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Optimisation of the bolometric performances of the CUOR&CUORE and LUCIFER
detectors for the neutrinolessdouble beta decay search

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 go beyond the
Standard Model of the particle physics byealizing that neutrinos have massesln fact the
oscillations can be understoodonly if a mixing mechanism, similarly to what happens in the
hadronic field, isassumed which leadsto the introduction of neutrino mass eigenstats that
combine in to flavour eigensates by means of a mixing matrixBut oscillations are sensitive
only to the square mass differenceof the neutrino masses, therefore they cannot give any
information about the absolute neutrino mass scale anan the ordering of ther masses.
Moreover, the fact that neutrino are neutral and massive, allogv the hypothesis that,
differently from all the other elementary particles, which are Dirac objects, they can be
identical to their own antiparticles, being Maprana particles.

Which is the absolute neutrino mass scale? Which is the neutrino mass hierarchy?
And, above all, are neutrinos Dirac or Majorana particles¥eutrinoless 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 longfktime.

Usually two decay mods are considered:the two-neutrino double beta decay (2 r)r
predicted by the Standard Model and already observed in several nuclidem which two
antineutrinos are also present in the final state;and the neutrinoless double betadecay
(01 1) which, foreseeing no neutrino in the final state,violates the lepton number
conservation and is possible only if the neutrino is a massive Majorana pade. The

probability of this rare decay to occur depends on the soalled effective Maprana mass, m
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which is related to the neutrino mass eigenstate through the element of the neutrino mixing
matrix.

)yl DPOET AEPI A OEA AgDbAOEI AT OA1 OECTI AOOOA T &£ OE!
Q-value of the transition,enlarged only by thefinite energy resolution of thedetector, in the
spectrum obtained by summingover the energies of both the electrons emitted in the decay.
Among the different techniques suitable to approach ther 4 | jolometers 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 Te©bolometers, containing
130Te asDBD isotopg Cuoricino set one of the most sensitive limitsoma  r h  ET OAOOECAOET ¢
so-called quastdegenerate 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 massesDue
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 Te®
bolometers, it will not be just a big version of the previous experiment: in fache increase of
the number ofdetectors (and therefore of the source masspf a factor~20 is not sufficient to
reach the desired sensitivity on the my. A review of all the aspects ofthe bolometers is
necessary, in terms of the parameters related more directly to the sensitivity of the
experiment, as well as of thedetection performances. A particular care is devoted toreduce
the background byavoid the radioactivecontamination and re-contamination of the detector
components. This requires the selection of highpurity raw materials, the development of
dedicated cleaning proceduresand the tower construction in a clearroom 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 alsoeeded, with the
introduction of some automated elements.

An intermediate step will precede the beginning ofCUORE: its first tower will be
cooled-down and measured as a standlone experiment, with the beginning of datataking
foreseen in thewinter of 2011. CUORED will provide a test the new CUORE assembly line,
and a high-statistics check ofthe improvementsto reduce the radioactive background and to
improve the bolometric behaviour of the detectors but it will also bea powerful experiment
on its own, capable of improving the limit orm;, fixed by Cuoricino.

Besides these (passive method® of background reduction the modularity of the final

CUOREarray will provide another tool for the background suppression thanks to the
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rejection of simultaneous events in different detectorelements, which cannot be ascribed to
alyr.
A real Gctive methodd for suppressing the background isghe use of the saitillating
bolometers technique: the simultaneous detection of heat and scintillation ligh for the same
event allows rejecting | particles with 100% efficiency, since the ratio between the photon
and phonon yield is much different for | than for /r interactions. This possibility, that
cannot be applied to CUORE bolometers because the Fdfas no scintillating properties,is
at the basis of LUCIFER experiment.
The AEI T £ OEEO OAAAT OI U DOI Bf @dap ofdaididdicA AO EO

with a Q-value higher than 2.6 MeV, i.e. outsidine natural gamma radioacivity range, since

(@}
mv
T>

in this casealphas are the only really disturbingbackground sources. A complete eliminatio
of | sfor these candidates could easilyead to specific background levels of the order cf0-3
counts/(keVkg-y) or lower. The most probable candidate isotopes for the LUCIFER
experiment are 82Sg 190Mo, 116Cd andthe selection of their intillating compound has been
already started.

My PhD activity of the last three years, presented here, was performed in the
framework of both CUORED/CUORE and LUCIFER experéent. 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 performaces
and radio-purity : the behaviour of the CUORB/CUORE temperature sensors has been
analysed andthe uniformity of protocols for the production and processing of energy
absorbers has been tested; moreovera dedicated studyfor the optimization and the
automation of the coupling between the energy absorbers and the sensorghich is a
delicate pointin 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 m;, in the range of inverted hierarchy.

RegardingLUCFER my PhDwork was concentratedon the selection of materials to
be used for the scintillating bolaneters: different scintillating crystals and light detectorshas
been testedfor evaluating their capability in discriminating 4 from /r 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
| needsome information first
Just the bais facts!

