of the detector energy resolution. Assuming that all the deposed 

energy is converted in phonons, the energy resolution is limited only by the fluctuations of 

thermal phonons exchanged with the bath trough the conductance G. If the average energy 

needed to create a phonon is w = kBT, and using also Eq. 2-6, Eq. 2-3 becomes: 
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As a consequence, from Eq. 2-4, the energy resolution becomes: 

ЎὉḙЎὔϽὯὝḙ ὯὅὝὝȢ 

2-8 

The first constraints on the design of a bolometric detector arise, hence, from the 

previous discussion: the operation at low temperatures and the selection of materials with 

low capacity are a must. Reminding that the monolithic model is a rough, introductive 

approximation, and that a more sophisticated picture is reserved to the final part of this 

same chapter, the constitutive elements of a bolometric detector will be presented in the 

next sections. The discussion will be general, and will be related to its specific application in 

the Cuoricino and CUORE experiments only in Chapter 3. 
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2.3.1. The Absorber  

As previously introduced, the most relevant parameter of a bolometer it is the overall 

heat capacity that has to be small enough to obtain big and fast signals in response to an 

energy deposition. The specific heat c(T) of a crystal at low temperature can be expressed as 

a sum of two contributions: 

c(T) = cr(T) + ce(T), 

2-9 

coming from the crystal lattice (cr) and from the electrons (ce). In dielectric diamagnetic 

materials only the lattice contribution is present and it is determined by the Debye law: 
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where kB is the Boltzmann constant, NA the number of Avogadro and ץD is the Debye 

temperature that characterises each crystal. This law, valid for T<ץD, can be translated into 

an expression for the heat capacity: 
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Here ɼ =1944 J/( K·mol), m is the absorber mass and M is its molecular weight. 

For metals instead the specific heat at low temperature is dominated by the electronic 

contribution. For conducting materials, the conduction electrons behaviour is described by a 

Fermi gas, therefore:  
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where Z, R e ץF are the number of conducting electron in the atom, the gas constant and the 

Fermi temperature respectively.  

This contribution is different in case of superconductive materials at a temperature 

lower than their critical temperature, Tc. For them, in fact, it holds: 
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where Ks is a constant that depends on the material. However this contribution to the 

specific heat is negligible with respect to the lattice one when T«Tc. 

Therefore the best materials for bolometer absorbers have to be selected among 

dielectric and diamagnetic crystals with high Debye temperature ץD or among 

superconductors with critical temperatures higher than the working temperature. 

2.3.1.1. Phonon thermalization process 

Thermal phonons are the final product of a long process that occurs after an energy 

release in the absorber and are the heat signal read by the phonon detector linked to the 

absorber. The process in which the energy transfer from the particle to the crystal occurs 

follows essentially two channels: the nuclear and the electronic ones (121).  

In the nuclear channel, crystal lattice vibrations are produced by nuclear scattering; 

but also structural damaging of the lattice can result, in which part of the energy can be 

stored and therefore will not be converted into phonons, worsening the energy resolution of 

the detector. 

In the electronic channel, the energy transfer occurs thanks to a sequence of scattering 

processes that slows down the incident particle in a distance from the interaction point 

ranging from mm to mm, according to the kind of particle (heavy or electrons). This produces 

many electron-hole pairs with a very high spatial density and energy, that start interacting 

with each other and spreading quickly in the crystal, until they reach a density similar to the 

one of the lattice impurities. At this point the charge carriers undergo scattering processes 

with the impurities, loosing energy until a quasi-equilibrium situation is reached and the 

carrier energy continue degrading via direct interaction with the crystal lattice, generating 

finally phonons. Also in this channel a fraction of the initial energy can be lost and therefore 

not converted into phonons. This is due mainly because of three mechanisms: radiative 

ricombinations of the electron-hole pairs with the escape of the emitted photons; non-

radiative ricombinations taking too long time with respect to the signal formation; 

permanent trapping of electrons and holes in impurity sites or lattice defects. Nevertheless 

the fraction of energy transferred to the lattice is large and phonons are created through 

different mechanisms depending on the electron-hole pair density and on their energy.  
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A scheme of the global process for the phonon creation is depicted in Figure 2-4. 

After the production, the phonons undergo different processes until they reach a 

thermal distribution  (schematized in Figure 2-6). At the beginning phonons have high energy 

and low momentum on the optical branch and depart from the particle interaction region 

beginning a decreasing cascade of the phonon energy. According to energy and momentum 

conservation, in a very short time (10-100 ps) the optical phonons decay in two longitudinal 

acoustic phonons (LA) having half the energy of the initial phonon (of the order of the Debye 

energy) and opposite momentum (122), (123). Also the electron-hole recombination 

occurring at impurity levels contribute to this phonon population. 

Therefore the final result is a phonon system, mainly LA with energy of the order of 

ÈʉDȟ ×ÈÅÒÅ ʉD is the Debye cut-off frequency of the crystal, that then undergoes further 

energy-degradation via phonon-phonon interaction, producing transverse acoustic (TA) 

phonons, whose decay is forbidden by the momentum conservation law. Therefore other 

mechanisms should occur, able to degrade phonon energy and also to induce the conversion 

of the TA phonons, otherwise stable, in to LA phonons, so they can thermalize. These 

processes are scattering on impurities and reflection on crystal surfaces (see Figure 2-5). 

After other decays phonons are able to cross the whole crystal without further 

decaying and are therefore called ballistic phonons, and can reach the crystal surface (124); 

here they will interact with the phonon sensor connected to the absorber generating 

athermal contribution to the signal. The ones that are not collected are reflected by surfaces 

and they finally thermalize. 

 

Figure 2-4. Simplified diagram of the energy flow due to incident radiation within an absorber. Sn is the 
nuclear channel while Se is the electronic one. Only the energy appearing as heat at the bottom of the 
diagram will contribute to the phonon creation (125). 
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Figure 2-5. Model of the thermalisation process of phonons after their production in the absorber. 

 

 

 

Figure 2-6. Typical average phonons energy versus time (a1) and (a2) recoil of electrons and nuclei with 
creation of electronɀhole pairs and mostly high-energy optical and Debye phonons; (b) rapid decay of 
phonons by successive creation of lower energy pair of acoustic phonons, each process conserving both 
energy and momentum. At the end of (b), phonons propagate ballistically and reach the surface of the 
absorbing crystal; (c) interaction with the surface, creation of athermal signal, (d) rise of thermal signal; (e) 
is the return to equilibrium temperature (34). 
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2.3.1. Phonon Sensors 

Because the energy release in the absorber results in both athermal and thermal 

phonons, two kind of phonon sensors can be conceived: ballistic phonon sensors, for 

detecting the phonons at their first interaction with the absorber surface, and thermal 

phonon sensors, with the aim of having a complete thermalization of the released energy in 

reasonable time. 

Assuming the thermalization time to be finite, the development of the thermal signal 

in the sensor can be defined as: 
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where ʐ ÁÎÄ ʐH are time constants accounting for the fact that the temperature increase is 

not instantaneous and depends on the constructive characteristics of the  sensor. 

According to the absorber dimensions (sub-millimetric or macroscopic) the decay 

times of these detectors correspond to the thermal relaxing time, which is of the order of 

msec or sec, respectively. Concerning the rise times, they are dominated by the speed of 

sound in the crystal in case of monolithic bolometers or by the heat propagation through the 

absorber-sensor interface for composite bolometers; therefore they range between 100 nsec 

and 10 msec for the first case and 100 msec - 10 msec for the second. It holds that the total 

time of the heat pulses is determined by the relaxing times and therefore that thermal 

detector can stand counting rates not higher than few Hz. Several types of devices able to 

detect thermal phonons exist, the most common being Semiconductor Thermistors (ST) and 

Transition Edge Sensors (TES). Because the firsts are the one used in the CUORE experiment, 

the description of the phonon sensors will be focused on them. 

A thermistor is essentially a semiconductor whit a dopant concentration very close to 

the metal-insulator transition (MIT) resulting in a strong dependence of the conducibility on 

the temperature (therefore on the thermal phonons). Measuring its resistance corresponds 

to a temperature variation detection. 

Semiconductors are covalent solids with the valence band completely full and the 

conduction band completely empty at the absolute zero. Their energy gap between the 

valence and conduction bands is no more than 2 eV. In an intrinsic semiconductor 

conduction can happen because of thermal excited electrons in the in the conduction band 

and to the corresponding number of holes in the valence band. It is possible only if the 
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activation energy is equal or larger than the energy gap, and it is possible for working 

temperature is very low with respect to room temperature, since kBT(300 K) ~0.025 eV. The 

fraction of intrinsic carrier (electrons or holes) in the (conduction or valence) band depends 

exponentially on the temperature: 
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Here kB is the Boltzmann constant, me and mh are the effective mass of electrons and 

holes, respectively, and Eg is the energy gap between conduction and valence band, that 

depends with the temperature according to: 

Ὁ Ὕ Ὁ π
‌Ὕ

Ὕ ‍
ȟ 

2-16 

where EgɉπɊ ÉÓ ÔÈÅ ÅÎÅÒÇÙ ÇÁÐ ÖÁÌÕÅ ÁÔ π + ÁÎÄ ɻȟ ɼ Ô×Ï ÃÏÎÓÔÁÎÔÓ (126). 