The discovery of the electron andthe 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 identifiation 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, thebasicbricks of matter are six quarks and six leptans, with
their related antiparticles, all of them being fermionic particles (i.e. with spin=2) interacting
through four fundamental forces.In the modern quantum field theory, thesdnteractions are

mediated by the exchange of integer spin particles, theobon 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 theNd parameters, as theparticle masses, are not
DOAAEAOGAA AOO ET OO1 AOGAAA OI AT OAT 1 U6 MbreoveOEA AAOQEO
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 callggeat unification
theories (GUT).
Starting from the first steps towards the SM untilhow, when the physiciss try to go
beyondto 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 thiest experimental evidence of

1(227).
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new physics beymd the SM. That astonish resulbf the past century is now well understood,
but many questions regardingsome neutrino property are still open: which is the real
neutrino mass scale? Are neutrinos Eac particles, as all theelementary 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,neutrinoO AT 180 O1 AAoci O 006011
electromagnetic interactions; their mass is assumed to be nutherefore they are not subject
of gravitation. Hence neutrinos nteract only by weak force and so they are a privileged way
for studying this interaction.

The neutrino was introducedfor the first time to physicsby W. Pauli in 1930(1), as an
AOOEEEAA &I O E GOhlsErvatibas o the A A B ABES: Eps Eadliation is
made by the electrons emitted inA decay, a nuclear process in which an atom with mass
number A and atomic number Z transforms into anisobar 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
supposeda third particle to be presentin the final state, carrying the missing energy, and
caledEO O1 AOOOI 168

This hypothetical particle was OAT AT AA O1 A .&éndiftel tide didcoverygof
OEA OOAAI 6 1 HefnOaldd dsedbdth tirese partigles, together with the proton, to
AAOAT AA EEO A £mdcdyafaibedtnly deta@iUo el [(p).

Nevertheless the neutrino remaineda hypothesis for the following twenty years, until
C. Cowan and F. Reind8), in 1956,verified thA AGEOOAT AA 1T £ readtiordOET 1T ET AOAA.
"F+p° 1 €. Using a reactor as a source (Uranium fission fragments are rich in neutrons and
undergoes tor eday emitting of electrons and antineutrinos) for compensating the low
statistics of the process, a rate of few events per hour was observed on a targéCdC} and
water.

In the same year T. Lee and C. Yapgt forward the hypothesis of the paity violation
in weak processeq4), then confirmed by several experiments (one above all, the C. Wu one

(5)). That opened the way to the so called-X theory of weak interactiors.
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In 1958 M. Goldhaber measured the negative helicityi.e. the projection of the
DAOOEAI A0 OPET 1101 OEd nefthasA6) én,iidthe Follawirig O O
years, B. Pontecorvo ideaér), together with the experiments performed at the Brookhaven
accelerator, showed the existence of two different neutrino flavows: . and ; (8) .2

Muonic neutrinos played a very important role in 1973: the observation of processes
d. 94N in the Gargamelle bubble chamber at CER(9) showed the existence of weak
neutral current events, i.e.mediated by the vector boson Z as postulated (together with
weak charged current events and Whosons) in the electroweak theory by S. Glashow, S.
Weinberg and A. Salanf10), (11), (12). These bosons werdhen directly produced in 1983
using thenncollider SPS at CER{L3), (14), (15).

The construction of ee colliders (LEP at CERN and SLC at Stanford) and more
powerful pBcollider (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 Z resonance, it was obtained that the number of light

neutrino families (i. e. with my< % mz), Nyis equal to 3(seeFigure 1-1).

||
= I
=
I

Y had

5[ ALEPH [
- DELPHI I/ A\
L3

- OPAL /
: + average measurements, +

error bars increased
by factor 10

10

86 88 90 92 94
E_ [GeV]

cim

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

2The existence of then, 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 200219).
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1.2. Neutrino oscillations and leptonic mixing matrix

In the previously quoted experiments the neutrino sources arg -decaying elements
(in particular at nuclear reactors, producingss) and accelerators (poducing He, te, &, t).
Other two important neutrino sources are he sun am the atmosphere from which firstly
cameout the oscillation phenomenaln fact, in 1968 thechlorine-based2 8 $AOEOS6 (11 AOOAEA
experiment (17) for measuring the solar electron neutrino flux observed a deficit of
approximately 2/3 with respect to the prediction of the Standad Solar Model(18).
Its result, afterwards confirmed by other radiochemical experiments (BLLEX,SAGE,
GNO)starting £01 i O E9), sdygertéd 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).
$EAEAOAT OT U &£OT T OEA OAAET AEAIT EAAU SA@®AOEI AT OOh ¢
sensitive both to electron neaitrinos, thanks to charged current reaction on Deuterium, and to
all the three flavours together, by measuring neutral current reactions. The results from the
AEOOO DOl AAOO AdeficitEehieithe OEAAIOT 4 Al 6@ 1 AAOOOAA AU 1T AOGC
process is in agreement with the theoretical prediction this means that there is a non
electron component in the solar neutrino flux, but these otheflavoured neutrinos cannot be
produced by the sun itself.
Slightly before, the SuperkamiokaNDE experiment(22) ET  OEA dwnh OOOAUET ¢
atmospheric neutrino, observed a difference between the flux of downwardoing and the
flux of upward-CT EThC Al AET AA AU QEAEO 1 OAEI 1 AGETT ETOI w
These results from solar and atmospheric neutnos were also confirmed byusing
artificial neutrino sources: for example KamLANLCfirst discovered the disappearance of
reactor-produced d. (23), while the 4, disappearance was observed by the lonbaseline
neutrino beam K2K experiment(24) and then their outcomeshave been improved by other
reactor or long baselineexperiments, such asCHOOZ425) 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, i = 1, 2, 3, each with

mass m, whose time-evolution is:

sO0 QO ¢ 08
1-1
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To changefrom the flavour eigenstate basis Qx E O € e,mt, to the mass eigenstate

one ¢ Oand vice versal AOS O ET 00T AOGAA At is(pbsEildeAcOvdite EaBrOOE @ 5 Ol

flavour eigenstate as a mass eigenstates superposition:

s O Ys O

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, ing&;) =1 i mi.
Hence the probability for a massive neutrino, travelling a distace L in vacuum, in a

time t, with momentum p, to oscillate from the flavour states, to the flavour statey; is:

o' o L Yo oy

-1 %o

1 T PYYYTY OEI ¢ o YYYY OF% 8

1-3
1 Njj is the relative phase between two stategs, j after a timet and it is given by
. o . «a a 30 .
1T % O 0O o o] - o] o3
O © O ©
1-4

Because the mass difference among neutrino statesvery small if compared to all the
momenta and energies of the particle, it is possible to defi® k & E)%nd, taking into

account thatL = tp/E, one obtains:

1 %o

cn
1-5

Neutrino flavour changing is a quantum interferenceohenomenon
It is easy to see that the oscillation probability is different from zero only i#l & js 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. ThéJ matrix is exactly the
leptonic mixing matrix, also called PMNS matrix, from the initials dB. Pontecorvo, ZMaki,
M. Nakagawa e S. Sakata who introduced and developed the oscillation theory.

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

written as:

H e 54
S X 2. S Lo L SR Y
Vo DABRYF AADAGHF %

’ - - 4 rd 3 4 3 3 rd 3 4 J
QRHBABE BRBAZA Abs
1-6
It depends on four parameters: three mixig 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 AOI T OPEAOEA 1 AOOORH.3 I2LIOAFE BidAOET T Oh a1
3 [24m=s 3%i|~s 3%ss e, With a relatively good precisionf AOO 11 & ORA), OECT 1T £ 3i
AT A O T AOGAET OAOGEAO OGOEHERTOAOIEI £EO® OA1 @EAR ML GE

ranges of all the parameters are collected ifable 1-1.

TheseOAO DI OO0 Ef PHUHOFABTL:MIATgoh | AEET C OEA 0-.3 1A
drastically different from the CKM quark mixing matrix (27). At present no experimental
information on the Dirac and Majorana CP violation phases in theeutrino mixing matrix is
AOAEI AATl A8 4EOOh OEA OOAOOO 1 £ #0 EUthdDk&®OU ET OEA |
DPEAOA A Al-violatbn effdotd i® deutrnd oscillations(28), (29), (30).

Parameter Best Fit oA
3 1212[105 e\?] X® w8 7.03-8.27
s 3%3| [108 eV?] @ mé 2.07-2.75
sin?f 12 ™ p Y 0.27-0.38
sin?f 23 ™ T8 0.36-0.67
siny 13 mp § S m8nvuo
Table 1-18 " AOO AEO OAl OAO xEOE pAk AOOT OO -fldbuhosaidn oA Al 11 xAA ET O/

parametersfrom global data including solar, atmospheric, reactor (KamLAND and CHOOZ) and accelerator
(K2K and MINOS) experiment$31).
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Figure 1-2. 4 E A sugvival probability P(te © ) (Eq. 1-3) in the 2-neutrino scenario as a functn of the
neutrino energy for LE p Y 1t E2E7HD-1G5 EV2 and sireg [ (B84 (32).

1.2.1. Neutrino mass hierarchy

The various oscillation experiments identify a couple of mass eigenstates, and 4,
divided by a small mass difference, and a third eigenstatg, very far from the other two. The
first couple explains the solar neutrino oscillationswhile the second one is responsiblef
the atmospheric oscillations (it is possible to explain oscillation data in term of a-Beutrino
OAAT AOCET 1:AsAekyis®&@A 1] A @A Psurlivalipbahility in this scenario is
displayed in Figure 1-2). From the oscillations data it is also possible to estimate the flauo

component of each mass eigenstai@igure 1-3).
4ER  OE Gl ldads toant>m, AOOR  AAAAOOA 2,0kt neds@dd
determining the position of ms with respect to m; and m 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 mu«ma«ms. In this case, rg~W3 [2,m~0.04-0.05eV,
m2D 1t 8 1t T wiDA(Bidure 1-3, left).
V Inverted Hierarchy, where my~my~W fam»ms (Figure 1-3, right).

V Quasi-Degenerate Herarchy, where mi~my~ms with small mass differences

responsible of the oscillations.
Because oscillation experiments are not enough to define an absolute neutrimeass

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 d¢ga).