 

When the semiconductor is doped, the impurities introduce new energy levels just 

below the conduction band (in case of donor impurities) or just above the valence band (in 

case of acceptor impurities).  

At low temperature (<10 K) the extrinsic carrier concentration dominates with 

respect to the intrinsic carrier concentration, therefore donor impurities introduce an n-type 

(or electronic) conductivity, while acceptors corresponds to a p-type (or hole) conductivity. 

The whole conductivity behaviour will depend on the difference between acceptor and 

donor impurity concentrations, i.e. the doping level, p-n. 

,ÅÔȭÓ ÃÏÎÓÉÄÅÒ ÔÈÅ ÃÁÓÅ ÏÆ ÁÎ Î-type doping: at room temperature almost all the dopant 

ÁÔÏÍÓ ÁÒÅ ÉÏÎÉÓÅÄ ÁÎÄ ÔÈÅÉÒ ȰÌÏÓÔȱ ÅÌÅÃÔÒÏÎÓ can reach the conduction band thanks to the 

energy received from the lattice vibrations. These electrons are therefore free to move 

around the crystal. On the contrary, at cryogenic temperature, the conduction band is almost 

empty, resulting in a reduced electric conducibility of the material.  

A particular critical concentration of dopant does exist, beyond which a 

semiconductor shows a metallic behaviour whatever the temperature. This doping level 

denotes the so called Metal-Insulator Transition (MIT) (127) and corresponds to a 

concentration of donor atoms so that the wave functions of their outer electrons can overlap. 
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In this way the electrons are no more confined and a new conducting mechanism arises, 

apart from the passing in the valence band: the electrons can now jump from a donor site to 

another one (hopping mechanism) (128).  

For this to happen, a certain level of compensation is required, i.e. a certain ratio 

between the acceptor and donor concentration (NA and ND respectively), defined by: 
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in order to have holes in correspondence of donor atoms and enhancing the electron 

mobility, determining the density of states near the Fermi energy. 

If the doping level is just below the MIT dopant concentration, the conducting hopping 

mechanism is due to quantum-mechanical tunnelling through the potential barrier 

separating the dopant sites activated by phonon mediation (as sketched in Figure 2-7). 

Essentially, two conducting regimes can be distinguished: 

V short range hopping (SRH), in which the tunnelling hopping mechanism happens 

between two spatially close sites because the phonon-electron interaction and 

the presence of a free donor centre; 

V variable range hopping (VRH), that dominates at very low temperature (<< 10 K) 

and is characterized by a hopping mechanism between two energetically close 

sites, if they are located in a narrow range around the Fermi energy: this implies 

that carriers can migrate also on far sites (129). 

 

 

Figure 2-7. A scheme of the tunnelling hopping conduction mechanism in semiconductor mediated by 
phonon in case of doping slightly below the MIT concentration. 
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&ÏÒ ÂÏÔÈ ÃÏÎÄÕÃÔÉÎÇ ÒÅÇÉÍÅÓȟ ÔÈÅ ÄÅÐÅÎÄÅÎÃÅ ÏÆ ÔÈÅ ÒÅÓÉÓÔÉÖÉÔÙ ʍ ×ÉÔÈ ÔÈÅ ÔÅÍÐÅÒÁÔÕÒÅ 

is given by: 
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where ɾ is ¼ in SRH and ½ in VRH; the latter corresponds to the formation of a gap in the 

density of the electron states near the Fermi energy because of the Coulombian repulsion 

among the electrons (130).  

The CUORE temperature sensors are devices operating in the VRH regime, therefore 

Eq. 2-18 will occur several times in the following Chapters, especially in Chapter 3 and 

Chapter 4, and it wilÌ ÂÅ ÒÅÆÅÒÒÅÄ ÁÓ Ȱ62( ÌÁ×ȱȟ ×ÈÉÌÅ ÔÈÅ ÐÁÒÁÍÅÔÅÒ 20 and T0, to be 

ÄÅÔÅÒÍÉÎÅÄ ÅØÐÅÒÉÍÅÎÔÁÌÌÙ ÆÏÒ ÅÁÃÈ ÄÅÖÉÃÅȟ ×ÉÌÌ ÂÅ ÎÁÍÅÄ Ȱ62( ÐÁÒÁÍÅÔÅÒÓȱȢ The uniform 

doping, absolutely necessary for having all the devices operating in the same way, is 

achieved by using the Neutron Transmutation Doping (NTD) technique, as described in 

Section 3.3.1.1. In particular, for the CUORE thermistors, the expression of the resistance 

R(T) as a function of the resistivity is given by: 
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where R0Ѐʍ0·l/s and l, s are the distance between the electrical contacts and the thermistor 

section respectively. 

The VRH does not describe entirely the thermistor behaviour. In fact at low 

temperature, for a reason not yet well understood, the thermal coupling between electrons 

and the lattice in the thermistor is weakened. A phenomenological model has been proposed, 

known as Hot Electron Model (HEM) (131) for explaining the non-linearity of the VRH 

conduction, thanks to the introduction of a thermal conductance, Ge-ph, between phonons and 

electrons. According to this model, the conducting electrons make a thermal system at a 

certain temperature Te, connected to the phonon bath by Ge-ph, which is at the temperature 

Tph. When a power P is injected into the system, Te results larger than Tph. 

Because conduction electrons and phonons of the lattice form two separate systems 

connected by a finite thermal conductance, the thermistor resistivity will not depend on the 

lattice temperature, but only on Te. This modifies Eq. 2-18 in: 
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A parameter characterizing the thermistor performances is the sensitivity defined as: 
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that measures the ability of the sensor to convert small variation in temperature (fractions of 

mK) in appreciable resistance variations. Usually the sensitivity for a semiconductor 

thermistor ranges between 1 and 10 and, for the particular case of Eq. 2-19, it becomes: 

ὃ ‎
Ὕ

Ὕ
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When energy is deposed in the absorber, which has a temperature Tb, a thermal pulse 

is generated, as expressed in Eq. 2-14 using the rough monolithic approximation; it can be 

converted into an electric signal by means of the thermistor bias circuit, that leads a current I 

going across the sensor. 

Considering the basic circuit shown in Figure 2-8, the relationship between the 

voltage signal ɝV, the parameters of the thermistor and the deposited energy E is given by: 

Ўὠ
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Figure 2-8. A sketch of the basic thermistor bias circuit. 
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2.4. Composite bolometer model 

Now that the basic principles of the energy absorber and of the temperature sensor 

are known, a more refined bolometric model can be presented. The aim of this section is to 

provide a basic understanding of the static and dynamic behaviour of macro-bolometers, 

aiming at the explanation of their use in experiÍÅÎÔÓ ÏÎ πʉɼɼ. Also, the instruments will be 

given to face the optimization work that will be detailed in this thesis, from Chapter 3 to 

Chapter 6. The thermal model presented here will be described in its main aspects for the 

sake of a better comprehension of the next topics; a detailed treatment is found in (132). 

The simplified monolithic model has just been presented in Section 2.3, while 

introduc ing to the bolometric technique: in that thermal picture, the detector is seen as a 

single heat capacity C connected to the heat bath by means of a conductance G. The 

monolithic model has already been labelled as limited and incapable of accounting for the 

real signal structure. The first adjustment to the real case consists in separating the detector 

in its two main components, the absorber and the thermistor; each of them will be described 

by means of a heat capacity and will be linked to the other elements of the system through a 

heat conductance. This evolution of the model is still not sufficient, however, as it neglects 

any non-linearities in the behaviour of the thermistor. For example, the HEM (see Section 

2.3.1) separates the phonon system from the electron one inside the temperature sensor: the 

two systems are connected by a thermal conductance weaker than the one among the 

electrons, and therefore they reach distinct temperatures following power injection. 

 Summing up, the bolometric detector under discussion here can be described by an 

enhancement of the monolithic model that takes into account, at least, the following terms: 

V the heat bath, which is the thermal reference point; 

V the absorber, connected by means of distinct conductances to the heat bath and 

to the phonon system of the thermistor; 

V the phonon system of the thermistor, connected by means of distinct 

conductances to the heat bath ÁÎÄ ÔÏ ÔÈÅ ÔÈÅÒÍÉÓÔÏÒȭÓ ÅÌÅÃÔÒÏÎÉÃ ÓÙÓÔÅÍȟ ×ÈÉÃÈ ÉÓ 

uncoupled due to the HEM picture; 

V the electron system of the thermistor, connected to the phonon system of the 

thermistor by a conductance. 

The three-nodes system just sketched constitutes a composite model and is integrated 

by taking into account the characteristics of the electric circuit for thermistor polarization 

(Figure 2-8), for converting the temperature rise into electric signal. The behaviour of this 

kind of macro-bolometer will be analyzed now in both its static and dynamic behaviour. 



 

Optimisation of the bolometric performances of the CUORE-0/CUORE and LUCIFER 

detectors for the neutrinoless double beta decay search 

 

62 
 

 

Figure 2-9. Composite thermal model with three nodes. The sign of powers flowing in the system is not 
known in principle, and they are fixed by convention. 