The first method is to study the single beta decay spectrum, whose erbint is
modified in shape by neutrino mass. This type of experiment has no theoretical assumption

on neutrinos and is completely modelindependent. It is sensitive to the quantity:

1-7

The most sensitive result in this field has been obtainetly the Mainz and Troitsk
experiment, fixing an upper limit of 25 eV (95% C.L.Jo m; (34).

A second way tounderstand 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:

1-8

This evaluation is not connected to weak mechanisms but it is strongly related to
cosmological models, therefore it needs independent verifications. Presentlige limit on the
sum of m; is Meosme<0.67 eV (95% C.L.J35).
, AOO AOO 1710 1 AAOGO OEA 1 AOOCOETTI1 AOO AT OAT A AAOGA .
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 $hkind of experiment
OEA A&EOAI Ax1 OE ET xEEAE OEEO OE$ OEAOEO EAO AAAT AA

detail in Sectionl.4.
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1.3. The importance of being a Maj@ana particle

In the Standard Model, neutrinos aredescribed asleft-handed massless particles,
associated tothe charged leptons. Therefore the observation of neutrino oscillations opens
the way to new theories able to expand the SM and explaining not gnivhy neutrinos have
mass, but alsowhy their mass is so small if comparedvith the other particles. One way for
achieving this result isquestioning the assumption that the neutrino is a fermion of the same
kind of the other elementary particles of the SMi.e. a Dirac particle.

A Dirac fermion is a particle well differentiatedfrom its own antiparticle; a Maprana
fermion, instead, is a particle identical to its own antiparticle. For all the quarks and the
charged leptons the difference between particle rad antiparticle is carried by the electric
charge;being neutrinos neutral, for them this difference is no more obvious.

The possibility of having neutrinos asMajorana particles shows up inthe mass terms
of their Lagrangianprecluded to the others fermian. Generally, the Lagrangian of a fermionic

field, ¢, from which the Dirac equation describing the particle evolutions derived, is:

fl. 7 Q1 a r rerroarr,
1-9

where the first term corresponds to the kinetic energy, while the second one, called$ E OA A
OAOi 6h EO Ozedomdodng de f@IdcGn i left and right chirality components

(S Land € rrespectively), the Dirac mass term becomes:

fl arr a rr rr arr ‘@8
1-10

For neutrinos it is possibleto introduce another mass termstill holding the Lorentz
invariance, i.e.TC1¢ (here Tdenotes transposition and Cis the chargeconjugation matrix)
but that, unlikely to the Dirac mass term is not invariant under a phase transformation
coh¢, 01 EO AT AO1 60 Ei I U OEA Ao AsteadioDirdE A AT T OAC

particles.Becausg k O , this new mass termcalled Majorana term, can be written as:

z

fll —arT QT 1 A Tr ge:#:
1-11

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

considering that(S L rC= (€ 9r., oOne left and one right Majorana mass termare obtained

fl S R ¢ : and fl T N ¢
1-12
Hence, the more general mass term, i.e. the Dirdajoranaterm, is:
fl a T o Mo i Mo BB
C C
1-13
, A @d@nvlntroduce two new fields, 71 and /., in order that:
%o —_— and %o e
n n
1-14

They describe Majorana objects, becaus® =1 and n,°=ny; using these fields it is

possible to rewrite the mass termas:

fl d %% %o%o G %% A %% B O B,
1-15

where B B @olumn vector with componentsin; and N,, and 0 is the

a a
neutrino mass matrix that can be diagonalized with a rotation in the space of vectdy,
represented by the matrix Z The elements of thediagonal matrix ™ =ZMZ are the

eigenvalues of M, i.emyand My, s can be used to rewrite the mass term. In this case the

fields are expressed by the components ofthe vector "Ok b @ , which are still

Majorana objects.

Hence:
fl a 'l 0 00.
1-16

In other words, the eigenstates of the combination of Dirac and Majorana mass terms
are two distinct Majorana particles,g#and N, with mass mpand M.

The matrix eigenvalues are:
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1-17

According to the values ofthe Dirac or Majorana masses, different cases arise. For
example, ifm =mg=0, we have my=-My=mp and there are two degenerate mass eigendts
that give a Dirac mass term:in other words, a Dirac fermion is a special case dhe
superposition oftwo Majorana fermions.

Avery interesting case is the one with m=0 and mx«meg, that leads to

1-18

i.e. one particle,s, has an extremely small mass srand corresponds to the light neutrino,
while the other is a very heavy neutral leptoA. That explanation of the lightness of the
neutrinos because of a big Majorana maamkis called ®e-Saw mechanism.

This procedure can be easily extended to three flawo neutrinos: F becomes a six
component vector ¢, s ¢Ns 8 yand m_g pare 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:

® Y O
A o Qbe  QE & o
QAAQHE AAQQOK Qhs o & n
QRAAQL AQQAQA AA, m
1-19
The phases); and |. are known as Majorana phaseshesidesthe Dirac phase,,
similar to the one existing in the quark mixing matrix.
The SeeSaw mechanism plays an important role in the context of cosmology, in
particular in the explanation of the baryonantibaryon 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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—K— oPpuv uPpTm
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 comitions, (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 andPC
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 nddM
physics, giving rise to a lepton asymmetry, which is converted into the observed baryon
asymmetry by a sphaleron process

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 righthanded neutrinos foreseen in he SeeSaw.