2.4.1. Static behaviour  

In ideal static conditions, when no electric power is injected in the system, all the 

nodes are expected to reach the same temperature T0 of the heat bath; in the real case, 

localized background powers are always present and generate a thermal flow among the 

ÍÏÄÅÌȭÓ ÎÏÄÅÓȟ ÅÖÅÎ ×ÈÅÎ ÎÏ ÅÎÅÒÇÙ ÉÓ ÒÅÌÅÁÓÅÄ ÉÎ ÔÈÅ ÁÂÓÏÒÂÅÒ ÁÎÄ ÔÈÅ ÔÈÅÒÍÉÓÔÏÒ ÉÓ ÎÏÔ 

polarized. At least two parasitic powers, ὖ  and ὖ , should be considered: the former is 

dissipated in the crystal absorber because of unavoidable micro-vibrations, while the second 

one can be correlated to parasitic currents induced by electromagnetic interferences. When 

the thermistor is polarized by the passage of an electric current I for signal read-out, Joule 

heating by means of an electric power Pel takes place in its electron system. In such 

conditions, describing the static behaviour of the modelled macro-bolometer means finding 
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the thermal equilibri um configuration reached by the network sketched in Figure 2-9. The 

power balance for the three nodes of the thermal system under discussion is: 

ὖ ὖ ὖ

ὖ ὖ ὖ

ὖ ὖ ὖ

 

2-24 

where Pel can be expressed in terms of the elements in the polarization circuit pictured in 

Figure 2-8: 

ὖ ὙὝ Ͻ
ὠ

ὙὝ Ὑ
 

2-25 

In the set of Eq. 2-25, the dependence on the different temperatures of the nodes can 

be made explicit by expressing the power P12 flowing between nodes 1 and 2 in function of 

T1 and T2, with T1 > T2. As confirmed by experimental measurements that will be reported in 

Section 3.5, the thermal conductances used in the model are expressed by a law of power in 

function of T: 

ὋὝ ὫϽὝ 

2-26 

The power flowing between the generic nodes 1 and 2 in the depicted thermal 

network can therefore be written as: 

ὖ ὋὝὨὝ
Ὣ

‌ ρ
ϽὝ Ὕ  

2-27 

The thermal balance system (Eq. 2-24), rewritten in terms of Eq. 2-27, is non-linear 

and cannot be solved analytically. Its solution by means of numerical methods gives the 

temperature of each node, and both the resistance of the thermistor R(Tel) and the current 

flowing through it, then, can be calculated from the value Tel . 
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2.4.2. Dynamic behaviour  

Once static conditions are known, the dynamic problem can be approached. It consists 

in finding the temporal evolution of a pulse generated by an energy deposition in the crystal 

absorber. When the monolithic model was presented in Section 2.3, a first-order 

approximation for the evolution in time of pulses was found in the case of a capacity C linked 

to the heat bath by a conductance G.  

Although the composite model is more complex and should be treated independently, 

some considerations on the general signal structure can be drawn. The temperature 

variation generated by the particle interaction is defined starting from the static equilibrium 

configuration of the network, which is regained when the whole evolution of the thermal 

pulse is over; although approximate, this first picture shows that the characteristic times of a 

thermal pulse, linked to the constant ʐ = C/G, are those of the thermal relaxation towards 

equilibrium, and that such relaxation is described by exponential functions. 

The previous general view can be refined by specific reference to temperature 

variations in the composite model. Energy conservation in the time interval dt can be applied 

to the three nodes of the thermal network in Figure 2-9, obtaining the set of differential 

equations: 

ừ
Ử
Ừ

Ử
ứ ὅ Ͻ

ὨὝ

Ὠὸ
ὖ ὖ ὖ

ὅ Ͻ
ὨὝ

Ὠὸ
ὖ ὖ ὖ

ὅϽ
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Tel(t), Tph(t) and Ta(t) are the unknown temperatures of the ÔÈÅÒÍÉÓÔÏÒȭÓ ÅÌÅÃÔÒÏÎȟ 

ÔÈÅÒÍÉÓÔÏÒȭÓ ÐÈÏÎÏÎ ÁÎÄ ÃÒÙÓÔÁÌ ÁÂÓÏÒÂÅÒ ÎÏÄÅÓȠ #el, Cph and Ca are their heat capacities, 

respectively, and depend on temperature with the general form: 

ὅὝ ÃϽὝȟ 

2-29 

where c is a coefficient experimentally measured; the exponent ɼ is equal to 3 for the 

absorber due to the Debye law and 1 for the electron system of the thermistor. The powers 
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P12
 flowing in the system still have the form of Eq. 2-27. At time t = 0, the power Pa Ѐ % ɇ ɿ(0) 

is released instantaneously in the absorber, which implies the following conditions hold:  

ừ
Ử
Ừ

Ử
ứ Ὕ π Ὕ

Ὕ π Ὕ

Ὕ π Ὕ
Ὁ

ὅ
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The superscripts Ȱsȱ refer to the static equilibrium temperatures of the three nodes. A 

necessary remark is that the third equation, more specÉÆÉÃÁÌÌÙ ÔÈÅ ÉÎÉÔÉÁÌ ÃÏÎÄÉÔÉÏÎ ɝTa =E/Ca, 

is valid provided that the variation with temperature in the heat capacity of the absorber is 

negligible, and then ɝT « T: the approximation is valid in the case under study but does not 

hold for absorbers with very small heat capacities or large energy depositions. 

The set of equations 2-28, completed by the initial conditions 2-30 that correspond to 

an instantaneous release of energy E, can be solved only in a numerical way. However, 

opportune approximations can be made in order to linearize it: 

1) the thermal pulse generated in the crystal absorber is treated as a small 

perturbation of the work point determined by the static problem. In other words, 

the power flowing from the heat bath to the generic node j in dynamic conditions 

can be written as: 

ὋὝὨὝ ὋὝὨὝ
Ў

ὋὝὨὝ ὋὝὨὝ
Ў

ͯ ὋὝὨὝ ὋὝ ϽЎὝ 

2-31 

In the previous equation, Ὕ  is the temperature of the generic node j determined 

in static ÅÑÕÉÌÉÂÒÉÕÍ ÃÏÎÄÉÔÉÏÎÓȟ ÁÎÄ ɝT is the temperature variation during pulse 

ÅÖÏÌÕÔÉÏÎȢ 4ÈÅ ȰÓÍÁÌÌ ÐÅÒÔÕÒÂÁÔÉÏÎȱ ÁÐÐÒÏØÉÍÁÔÉÏÎ ÒÅÌÉÅÓ ÏÎ ÔÈÅ ÁÓÓÕÍÐÔÉÏÎ ÔÈÁÔ 

heat conductances and capacities do not change within the variation range of the 

pulses. In this way, tÈÅ ÅÑÕÁÔÉÏÎÓ ÔÈÁÔ ÄÅÓÃÒÉÂÅ ÔÈÅ ÃÏÍÐÏÓÉÔÅ ÍÏÄÅÌȭÓ ÄÙÎÁÍÉÃ 

behaviour are rewritten in terms of heat capacities and thermal conductances 

evaluated at the temperatures in the operation point; 

2) The heat capacity Cph of the phonon system in the thermistor is considered 

negligible compared with the other ones; as will be evidenced in Section 3.5, the 

inequality Cph « Cel « Ca holds true for the CUORE bolometers. 
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These approximations allow solving analytically the dynamic problem and the 

resulting solution has the form: 

Ὕ Ὕ
Ὁ

ὅ
ϽὑϽὩ Ὡ Ὕ 

2-32 

The constants K, ʇ1, and ʇ2
 depend from the values of the heat capacities and 

conductances in the system evaluated at the temperatures Ὕ  obtained from the solution of 

the static problem. However, the description of the composite model given in this section 

must be completed by incorporating some additional elements, such as the electrothermal 

feedback, the presence of parasitic capacitances in the bias circuit and the contribution of 

athermal phonons. 

The electro-thermal feedback is the phenomenon that describe the non-linearity of 

the V-I relation in a biased thermistor, because the applied voltage produces a power 

dissipation P which increases the temperature and acts back on the resistance of the 

thermistor. It will  be described in Section 3.3.1.2. As depicted by the first equation in the set 

2-24, the power in the electron system is given by the sum of two terms: a static parasitic 

power and a Joule power I2 · R(Tel ). The latter becomes smaller during the time-evolution of 

a thermal pulse because the rise in temperature due to particle interaction in the absorber 

leads to a decrease in the resistance of the thermistor: the lower the Joule power dissipated, 

the faster is the relaxation of Tel to its static equilibrium value Ὕ . This effect is relevant 

unless the power in the electron system is dominated by the parasitic term. Electro-thermal 

feedback is integrated in the model by introducing an effective thermal conductance 

between the electron and the phonon systems, which substitutes the GphϺel used in the 

previous discussion: 

Ὃᶻ Ὕ Ὃ Ὕ
ὍϽὙὝ ϽὃὝ

Ὕ
 

2-33 

A is the logarithmic sensitivity of the thermistor used. The use of the substitution of 

Eq. 2-33 incorporates the electro-thermal feedback effect in the system without altering the 

structure of the solution (Eq. 2-32). 

Since bolometric detectors are operated in a cryogenic environment, the electric read-

out of each thermistor requires that a pair of wires is brought up to the room temperature 
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electronics stage. Experimentally, parasitic capacitances are observed between the wires and 

between the wires and the ground. The second refinement of the composite thermal model 

consists therefore in integrating similar effects: this is done by including the presence of a 

capacitance-to-ÔÈÅÒÍÉÓÔÏÒȭÓ ÒÅÓÉÓÔÁÎÃÅ ÐÁÒÁÌÌÅÌ ÃÏÎÆÉÇÕÒÁÔÉÏÎ in the bias circuit (see Figure 

2-10). Given a parasitic capacitance cp, the differential equation that describes the variation 

in time of the voltage pulse at the terminals of the thermistor is given by: 

Ὠὠ

Ὠὸ

ρ

ὧὙ
Ͻὠ

Ὑ Ὑ

Ὑ
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This expression completes the set of equations 2-28 that describes the time evolution 

of the thermal pulse in the three nodes of the composite system. Summing up, the presence 

of a parasitic capacitance introduces in the system a new time constant ʐp = cpRL, which 

cannot be neglected in the application under discussion: in the Cuoricino case, the typical 

operational values cp ~ςπ Ϻ υππ Ð& ÁÎÄ 2L ~10 GW lead to ʐp of even a few seconds, therefore 

comparable to the evolution times of thermal pulses. 

The last refinement of the proposed composite model regards the contribution of 

athermal phonons with high energy of order ᴐ D); they can degrade in thermal phonons by 

ÓÃÁÔÔÅÒÉÎÇ ×ÉÔÈ ÔÈÅ ÁÂÓÏÒÂÅÒȭÓ ÓÕÒÆÁÃÅÓ ÏÒ ÌÁÔÔÉÃÅ ÉÍÐÕÒÉÔÉÅÓȟ ÂÕÔ ÔÈÅÙ ÃÁÎ ÁÌÓÏ ÒÅÁÃÈ ÄÉÒÅÃÔÌÙ 

the thermistor where they thermalize by interaction with conductance electrons. In this case, 

the initial condition Ta(0) = Ὕ  + E/Ca should be modified because the energy transfer of the 

interacting particle is now split in two contributions to both thermal and athermal phonons. 

 

 

Figure 2-10. Bias circuit for the voltage read-out of the thermistor, corrected by the presence of a parasitic 
ÃÁÐÁÃÉÔÁÎÃÅ ÉÎ ÐÁÒÁÌÌÅÌ ×ÉÔÈ ÔÈÅ ÓÅÎÓÏÒȭÓ ÒÅÓÉÓÔÁÎÃÅȢ 
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2.5. Noise sources in bolometric detectors 

To conclude the general picture of the bolometers, a brief description of the noise that 

can affect the detector performances will be here given. The noise sources can be divided in 

two categories: intrinsic noise, depending on the bolometer and its physical parameters, and 

extrinsic noise, related to the bias circuit, the read-out chain and the cryogenic system.  

Intrinsic noise cannot be eliminated totally and limits the nominal energy resolution; 

it is due mainly to: The main sources of this kind of noise are: 

V Johnson noise, that is the white noise generated by the fluctuation of charge 

carrier across the thermistor, considered as a resistive element. The power 

spectrum of this noise is: 

‭ τὯὙὝȟ 

2-35 

where R is the thermistor resistance at the temperature T. Using the monolithic 

model, it is possible to demonstrate that the Johnson noise at low-frequency is 

reduced by the electro-thermal feedback. 

V Thermodinamic or phonon noise, that limits the intrinsic energy resolution in 

case of complete energy thermalisation; it is caused by the fluctuation of the 

number of thermal phonons exchanged with the heat bath through the 

conductance G, creating random fluctuations in the absorber temperature.  

When Poisson statistics is assumed, an estimate of the fluctuation of the internal 

energy of the absorber is given by Eq. 2-8. In the case of the monolithic 

bolometer model, a detailed calculation of noise due to the intrinsic sources 

ÓÈÏ×Ó ÈÏ× ÔÈÁÔ ÅØÐÒÅÓÓÉÏÎ ÍÕÓÔ ÂÅ ÍÕÌÔÉÐÌÉÅÄ ÂÙ Á ÄÉÍÅÎÓÉÏÎÌÅÓÓ ÆÁÃÔÏÒ ʊȡ ÈÁÓ ÔÏ 

be introduced (133):   

ЎὉḙʊὯὅὝὝȢ 

2-36 
 
 

4ÈÅ ÖÁÌÕÅ ÏÆ ʊ ÄÅÐÅÎÄÓ ÏÎ ÔÈÅ ÄÅÔÁÉÌÓ ÏÆ ÔÈÅ ÔÅÍÐÅÒÁÔÕÒÅ ÓÅÎÓÏÒ ÁÎÄ ÏÆ ÔÈÅ 

temperature dependencies of the thermal conductance and of the heat capacity, 

and can be made of the order of the unity with a proper optimization work. 
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The extrinsic noise can depend on the cryogenic and electronic set-ups for the 

bolometer operation, such as, for example the Johnson noise due to the load resistance in the 

thermistor bias circuit (see Figure 2-8). Other sources of noise can be included in this 

category, such as electric microphonic noise, electromagnetic interferences, and mechanical 

ÍÉÃÒÏÐÈÏÎÉÃ ÎÏÉÓÅȢ 4ÈÅÓÅ ÁÒÅÎȭÔ ÃÌÁÓÓÉÆÉÁÂÌÅ ÁÓ ÉÎÔÒÉÎÓÉÃ ÎÏÉÓÅ ÏÆ ÔÈÅ ÄÅÔÅÃÔÏÒÓ ÏÒ ÁÓ 

consequence of the electronic read-out of bolometers but can seriously impact detector 

performance. 
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  Chapter 3.

TOWARDS THE CUORE SINGLE MODULE 

Brick by brick by brick by brick we're building8 

Proposed since 1998 (134), the Cryogenic Underground Observatory for Rare Events 

(CUORE) (135), is one of the most sensitive next-ÇÅÎÅÒÁÔÉÏÎ ÅØÐÅÒÉÍÅÎÔÓ ÓÅÁÒÃÈÉÎÇ ÆÏÒ πʉɼɼȢ 

The CUORE detector will consist of 988 TeO2 bolometers arranged in 19 towers, resulting in 

a scaled-up version of the Cuoricino experiment (introduced in Section 1.4.2.3) that will 

exploit the experience and results gained from its predecessor while aiming at an 

improvement in sensitivity by roughly two orders of magnitude. 

The elementary brick of the CUORE detector, usually called Single Module, is a single 

floor of a tower. The structure and the materials of the CUORE single module are almost the 

same as in Cuoricino but, because the CUORE goal is an extremely better sensitivity, huge 

efforts have been done to better the Single Module (see Section 3.1). 

In particular, the improvements follow two ways: one is to decrease the background 

level to 10-2 counts/(keV·kg·y), more than one order of magnitude lower than what 

measured in Cuoricino, by a more careful selection of the construction materials, which will 

also undergo special cleaning treatments and be stored underground to minimize cosmic-ray 

ÁÃÔÉÖÁÔÉÏÎȢ /Î ÔÈÅ ÏÔÈÅÒ ÈÁÎÄȟ ÄÉÆÆÅÒÅÎÔÌÙ ÆÒÏÍ #ÕÏÒÉÃÉÎÏ ÔÈÁÔ ×ÁÓ ÔÏÔÁÌÌÙ ȰÈÁÎÄÍÁÄÅȱȟ ÔÈÅ 

CUORE detector will be built thanks to a devoted assembly line, with the purpose of 

increasing the uniformity among the performances of the one thousand detectors and having 

a faster and cleaner construction. Because of all the modifications introduced, before the 

construction of the entire CUORE detector, a single tower will be made, named CUORE-0, and 

cooled down in the Cuoricino refrigerator (see Section 3.8). 

The revision of the Cuoricino Single Module towards the CUORE Single Module and 

the construction of CUORE-0, being the framework in which this PhD work developed, will 

be detailed in the present Chapter, with the aim of pointing out the elements that mostly 

contribute in increasing the sensitivity and presenting the optimisation work performed. 

                                                                    
8 (226). 
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Figure 3-1. Picture of a Cuoricino Single Module. 

3.1. General description 

This Section will provide a general description of the CUORE-0/CUORE Single Module, 

focusing on the main elements constituting the bolometers and on the improvements made 

since Cuoricino; some of them, treated deeply in this thesis work, will be analysed 

thoroughly in the next chapters, while here a complete description of the Single Module will 

be given. 

In order to understand the sources of background to be dealt with, and the related 

improvements made to overcome them, the Cuoricino background will be also briefly 

presented. 

3.1.1. The background of the Cuoricino experiment  

In Cuoricino two main contributions have been identified as responsible of the 

counting rate in the Region of Interest (ROI) (135), (91): 

V About 30% of the background is ascribed to a 232Th contamination in the 

cryostat. This background is due to multi-Compton events of the 2615 keV line of 

208Tl (belonging to the 232Th chain) and appears to be the only purely gamma-
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induced background in the ROI. Studies based on Monte Carlo simulations of the 

set-up and dedicated measurements (as the one described in (136)) indicates 

that this is the only source of background originated outside the detector, 

implying that the Cuoricino external shields are thick enough to reduce to 

ÎÅÇÌÉÇÉÂÌÅ ÌÅÖÅÌÓ ÔÈÅ ÃÏÎÔÒÉÂÕÔÉÏÎÓ ÏÆ ÍÕÏÎÓȟ ÎÅÕÔÒÏÎÓ ÁÎÄ ÅÎÖÉÒÏÎÍÅÎÔÁÌ ɾÓ ÂÕÔ 

the internal Roman lead shield surrounding the Cuoricino array is not sufficient 

to shield the detector from the radioactivity of the cryostat. 