These heavy neutrinos N, produced in the BiBang, being Majorana particles, can
AAAAU ETO1T 1TAPOIT T O AT A1 OEl ApOi 18 3HEMAA A #0 OEITI

O fibH- (where H* are the SM Higgs particles) would hae 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; CRiolation is due to the Yukawa
interactions of the right-handed neutrinos with the SM lepbn doublets and outof-
equilibrium is induced by the right-handed neutrino decays.

Therefore, by confirming the existence of Majorana masses and the Majorana
AEAOAAOGAO 1T &£ 1 ADOOGETT O OEA 1T AOGAOOAOGET Isaw, £ mur x1 Ol

henceof thermal leptogenesis.

5 A sphaleron (from the greek £ 3 | 1 rmegning OOAAAU ©h tim&Eilepedd@nt solution to the
electroweak field equations of theStandard Model;it is a non-perturbative process thatAT AOT 6 0 AT T OAOOA AAOQUI 1
number, B, or lepton number, L, but conserve-B. Geometrically, a sphaleron is simply a saddle point of the
electroweak potential energy (in the infinite dimensional field spacg
On electroweak gage theory, the vacuustate is infinitely degenerate, and the different subsseseparated by
energy barriers. Through a quanttomneling process, the dgsn can move to a different wvaeom substate which has
nonzero baryon number. Thisocess iheavily-suppressed at low energies (below shecalled sphaleron mass of 10
TeV), so it is not epected to occur in Nature today, but is feasible at earliedi ET OO ET OEA O EOAOOAEO EEOQOI
sphaleron processis non-perturbative, so a true Feynman 8 ACOAI AARS8D ARbis pfoCessrtradess
three leptons, one from each genation, for nine quarks, three within each generation, andne of each colar per
generation. L and Bare not corserved separatelyr 8tiough the quantum number Bz L is. In a sense, this process
generates a baryon excess oaff a lepton excess 8 Y288).

24



NEUTRINOS: TO STANDARD MODEL AND BEYOND

As briefly introduced, aconsequence of the Majorana nature of neutrinos is that the
leptonic number, L, is no more a conserved quantifyunlike in the SM.

In fact, in the description of SM processes, L=1 denotes negative chardepgtons 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 theeaction. For example] A8 O
consider the decayn*© t *+4;: because L{*)=0 and L *)=1, & should be a neutrino that will
produce at * while interacting in the detector. On the other side, in the process© { +y;, 4 IS
an antineutrino that will create a{- in a following interactioné. This behaviar 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 mean of the heligty; in the
A+ decay, they; is produced in a negative helicity state (LH), while in the\- decay thew
comes out with positive helicity (RH); hencey e 4 are different because they are created in
a opposite helicity state (even if, fora givenhelicity, they are the same particle) and, while
interacting, they will produce at *and at - respectively.

4EAOAEI OAh OEA DPAOOGEAI A AAEET AA O1 AOOOET T &
LH state of a Majorana neutrino,and a® AT OET AODOOEI 16 EO A 2( OOAOA

As a matter of fact, a massive particle cannot be a puhelicity state, so a neutrino
producing a negative charged lepton will have a small component of Rktlicity.

These remarks are fundamental for theeomprehension of the key phenomena in the
investigation of the Dirac/Majorana nature of neutrinos, i.e. the neutrinoless double beta
decay(Tt ¢ ). [This process, being the central topic of this PhD work, will be detailed treated

in the next section.

1.4. Neutrinoless double beta decaythe final frontier

Double beta decay (DBD) is a rare, spontaneous nuclear process consisting in a father
nucleus (A, Z) that transforms into astable daughter with the same mass number but with
nuclear charge increased by two ung (A, Z+2.

This transition, first proposed by Maria GoeppertMayer 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, andnmis a massigenstate.
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a binding energy greater than the (A, Z) and (A +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 seenTable 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
T AOOOETT AT OAT A AAOA AAAAU jcurr Qg

(A, 20 A Z+2)+2e +2u,
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 froRigure 1-4a. It is predicted by the
Standard Model and it has been already observed in several nuclides (Sesble 1-2).

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

(A,: RZ+2) + 2e-.
1-22

This is called neutrinoless double beta decaym ¢ J): jit violates the lepton number
conservation (3L=2) and is possible only if the neutrino is a massive Majorana patrticle,

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

'h © 'h p A 'T
'h p w©° Ih ¢ A
1-23

A neutron decays emittinga R OEAO EO OEAT A AdtingdxdeSdcond O A |, ( u
part of the process. This is the sgalled mass mechanism. The neutrino emitted at one weak
interaction vertex and absorbed at the dbter 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 ifrigure 1-4b.