V The remaining 70% is ascribed to surface contaminations of the crystals and of 

the copper structure. Unlike other detectors, bolometers have no dead layer at 

their surface, therefore they are fully sensitive both to their own surface 

contamination and to that of the materials facing them (the Cuoricino array is 

held in vacuum and faces mainly copper parts). As a consequence also short 

ÒÁÎÇÅ ÐÁÒÔÉÃÌÅÓ ÌÉËÅ ɻÓ ÁÎÄ ɼÓ ÃÁÎ ÒÅÁÃÈ ɉor escape from) the active volume of the 

detector, depositing therefore only a fraction of their energy in it. In this way also 

4È ÁÎÄ 5 ɻÓ ɉ×ÈÉÃÈ ÈÁÖÅ ÔÙÐÉÃÁÌ ÅÎÅÒÇÉÅÓ Є τ -Å6Ɋ ÃÁÎ ÍÉÍÉÃ Á πʉɼɼ ÄÅÃÁÙȢ )Î 

the case of crystal surface contaminations this background can be efficiently 

ÒÅÊÅÃÔÅÄ ÂÙ ÔÈÅ ÕÓÅ ÏÆ ÔÈÅ ÁÎÔÉÃÏÉÎÃÉÄÅÎÃÅ ÃÕÔ ɉÔÈÅÓÅ ÁÒÅ ÔÈÅ ÅÖÅÎÔÓ ×ÈÅÒÅ ÔÈÅ ɻȾɼ 

particles exit the source crystal entering a nearby one), while ÄÅÇÒÁÄÅÄ ɻÓ 

(namely alphas that release only part of their energy in the crystal) coming from 

the surface contamination of the materials directly facing the detectors create a 

flat background above the 2615 keV region. This contribution is the most difficult 

to deal with. 

 

 

 

Figure 3-2. Anticoincidence total energy spectrum of all Cuoricino detectors (black). The most prominent 
peaks are labelled and come from known radioactive sources such as: e+eϺ annihilation (1), 214Bi (2), 40K (3), 
208Tl (4), 60Co (5) and 228Ac (6). The total energy spectrum of all Cuoricino detectors during calibration 
measurements is also shown (colour). For convenience, it is normalized to have the same intensity of the 
2615 keV line of 208Tl as measured in the non-calibration spectrum. 



 
TOWARDS THE CUORE SINGLE MODULE 

 

 

73 
 

3.1.2. The CUORE single module 

The basic module of the CUORE-0/CUORE detector, i.e. the single floor of a tower, is 

made by a 2x2 array of cubic TeO2 crystal absorbers, each 50 mm on a side and mass 750 g, 

containing 1304Å ÁÓ πʉɼɼ ÓÏÕÒÃÅ ɉÓÅÅ 3ÅÃÔÉÏÎÓ 3.2.1 and 3.2.2). The crystals are produced by 

the Shanghai Institute of Ceramics Chinese Academy of Sciences (SICCAS ɀ China), which also 

grew the Cuoricino ones. Several improvements have been achieved in terms of homogeneity 

and radio-purity of the production (described in Section 3.2.3), for reducing surface and bulk 

contaminations, requiring specific tests for the validation (discussed in detail in Chapter 5). 

Each crystal is provided with a Neutron Transmutation Doped Ge thermistor, usually 

referred simply as NTD (see Section 3.3.1), that detects the temperature changes in the 

absorber thanks to the strong dependence of its resistance with the temperature. This 

dependence is strictly related to the doping of the thermistor, therefore a precise 

characterisation of the NTDs is mandatory (as will be dealt with in Chapter 4). The crystals 

are equipped also with heaters, heavily doped Si devices that provide fixed reference pulses 

for the bolometer response stabilisation (see Section 3.3.2). 

The coupling of these elements to each crystal is made by a matrix of glue spots; this is 

a very delicate issue in the construction of the CUORE bolometers, because the formation of 

the signal depends strongly on it. There are several factors to deal with the thermistor-to-

absorber coupling: the selection of the glue, the number of contact points between the doped 

chips and the crystal and so on, as introduced in Chapter 6; most of them have been studied 

and fixed since Cuoricino but, differently for the pilot experiment, the CUORE gluing will be 

done thanks to a semi-automatic system (see Section 3.3.3.1). 

The crystals are mechanically and thermally coupled to an Oxygen-Free High 

Conductivity (OFHC) copper holder, acting as heat sink, thanks to PTFE pieces. The cleaning 

of all these materials is another important point of the CUORE assembly, as their surfaces 

facing the bolometers can be sources of dÅÇÒÁÄÅÄ ɻ ÔÈÁÔ ÃÏÎÔÒÉÂÕÔÅÄ ÄÁÎÇÅÒÏÕÓÌÙ ÔÏ ÔÈÅ 

background (as introduced in Section 2.1). 

On the external side of the frames, copper pads, designed on Kapton boards, are fixed 

to carry the signal to the electronic read-out. The electrical connection between the doped 

semiconductors and the copper pad is made with 25 mm diameter gold wires, attached by 

means of the ball bonding and wedge bonding technique on the two different ends 

respectively (see Section 3.3.3.2). 

A sketch of the CUORE Single Module can be found in Figure 3-3, while Figure 3-4 

displays a scheme of a single CUORE bolometer, reporting pictures of its main components. 
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Figure 3-3. Drawing of a CUORE Single Module connected to the top plate of a tower. 

 

 

 

Figure 3-4. Sketch of  a CUORE bolometer, with all its elements: 1) the TeO2 crystal absorber; 2) the NTD-Ge 
thermistor, with wrap -around style gold pads; 3) the Si heater; 4) the copper frame acting as thermal bath; 
5) the PTFE spacers, linking the absorber to the bath; 6) the  gold wires, 7) the copper pad and 8) the wire 
tray for carrying out the electrical signal. 
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3.2. TeO2 crystal absorbers 

4ÈÅ #ÕÏÒÉÃÉÎÏ ÁÎÄ #5/2% ÅØÐÅÒÉÍÅÎÔÓ ÓÅÁÒÃÈ ÆÏÒ ÔÈÅ πʉɼɼ ÄÅÃÁÙ ÏÆ ÔÈÅ 130Te in 130Xe.  

The main advantage of this choice is the high natural isotopic abundance of the 

nuclide that makes the isotopic enrichment of the crystals not mandatory for the experiment. 

Observing the other features of the 130Te, such as the Q-value or the results from the nuclear 

matrix element calculation, no strong disadvantages emerge. Another plus of the 130Te is that 

its crystalline compound, the TeO2, is particularly suitable for use in a cryogenic particle 

detector because of its crystal and thermal characteristics (Section 3.2.2.1). 

3.2.1. The nuclide: 130Te 

The natural isotopic abundance of 130Te is 33.8% (137), higher with respect to other 

πʉɼɼ ÃÁÎÄÉÄÁÔÅ ÎÕÃÌÉÄÅÓȟ ÁÓ ÃÁn be seen in Figure 1-10. Because of this, enrichment is not 

mandatory for CUORE, but can be considered for the future, since it could be double the 

sensitivity (see Eq. 1-31 and Eq. 1-32), even if up to now no specific R&D in this direction has 

been carried on. 

A second important feature of 130Te is the Q-value (138): Qπʉɼɼ=2527.01±0.32 keV. 

4ÈÉÓ ÖÁÌÕÅ ÉÔ ÉÓ ÎÏÔ ÔÈÅ ÈÉÇÈÅÓÔ ÁÍÏÎÇ ÔÈÅ πʉɼɼ ÃÁÎÄÉÄÁÔÅÓ ɉÁÓ ÓÈÏ×Î Én Figure 1-9) but it is 

considerably large and that is good considering that the space phase factor, Gπʉ, depends on 

Q5; the higher the Q-value, the bigger is the probability for the decay to occur. The 130Te Q-

value is not outside the region of the natural radioactivity, whose end-point correspond to 

ÔÈÅ ɾ-peak of 208Tl (due to the Thorium chain) at 2615 keV; nevertheless it is situated in a 

window of the spectrum characterized by low radioactivity, between the full energy and the 

Compton edge of the 2615 keV photon peak of 208Tl, and out of the 238U background.  

3.2.2. The compound: TeO2 crystals  

A Tellurium compound exists that is particularly convenient for use in a cryogenic 

particle detector: it is known as paratellurite ( TeO2) and it forms  dielectric and diamagnetic 

crystals for which, at few mK, the relatively high value of Debye temperature, TD =232 K 

(139) (higher than for pure Te), yields a very low heat capacity, leading to large temperature 

signals and good energy resolution (see Eq. 2-6 and 2-8). Paratellurite (differently from the 

pure metallic Te) can also stand subsequent thermal cycles down to cryogenic temperatures. 
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Figure 3-5. Pictures of the 5x5x5 cm3 TeO2 crystal produced by SICCAS for the CUORE-0 and CUORE 
experiments. 

 

Moreover, the thermal expansion coefficient of TeO2 crystal (140) is very close to that 

of copper, at least along the direction perpendicular to the growth axis, allowing copper to be 

used for the holder of the detector without placing too much strain on the crystals in the 

cooling process. 

With paratellurite, large single crystals with good thermal and mechanical properties 

can be grown; together with the fact that Te dominates the compound with respect to the 

mass (about 80%), the choice of TeO2 permits to have large quantities of this material. 

Examples of TeO2 crystal are shown in Figure 3-5. 

3.2.2.1. TeO2 crystal properties 

Tellurium dioxide is found in nature in two mineral forms: tellurite (orthorombic) and 

ÐÁÒÁÔÅÌÌÕÒÉÔÅ ɉɻ-TeO2). The latter has a tetragonal symmetry D4(422) and due to its useful 

acousto-optic properties, is commercially produced on a large scale. First crystal synthesis 

using Czochralski method was reported in 1968 (141). The first Bridgman growth of TeO2 

crystals was reported in 1985 (142). The structure of the crystal may be regarded as a 

distorted rutile structure with a doubling of the unit cell along the [001] direction where the 

positions of the tellurium are slightly shifted from the regular rutile positions (143). 

Tellurium ion is fourfold coordinated by oxygen, the coordination polyhedron being a 

distorted trigonal  bipyramid (144) with two different bond distances: 1.88 Å (short) and 

2.12 Å (long). Each oxygen atom is bonded to two tellurium atoms with an angle of 140° 

between long and short bonds; other tellurium neighbours are at larger distances. Oxygen 

positions have no symmetry. Eight nonequivalent oxygen or interstitial sites and four 
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nonequivalent tellurium sites can be distinguished. The material is bi-refringent, optically 

active and highly transparent (145) in the range of 350 nm ɀ υ ʈÍȢ 4Å/2 is insoluble in water 

and has high refractive indices (no=2.274 and neЀςȢτσπ ÁÔ ʇЀ500 nm). The density of TeO2 

synthetic crystals is 6.04 g/cm3, close to the density calculated from measured lattice 

constants: a=4.8088 Å and c=7.6038 Å. The melting point of commercially available TeO2 

99.99% purity powder is 733 °C. 

3.2.3. TeO2 crystal production  

To reduce the presence of environmental radioactivity and radioactive contaminants 

in the detector, a high control of all the crystal production steps is required. In particular, to 

minimize the influence of long-lived, naturally occurring isotopes, such as 238U, 232Th, 40K and 

their daughters, great care must be devoted to the selection of all materials and ancillaries 

used for the preparation of the TeO2 crystals, i.e. a detailed monitoring of all materials, tools 

and facilities used for raw oxide synthesis and crystal growth. 

Possible surface contamination must be controlled with great care by a strict selection 

of consumables and equipment used for chemical and mechanical processing of grown 

crystals. Materials and tools used in the packaging process must also be strictly controlled 

for the same reasons. Sea level transport and underground storage of prepared crystals are 

necessary in order to minimize their cosmogenic activation. 

For accomplishing the task of having high radiopure TeO2 crystals for the CUORE 

experiment, dedicated production lines for raw material synthesis, crystal growth and 

surface processing were built compliant with radio-purity constraints. Based on previous 

experience (146) and on a background goal of (10-2-10-3) counts/(keV·kg·y) for the CUORE 

experiment, limit values were defined for the concentration of radionuclides to be accepted 

in raw materials, consumables, reagents and intermediary products used for the production 

of TeO2
 crystals for CUORE. The values are reported in Table 3-1. 

Production and certification protocols have been developed and high sensitivity 

measurements have been performed to check the radio-isotope concentrations in raw 

materials, reactants, consumables, ancillaries and intermediary products used for TeO2 

crystals production (147), as described in Section 5.1. 

Furthermore the CUORE TeO2 crystals have very strict specifications concerning 

dimensions, surface quality and crystallographic orientation. Crystals have cubic shape with 

(50±0.050) mm edges and chamfers of 0.5 mm. The average flatness of faces has to be <0.010 
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mm and cubic faces have to be oriented parallel to crystallographic planes ([001], [110], [1-

10]) within ±1°. The crystals have two hard faces (<100>) and four soft faces (<110>). 

Material  Category Contamination limits  

Metallic Te  

 

 

Raw material 238U < 2*10-10 g/g 
232Th < 2*10-10 g/g 
210Pb < 10-4 Bq/kg 
40K < 10-3 Bq/kg  
60Co < 10-5 Bq/kg 

Water and acids used for TeO2 

powder synthesis 
Reagent 238U < 2*10-12 g/g 

232Th < 2*10-12 g/g 

Water Consumable 238U < 2*10-12 g/g 
232Th < 2*10-12 g/g 

TeO2
 powder before crystal 

growth 
Intermediary  

Product 

238U < 2*10-10 g/g 
232Th < 2*10-10 g/g 
210Pb < 10-4 Bq/kg 
40K < 10-3 Bq/kg  
60Co < 4*10-5 Bq/kg  

Pt < 10-7 g/g 

Bi < 10-8 g/g 

TeO2
 crystal, ready-to-use Final product  

 

238U < 3*10-13 g/g 
232Th < 3*10-13 g/g 
210Pb < 10-5 Bq/kg 
60Co < 10-6 Bq/kg 

SiO2
 powder for crystal polishing 

and textile polishing pads 
Consumables 238U < 4*10-12 g/g 

232Th < 4*10-12 g/g 

Gloves, plastic bags, cleaning 
tissues, etc  

Ancillaries 238U < 4*10-12 g/g 
232Th < 4*10-12 g/g 

Table 3-1. Concentration limits for radioactive isotopes requested for raw materials, reagents, consumables 
and intermediary products used for the production of TeO2 crystals (147). 

 

The production process of TeO2 crystals for CUORE is divided into two major phases, 

crystal synthesis and crystal polishing, which are then divided into several sub-processes. 

Bulk contamination is a risk in the crystal synthesis phase, while surface contamination is 

the main concern during the crystal processing. 

The raw material synthesis and TeO2 crystal growth methodology used for the CUORE 

crystal production are well known (148), (149). The key to obtain high purity crystals is 

making two successive crystal growth processes with two associated iterations of TeO2 

powder synthesis, as illustrated in  Figure 3-6, and described in detail in (147). In this way 

the final radio-pure TeO2 crystals are grown from a highly pure TeO2 powder as raw 

material.  
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The TeO2 powder used for the first growth is synthesized from metallic Te dissolved 

with aqua regia9 and then precipitated with concentrated ammonia. After the washing and 

drying processes, the obtained raw dried powder is further calcinated at 680 °C in Pt 

crucibles for 24h in free atmosphere thus obtaining the raw calcinated powder used for the 

crystal growth. TeO2 seeds used for the crystals growth along [001] direction are cut and 

ÏÒÉÅÎÔÅÄ ×ÉÔÈÉÎ σπȭ ÐÒÅÃÉÓÉÏÎȟ ÓÈÁÐÅÄ ÁÎÄ ×ÁÓÈÅÄ ÕÓÉÎÇ ÕÌÔÒÁÐÕÒÅ ×ÁÔÅÒ ÁÎÄ ÒÅÁÇÅÎÔÓȢ  

For the crystal growth, platinum crucibles are filled with the crystal seed and the raw 

calcinated powder, sealed and placed into alumina refractory tubes which at their turn are 

placed into modified Bridgman furnaces (149). Crucibles are heated to about 800-860 °C and 

kept at this temperature for several hours after which they are raised to a certain height in 

order to melt the top of the seed and keep the system still for 4h in order to create a stable 

solidɀliquid interface. 

The growth process is then driven by lowering the crucible at a rate of 0.6 mm/h and 

raising the furnace temperature by about 3 °C/h. At the end of the growth process the 

ÆÕÒÎÁÃÅÓ ÁÒÅ ÃÏÏÌÅÄ ÄÏ×Î ÔÏ ÒÏÏÍ ÔÅÍÐÅÒÁÔÕÒÅ ÓÌÏ×ÌÙ ÉÎ ÏÒÄÅÒ ÔÏ ÁÖÏÉÄ ÃÒÙÓÔÁÌÓȭ ÃÒÁÃËÓ 

caused by thermal stress.  

The high purity TeO2 powder used for the second growth is prepared from selected 

regions of crystals obtained in the first growth. Selected TeO2 crystalline pieces are dissolved 

with concentrated HCl and then precipitated with concentrated ammonia. The precipitate is 

further washed and dried at 80 °C. The ultra-pure dried powder thus obtained is further 

treated at 680 °C in a Pt crucible for 24 hours in free atmosphere to obtain the ultra-pure 

calcinated powder and a second growth process is executed following the same procedure as 

in the first one. Nevertheless, the tools and ancillaries used for the two growth processes are 

strictly separated in the frame of a radiopure crystals production protocol applied in the case 

of TeO2 crystals for DBD application In the second phase of TeO2 crystal production, the raw 

crystal ingots are subject to a rough mechanical processing (cutting, orienting and shaping) 

followed by the final surface treatment and packaging. 

A preliminary mechanical process is performed to bring the crystal shape, dimensions 

and crystallographic orientation of faces very close to their nominal values. Then a final 

mechanic process is performed in a clean room, with also the purpose of deep cleaning the 

ÃÒÙÓÔÁÌȭÓ ÓÕÒÆÁÃÅÓȟ ×ÈÉÃÈ ÍÁÙ ÈÁÖÅ ÂÅÅÎ ÃÏÎÔÁÍÉÎÁÔÅÄ ÄÕÒÉÎÇ ÔÈÅ ÒÏÕÇÈ ÍÅÃÈÁÎÉÃÁÌ 

processing. 