4EAOA AOA A1 OI 1T OEAO [ AAEAT EOI O x-Baaded AAT ET AOA/
currents with the exchange of both lightand 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 breakirg of the local or global BL symmetry).
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Isotope cur -liiedyl A a [ -liiedyl £
sy A 407 4.4-1009 > 1.5-10 (42)
6 A 6% 1.5.102t > 1.9-105 (43) > 1.6-105 (44)
823 A s2Rr 0.9-1(p0 > 2.1-108 (45)
%: O 108\Mo 2.3.1019 > 1.0-1C0 (46)
100. | 1Ry 7.1-10 > 5.8-103 (45) > 5.5-108 (47)
uey A 165 2.8.1019 > 1.7-108 (48)
1284 A 12Xe 1.9-1024 > 8.6-102 (49)
1304 A 190xe 6.8-10% > 2.8-10% (50)
1368 A 13Ba >8.1.100 >1.2.10%4 (51)
150, A 18Sm 8.2.1018 >1.8-102 (52)
Table1-28 30i 1 AOU T £ OEA 1100 OAT OEGEOA AEOAAO OAAOAEAO A O ¢w

qur T -Ii‘\li'e'st%dorﬁ from (53), except the limit on136Xe, that is taken from(54). The references for the
Ou r 1 -les bréEeported directly in the table.

Neverthelessit has been demonstrated55) that, whatever is the mechanism drivng

the 1t & rdecay, this transition requires thatthe neutrino is a massive Majorana particle.

&OT i OEA AgpPAOEI AT OA1 DPIET O 1T £ OEAxh Al AEEAAC
curr EO O1 1 AAOO oA elddtioAs eriited D & detayEandtE dnalyse the
OEAPA 1T &£# OEA Oxi Al AAOGOI T 0OO6i AT AOCU -bopAAOODI 8

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

the Qvalue, withal AGET Oi AOT O1 A 18 /1 OEA Ai1 OOAOUR ET A
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 Kigure 1-5), whose

width depends on the energy resolution of the detector.

(a) (b)

u w 2 % W

_ i =

P v N p
L

Figure1-4.& AUT | AT AEACOAI & & O OEA curr jAQ ATA murr jAQq AAAAU |
produce at the vertex 1 and a neutrino is absorbedt vertex 2.
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4 EA tdacpyrateis usually expressed using the general relation derived from
&AOI EGO Q%7):AAT 0OOI1 A

1-24

where G (Q,2) is the two electron phasespace integral, that can be exactly calculated and
scales @ @, and My 4is the nuclear matrix element both parameters dependi T OEA mur

candidate.m; (is the effective neutrinomass:

& SYsaQ 8
1-25

Here the U; are the neutrino mixing matrix elements, m are the neutrino mass
AECAT OOA O Adpe the MAjoradaphases introduced in equatiod-19. Their presence
implies that cancellations are possible, and if the neutrino is a Dirac particle the cancellation
is total (it is equivalent to acouple of degenerate Majorana neutrinos with opposite phases),
01 OEAO OEA AAAAU AT AOT 60O OAEA bl AAAs

It is possible to relate the effective Majorana mass, ;m with the lightest mass
eigenstate, mgn;, which is determined according to the mass hierarchyFor example,

considering the normal hierarchy, where nignw=my, one obtains:
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a WE—OEFQ a4 1 0E—Q Y& a

i Qe Q Y4 s a8

1-26

(AOAJSAT A  AOA OEA [ E@EIT G.akithe Maotanahhades DPEAOAR
appearing in Eqg.1-19. Using angle and squarethass difference values rbm oscillation
experiments, for a given set of phases, an allowed region of; min function of mign is
determined. A plot of m ;in case of normal hierarchy and inverted hierarchy with phases
AOT I m O1 ¢RgurE 196. I6i&dearfromBHis plot that finding a value for m pwill
at last fix the neutrino mass hierarchy, setting a range for the absolute neutrino mass values.

Eqg. 1-24 shows that measuring the haHife of the decay is not enough to obtain the
value of m  While the phasespace factors,G: {Q,Z), are exactly computable (sed~igure
1-8), this is not the case for the Nuclear Matrix Elements, M

Several models have been proposed for carrying on this theoretical calculation;
actually the most accredited are the Quasipticle Random Phase Approximation (QRPA),
that is developed in different frameworks such as Renormalized QRPA or protareutron
QRPA (see, for examplé€58), (59)), the Interacting Shell Model (ISM)60) and,recently, also
the Microscopic Interacting Boson Model (IBM2) (61). The results obtained with these

calculations are collected inFigure 1-7.

S e R N E I

107!

1072

| mee | ineV

Lo

1073

99% CL (1 dof)
10"4 He 1 [N

107 1073 1072 107!