The cleaning process is made in two steps, first by chemical etching and second by 

polishing. The polishing also smooths the crystal faces, possibly damaged by chemical 

                                                                    
9 (HNO3 : HCl = 1:3). 
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etching. The targeted number of atomic layers to be taken away by these two procedures is 

on the order of 104 in order to eliminate all impurity atoms that may have adsorbed on the 

ÃÒÙÓÔÁÌȭÓ ÆÁÃÅ ÁÎÄ ÆÕÒÔÈÅÒ ÄÉÆÆÕÓÅÄ ÉÎ ÉÔÓ ÂÕÌËȢ 

A special vacuum packaging procedure was also defined in order to reduce surface 

radio-contamination risks, especially due to radon exposure in free atmosphere. After the 

clean room operation, crystals are packed and barcode labelled in a triple vacuum package 

and stored by groups of six crystals in polyethylene vacuum boxes. For long term storage, the 

packaged crystals are placed in a controlled environment with low-radon atmosphere (<10 

Bq/m 3), monitored with two radon detectors, one inside and one outside the box.  

The entire production process (schematised in Figure 5-1) is subject to a complex 

validation protocol (described in Chapter 5), which includes radio-purity certification 

procedures to be applied in each production phase and immediate actions to be taken in case 

of failure, including the halt of crystal production until the problem is solved. 

 

 

Figure 3-6. A scheme of the two successive crystal growth procedures. 
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3.3. Doped semiconductors 

As previously introduced, CUORE-0/CUORE crystals are equipped with two different 

doped semiconductors for the detection of the temperature variation (the thermistor) and 

for the measurement stabilisation (the heater). To do properly their work, these essential 

bolometric elements must satisfy specific conduction properties at low temperature, which 

are determined by the doping level, as discussed in Section 2.3.1.  

The doping operation is usually performed on wafers and the single devices are cut 

from the wafer afterwards. However it is difficult to achieve complete control on the doping 

level in the whole processed material: a successive characterization of the produced devices 

is therefore necessary. 

In the following sections the main features, the production and the characterisation 

procedure of both CUORE-0/CUORE thermistors and heaters will be presented 

3.3.1. Thermistors  

As introduced in Section 2.3.1, the thermistors are devices whose resistivity  has a stiff 

dependence on the temperature: 

ὙὝ ”ὝϽ
Ì

Ὓ
ὙὩ ϳ  

3-1 

because their doping is just below the MIT regime and the conduction is dominated by the 

VHR mechanism with Coulomb Gap ɉÔÈÁÔ ÇÉÖÅÓ ɾЀπȢυɊ. 

The CUORE-0/CUORE thermistors are designed and produced by a conjunct group 

composed by researchers of both the Lawrence Berkeley National Laboratory (LBNL) and 

the Department of Material Sciences at the University of California-Berkeley. 

3.3.1.1. Production 

Producing thermistors by doping semiconductors is a delicate issue because an 

extremely specific impurity concentration , very close to the metal-insulator transition , is 

required. Furthermore the doping must be uniform everywhere in the sample, because the 

probability for hopping to occur depends exponentially on the inter-dopant distance; 

therefore any fluctuations in the average local dopant concentration will lead to a change in 
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the distribution of the inter -dopant distance which in turn will results in fluctuations in the 

local hopping probability, translating in resistivity fluctuations (150). Moreover, because of 

the large amount of thermistors needed (at least one thousand for CUORE), the uniformity of 

the doping must be guaranteed on all the production samples. 

The only process that can provide the most uniform dopants concentration in the 

sample is the Neutron Transmutation Doping (NTD) technique (see, for example (151) and 

Figure 3-7), developed at LBL (152), and initially used at most for silicon devices (153). In 

this method a semiconductor is doped by the partial nuclear transformation of its stable 

isotopes into dopants via thermal neutron capture. It is achievable by irradiating the samples 

of semiconductor crystals with a neutron flux in a nuclear reactor. 

When a Ge wafer is inserted in a nuclear reactor, thermal neutrons are captured by 

three of the five isotopes contained in natural Ge. The occurring reactions are listed in Table 

3-2. Because the process is lead at low temperature, the mobility of the impurities is very low 

(impurity conduction in the NTD germanium was experimentally studied in (154), (155)).  

Because the growth of the Ge crystals is not sensitive to the small nuclear mass 

fluctuation of the Ge stable isotopes, they are randomly distributed in the semiconductor. 

Considering also that the absorption cross sections for neutron capture are very small, the 

ȰÓÅÌÆȱ ÓÈÁÄÏ×Éng of the neutron flux inside the crystal is negligible. These two conditions, and 

the use of a thermal neutron source very large respect to the semiconductor size and whose 

flux vary very slow with the distance, assure the homogeneous doping in the Ge samples. 

The NTD process involves epithermal neutron as well (i.e. neutron with energy just 

above the thermal one), therefore the concentration of dopant atoms is expressed by:  

ὔ άϽὭȢὥȢϽ
ὔ Ͻ„ɮ „ɮ

ὓ
Ͻὸȟ 

3-2 

where m is the wafer mass, i.a. is the isotopic abundance, M the molar mass of the target 

ÉÓÏÔÏÐÅȟ Ô ÉÓ ÔÈÅ ÉÒÒÁÄÉÁÔÉÏÎ ÔÉÍÅȟ ʎTȟ ɮT ÁÎÄ ʎE ȟɮE are the thermal and epithermal neutron 

capture cross section and flux respectively. 

Defining nA the acceptor concentration and nD the donor concentration, it is possible 

to introduce the net-doping concentration Nnet and the compensation K: 

Nnet = nA - nD 

3-3 
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The control of the isotopic composition by adjusting the neutron flux, allows the 

control of the net-doping concentration and the compensation, as well as the conduction 

type (n or p). The NTD process in Ge creates both acceptors (the majority) and donors (in 

minor way), compensating dopant. The resultant material is p-Ge with compensation K 

showing certain scatter because of the role of the presence neutron in the doping. 

 

 

Figure 3-7. Microdistribution of the resistivity of reference resistances prepared from germanium by NTD 
method (1) and metallurgical method (2) (156). 

 

i.a. 
[%]  

N capture    
ʎT 

[barn]  
ʎE 

[barn]  
T½   

21 70'ÅϹÎ ᴼ 71'ÅϹɾ   3.43 1.5  A 

  β71'ÁϹʉe  EC   11.4 d  

36 74'ÅϹÎ ᴼ 75'ÅϹɾ   0.51 1.0  D 

  β75As+ʉe  ɼ-   83 min  

7.4 76'ÅϹÎ ᴼ 77'ÅϹɾ   0.160 2.00  DD 

  β77As+ʉe  ɼ-   11.33 h  

  7β7Se+ʉe ɼ-   38.8 h  

Table 3-2. Reactions occurring in the NTD process for a Ge wafer. In the first reaction Ga acceptor form, 
×ÈÉÌÅ ÔÈÅ ÓÅÃÏÎÄ ÁÎÄ ÔÈÅ ÔÈÉÒÄ ÌÅÁÄ ÔÏ ÄÏÎÏÒÓ ÁÎÄ ÄÏÕÂÌÅ ÄÏÎÏÒ ÒÅÓÐÅÃÔÉÖÅÌÙȢ ʎT ÁÎÄ ʎE are the thermal and 
epithermal neutron capture cross section. 



 

Optimisation of the bolometric performances of the CUORE-0/CUORE and LUCIFER 

detectors for the neutrinoless double beta decay search 

 

84 
 

The presence in the reactor spectrum of fast, high-energy neutrons gives rise to 

nuclear transformations that creates radiation defects or even disordered regions in the 

samples. This problem is difficult to be avoided but it has been show that the production of 

the radioactive 68Ge and 65Zn is totally negligible for radioastronomy applications of NTD Ge 

thermistors in composite bolometers (157). Another problem due to the fast neutrons is the 

radiation damage of the sample, but that can be solved by an appropriate thermal annealing 

(400 °C for six hours in case of Ge). 

The NTD procedure allows to obtain a concentration of dopants per neutron unity flux 

equal to 2.94·10Ϻ2 cm3 per neutron/(cm 2·s) for Ga and 8.37·10Ϻ3 cm3 per neutron/(cm 2·s) for 

As (158). Since the doping level of Ge has to be ~1·1017 atoms/cm3, a very high reactor flux 

(stable in time and energy) is required for performing the doping in a reasonable time.  

The evaluation of the quality of the doped material is possible only after the decay of 

the activation product 71Ge, and about one year is necessary before the samples can be 

handled, introducing a delay before understanding if the wafers need more exposure. To 

overcome this difficulty, the Ge samples are always accompanied by foils of metal with long-

ÌÉÖÅÄ ɉÎȟɾ) radioactive daughter nuclei; in this way the neutron exposure of Ge can be 

determined accordingly with accuracy and uniformity of exposure is achieved.  

After the reactor exposure, the radioactive decay period, and the heat treatment to 

repair the crystal structure, the NTD Ge wafer is cut to obtain pieces of the desired geometry. 

The thermistor size selected since the Cuoricino R&D (and test in the Cuoricino bolometers 

and in the following CUORE R&D) is 3x3x1 mm3. Ohmic contacts are obtained by boron ion 

implantation followed by annealing and the deposition of a thin (200 Å) Pd adhesion layer 

and a thicker (1000-2000 Å) Au contact layer. In the Cuoricino thermistors the gold pad are 

on the two parallel 3x1 mm2 sides and the electric contact are provided by 50 mm diameter 

gold wires welded to the gold pads with the ultrasonic ball-bonding technique (159). 

The thermistor pad geometry and the wire diameter have been changed from 

Cuoricino to CUORE-0/CUORE due to technical and practical issues connected to the detector 

assembly (see Section 3.3.3.2). In the new thermistors (with size almost the same as in 

Cuoricino) the gold pads are not only lateral but extend also on the thermistor upper face, 

covering two small, parallel areas of about 0.2x3 mm2. In this way the bonding procedure can 

be done not only on the thermistor side, but also in a frontal way. The gold wire chosen for 

the bonding of the new thermistors has a diameter of 25 mm. This kind of thermistor 

(sketched in Figure 3-8)ȟ ×ÉÔÈ ÂÏÔÈ ÌÁÔÅÒÁÌ ÁÎÄ ÆÒÏÎÔÁÌ ÐÁÄÓȟ ÉÓ ÃÁÌÌÅÄ Ȱ×ÒÁÐ-ÁÒÏÕÎÄȱȢ !Î 

accurate discussion about the new CUORE-0/CUORE thermistor pad geometry, showing how 

ÉÔ ÄÏÅÓÎȭÔ ÁÆÆÅÃÔ the thermistor performances, can be found in (160). 
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Figure 3-8. Sketch of a CUORE-0/CUORE thermistor. W is the width, i.e. the distance between the lateral 
gold pads (~2.95 mm); L is the length and (~2.90 mm); H is the height (~0.9 mm); P is the width of the gold 
pads (~0.2 mm). 

 

All the CUORE-0 thermistors have been produced at LBL with some redundancy (120 

samples) from two of the three 30 mm diameter, 3 mm thick Ge wafers composing the so-

called #34 series, named 34B and 34C; the three wafers was irradiated together at the 

University of Missouri Research Reactor (MURR) in 1999 and then the 34B and 34C 

underwent to further irradiations in 2001.  

#34 series belongs to a bigger set of several wafers irradiated for different amounts of 

time to obtain the desired neutron fluence. Each series was accompanied by a set of neutron 

fluence monitor isotopes having different half-lives and cross-sections for thermal and 

epithermal neutrons, for increasing the sensitivity to the neutron energy spectrum at the 

reactor. Table 3-3 reports the fluence data as reported by MURR or calculated from the 

monitor  isotopes while the monitor isotopes used for the CUORE-0 wafers are collected in 

Table 3-4 and Table 3-5,. The details of the neutron fluence calculations are given in (161). 

 

34B irradiation data  

Wafer mass [g] 25.6 

Fluence requested to MURR [total n/cm2]  4.18 ·1018 

MURR reported flux time [h] 36.99 

MURR reported flux [n/cm2/s]  6.43·1012 

MURR reported fluence (flux · hours) [n/cm2]  8.56·1017 

Thermal neutron fluence derived from monitor foils 3.65·1018 

Epithermal neutron fluence derived from monitor foils 1.01·1016 

Epithermal/Thermal fluences 0.003 

Thermal neutron (only) fluence derived from monitor foils 3.58·1018 

Thermal/(Thermal only) fluences 1.02 

Table 3-3. Comparison of fluence data for 34B wafers reported from MURR and calculating using both 
thermal and epithermal neutron flux or considering only thermal fluence from the 59Fe 1099 keV line. 
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Target  Product  ʎT [b]  ʎR [b]  T½  i.a. [%]  

103Rh 104Rh 11 80 4.36 m 100 

58Ni 59Ni 4.6 (3) 2.20 (20) 7.6·104 y 68.0769 (98) 

62Ni 60Ni 14.5 (3) 6.60 (20) 101 y 3.6345 (17) 

54Fe 55Fe 2.25 (18) 1.20 (20) 2.73 y 5.845 (35) 

58Fe 59Fe 1.3 1.2 44.5 d 0.282 (4) 

59Co 60Co 37.18 (6) 74.0 (20) 5.271 y 100 

55Mn 56Mn 13.30 (20) 14.0 (3) 2.578 h 100 

94Zr 95Zr 0.05 0.3 64.02 d 17.38 (28) 

Table 3-4. Thermal and resonant cross sections for neutrons and the half-ÌÉÆÅ ÏÆ ÔÈÅÉÒ ÐÒÏÄÕÃÔÓ ÖÉÁ ɉÎȟɾɊ 
reactions for isotopes used for neutron monitoring for the MURR irradiation. 

 

Target  reaction  product  Q [MeV] Avg c.s. T½  [day]  

103Rh (n,2n) 102Rh 10   

55Mn (n,2n) 54Mn 11.5 1.80 e-4 314 

103Rh (n,p) 103Ru 14 114.8 39.27 

58Ni (n,p) 58Co 1.5 9.00 e-2 72 

54Fe (n,p) 54Mn < 0 6.5 e-2 314 

Table 3-5. Reaction for the fast-neutron monitors. 

 

Measurements performed at LNGS also show that the residual activity of the NTD 

thermistors become fully tolerable in an experiment with thermal detectors already a few 

months after irradiation (162).  

 

 

Figure 3-9. A box of CUORE-0 thermistors (left), a sample of 34B CUORE-0 thermistor  (middle) and a 
sample of 34C CUORE-0 thermistor  (right) . 
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Figure 3-10. Spread in the size of the 34C CUORE-0 NTDs. The average values of the height, width and length 
are: <H> = 0.893 cm; <W>=2.745 cm; <L> = 2.895 cm. For the meaning of H, W, L, see Figure 3-8. 

 

The 34C wafer was cut firstly in thermistors with size slightly smaller than the 

CUORE-0 specifications, to optimize the NTD yield of the wafer. Unfortunately this operation 

resulted in worse tolerance on the thermistor dimensions, therefore the following wafer, the 

34B, was cut strictly in accordance with the CUORE-0 requirements, i.e. 3.0x2.9x0.9 mm3, 

where the first number refers to the pad distance, and with ±75 mm uncertainty on each 

dimension. A picture of 34B and 34C thermistor samples is displayed in Figure 3-9 while the 

spreads in the 34C thermistor dimensions are collected in Figure 3-10. 

 

The nuclear reactor selected for irradiating the CUORE wafers is different from the 

one used for past irradiation of Cuoricino and CUORE-0 wafers; the new facility is the 

Massachusetts Institute of Technology Nuclear Research Laboratory (MIT-NRL) and it was 

selected because it has a larger neutron flux with respect to the MURR (1.69·1012 

neutrons/cm 2/s instead of 5.5·1012 neutrons/cm 2), it can accommodate larger wafers (four 

65 mm diameter 3 mm thick Ge wafers in one can) and make them rotate during the run to 

guarantee uniform irradiation, and the fast neutron flux is 1000 times lower than at MURR. 

Also in this case the incoming neutron fluxes are controlled by heavy metal foils monitors. 

The Ge wafers for CUORE NTDs are 65 mm diameter, 3.2 mm thick and have a mass of 

57.37 g; from each wafer about 700 3x3x1 mm3 thermistors will be cut: the goal is to 

produce about 2500 thermistors having homogeneous properties, for a total number of 3.6 

wafers to be irradiated. The starting high-purity Ge wafers for CUORE are different than 

those used for the Cuoricino and CUORE-0 NTDs, and they have likely two orders of 

magnitude less impurities with respect to the previous wafers. 
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Figure 3-11. Sketch of the wafer holder for Ge wafer the irradiation at MIT-NRL. The location of the wafers 
(large circles) and the monitor isotopes (small circles) are shown. 

 

Series 
MIT-NRL reported 

fluence [n/cm 2]  
Fluence measured 

from monitors [n/cm 2]  
Monitor/MIT -NRL 

#39 3.586·1018 3.72·1018 1.04 

#40 4.197·1018 4.30·1018 1.03 

Table 3-6. Comparison of the fluence data for #39 and #40 series from MIT-NRL and from the monitors. 

 

Two sets of four CUORE wafers, named #39 and #40, were irradiated together 

between March 2006 and June 2007 in five steps to reach the 86% fluency of CUORE-0 

wafers, then the #40 underwent two additional irradiation to reach 100%. A sketch of the 

holder for the irradiation of the wafer at MIT-NRL is depicted in Figure 3-11 while Table 3-6 

collect the fluence data of both series.  

Radioactivity measurements of the #39 and #40 wafers were performed at the Low 

Background Facility at Oroville in the first half of 2008. A spectrum from these counting is 

shown in Figure 3-12. #39 wafers were etched once with HF/HNO3 before the measurement, 

#40 ones were etched twice. 68Ge (1077 keV line from 68Ga decay) and 65Zn (1115 keV) were 

observed, indicating the presence of fast neutrons. There are also peaks associated with 

110mAg (657 keV) and 60Co (1173 keV); these surface contaminants are removed with etching. 

 

Figure 3-12. Spectrum from the radioactivity measurements of #39 and #40 wafers. In the inset, only the 
region above 600 keV is shown. The 1077 keV 68Ge line, the 1115 keV 65Zn line, the 657 keV 110mAg line and 
the 1173 keV 60Co line are observed. 
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