- E FEE RN

Lo

lightest neutrino mass in eV’
Figure 1-6. wwbP #, ASPAAOAA OAT GAO AO AEOTAOCEIT T ®udigA 1 EGCEOAOOD
recent data from oscillation experiments The green region corresponds to the inverted hierarchy (fg =
ms) while the red one is for the normal hierarchy (mgn = mu). The darker regions at the centre of both areas
show how the ranges would shrink if the oscillation values were known with ngligible errors (36).
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Interacting Boson Model (IBM2) (61), the Quasiparticle Random Phase Approximation (QRPA) both

renormalized QRPA(58) and proton-neutron QRPA(59) frameworks, and in a recent work takng into

account nuclear deformation for thel*Nd (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 sely 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 matrelements are in

dimensionless units. The three coloured bands highlight the isotopes considered in this PhD work.
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according to (63) with ro=1.1 fm and @=1.25 for the blueround series (Simkovic,(64), (65)) and with

ro=1.2 fm and g=1.25 for the greensquare series (Suhonefl998, (66)); the yellow-rhomb series (Tomoda)

is obtained from (67), with ro=1.2 fm and @g=1.25: the value listed in(67) are in [y*fm?] unit, being

multiplied by a factor 4R (R= r0A3) to match the definition of the nuclear matrix element and the neutrino

potential in (67). The phase space factors in the reshjuared series (Suhonef2009) are deduced fromthe

decay time T2 reported in (59) with ro=1.2 fm and @=1.00. The three coloured bands highlight the

isotopes considered in this PhD work.
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Presently, no bestmodel exists, being difficult to estimate the correctness and the
acauracy of the calculations, that are complicad and involves several steps, because they
are not connected to other nuclear process that allosva simple verification. Even the
AT T BAOEOIT 1 -chaBn@lprederiisAinctear points, mostly because of theffdirent role
played by neutrinos in the two processes. In this situation, one possibility is to consider the
spread of the theoretical values of the Nclear Matrix Element as a measure of their
uncertainty; actually this is the main source of uncertainty in the value of pyobtained by the
various experiments.However a convergence of the MJfrom the different models has been
observed in the last yearsA confrontation amongthe Mg results from different models is

displayed inFigure 1-7.

1.41. %@DAOEI AT OAl ADPDPOT AAEAO O1 mwuryg

%OAT EZ£ OEA mnurr A@DPAOEI AT OAl Omaue hn®OA EO OA
two electron sum energy spectrum, finding it is not simple at allThe observation of this
small effect and the demonstration that it corresponds reallyto the searched deay is a
challenging task and imposes severe constraints on the experiment design.

The peak issuperimposed to a continuum backgroundto which contributed also the
currh xET OA OAEI A@OAT A@G6). Aldetebide Avith Qdod Energy 1T £ ET1 OA
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 detectorln addition to the two-electron sum peak evaluationthe event
reconstruction providing the kinematic of the single electron would be useful to reduce the
background andto giveinformation abouttherta 1 1 | A AdEving tReQlécay(57).

In the present DBD experimental scenario it is possible to distinguish two main
approaches to themu 1 1 @8/ e dalorimetric technique,with the source embedded
in the detector itself, and the externalsource apgoach, 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 (lplometers 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) andeconstructing the event topology is difficult.

On the contrary, he external source approach allows a precise event topology
reconstruction, which lead to background identification (except for theg u ). (With this

method it is also possible to investigate several candidate nuclei at the same time withet
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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. Theexperimental sensitivityto m, ;

In order to compare the different experiments, it is useful to provide an analytical
expression for the halflife to which an experiment investigating a certain nucleus with a
given level of background is sensitive. The sensitivitto the lifetime, S« 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:

66x0 Op 1 Ea—
Yz

1-27

where N is the number of nuclei at t=0 and T4, «t (as confirmed from the present limits on
Ty [ -tinhek Z8de Table 1-2q8 & O1T I OEEOh OEA 101 AAO 1T &£ mnury
measuring time t, N , becomes:

)
) ———3 £3—0
0 — tay

1-28

where M is the source mass, Nis the Avogadro number, a is the isotopic abundance of the
DAOAT O 1 OAI EAARh 7 EO OEA 1171 AAOI A0 xAECEO 1T £ OEA

If no decays are observed in the measuring time,;Nis the background fluctuation in
the energy region under irvestigation, and Tt 4, expresses the limit on the decay hallife.

TodetectN;ET AT AT AOCU xET Ai x 3% Al OOAOPI 1T AET ¢ OI
detector, the presence of radioactive background must be considered. The number of
backgroundeventsBi A OEI A O AT A ET Al ET OAOOGAT ANOAI Ol
at the Qvalue of the decay, is given by:
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1-29

where b is the background rate measured in counts/(kg-keV-y) and M is aip the source
i AGO8 )1 OEEO AAOAR EO EAO AAAT AO@ék BA OEAO C
ET AAPAT AAT O1 U |1 AAOGOOAA AT A EO ADPDPOI @GEI AGAT U AT TC
APDPOT @EIi AGETT EO 1 AO0O OAI EA AAAAODAR RIOBA OOA I£EOCE %
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 gén by the probability that the fluctuation of background events is

equal to the peak:

1-30

Here rx is the number of standard deviations corresponding to a given Confidence
Level (for example, a C.L. of 99.73% corresponds tg=8).
Inserting Eq. 1-28 and Eqg. 1-29 in Eqg. 1-30, one obtains the sensitivity of an

experiment with non-zero backgound rate:

Y O

B ® 0OYO

®dXTPpT @ 0D

1-31

The lifetime sensitivity can be translated into the neutrino mass sensitivity; using the
maerr AAAAU OAOA A@GPOAOGOET T EIl 1-28)Addtheriwih tHeAOO | AAE/
lifetime sensitivity, one gets:

) p Ao !
cl o 8
o's s -

1-32

From Eq.1-32 it is clear that the mostrelevant factor that influences thesensitivity on
the effective Majorana masss the nuclide choice, being the setip parameters under a forth

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

AT AOcUh AT L QépsnBIOET ¢ OEAO O
on F; the higher the Qvalue assures a bigger the probability for the decay to occur, but also

OEAO Odpéehk wilbe far from the naturakradioactivity region, that endswith the 2.6

- A 6-peak of208T| from the 232Th decay chain. Above this energy there are only extremely

OAOA EECE ARfBAOCU r £EOT I

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

value,i.e. theA AAAUS O OOAT OEOET |

if the spread of the M Jor 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 merity,Fis introduced,

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

space factor of the decay:

Fn=Gr a|Mr {2
1-33

I TEOO T &£ O T A murr AAT ABAde@®AepictBdiriFigulleE A AT OOAODIT |
1-9, while the corresponding nuclear matrix elements and phasspace factors are collected
in Figure 1-7 and Figure 1-8.

Tounderstand EA Ei DT OOAT AA 1T £ EAOETI C A EECE EOI OIl PEA A
experiment, running for 1 year, whose detetors have energy resolutid 21% keV,
AEFEARATAAR RAEH T OAOAT 1T AAAECOT OT A 1T AOGAT 1T &£ p AT O1 O7j
of candidate nuclei required to this experiment for detecting haHives higher than 1(¢ years
E O 4. Jlpstmeans that natural isotopic abundances @f few per centare not enough for
this purpose.

The problem can be ovetome by the isotopic enrichment, bt 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
AAT AEAAOGAOG O nuryr AAAAU88 !'11 OEA EOI Ol PEA A

p>3
O
—_
>:
p>N
—_
by

one of Te, that is very high.
Of course, selecting a certain isotope fés (or limit) the type of detector to be used in

the experiment: not all the material, for example, can become a bolometer (s€able 1-3).
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CUOR&CUORE and LUCIFER
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Figure 1-12. Nuclear form factors (defined by Eq.1-33) £ O O | A

Ty As infhk INKIE gloh OA O 8

(Figure 1-7), the central mark of each krange 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: IBM2: (61) (Mn ), and (66), (67) (Gr); (R)QRPAL(58) (M=) and (64),

(65) (Gr); pnQRPA(59) (Mr) and (66), deduced from Tuz in (59) (Gr) ISM:(60) (M) and (66) (G:). For

details see the caption oFigure 1-7 and Figure 1-8.
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Candidate

. Materials successfully tested as bolometers
nuclide

8 A 48T Cak, CaMoQy

A Be  Ge

823 A 82Rr ZnSe

%: O QMo  Zro;

00. | 1®Ry  PbMoO4, CaMoQ;, SrM0oQs, CdM0Qy, ZnM0oOy4, LkMoQy, MgMoQ,
ueg A 118Sn CdwWQ,, CdMoOy

1304 A 10Xe TeQ

1368 A 136Bg —

150, A 1®MSm -

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
differentos r 1 AAT AEAAOAO EO -BEAQ BDAROAELAGEN G Al 10 AALOIOA
for example48Ca has a high @alue but a low isotopic abundance, and so oRigure 1-11 and
Figure 1-12 empathize this concept, showing both isotopic abundance and the nuclear factor
Fn versus the QOAT OA T &£ OIT 1T A nmurr AAT AEAAOAO8 woAADPO A&
concentrated in a small area in both graphsThis allows exploring several sources and using
different techniquesh AT 1 AOCET ¢ OEA nurr AGDPAOEI AT OA1 OAAT AC
142. murrd O&GAOA T £ OE
4EA DOAOAT O ismdeminatedCofk A@é tecently 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 #s measuring time and the total mass of the

source, and explored the same region of theossible neutrino mass patterrs. In the next sub

sections ther features and resultswill be briefly presented.

1.4.2.1. The HeidelbergMoscow experiment

The HeidelbergMoscow (HM) experiment (73), running in the Nineties and now over,
AAT 1T ¢c O OEA AAI T OEi AOOEA GkkESebByn@dning dEfivOAOOECA QI
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high-purity Ge-diodes enriched at 86% in 76Ge, with an active mass 0f10.96 kg
corresponding to a source strength of 7.6x18 76Ge nuclei.
The detectors operated in the underground site of Laboratori Nazionali del Gran Sasso
(LNGS), ltaly with an high energy resolution, typically 4 keV FWHM, achieving very low
background level (0.17 counts/(keV-kg-y) around Qvalue) that has been further improved
by a factor 5 using Pulse Shape Discrimination (PSD) techniques for rejecting events in
coincidence among different diodesWith a statistics of 35.5 kg-y in"6Ge,the limits on the
half-life and on the effective Majorana mass are™B, <1.9x1(®> y and n} ;<0.3-0.6 eV
(depending on the nuclear matrix elements chosen for the analysis) respectively.
However in 2000 £ZA x | AT AAOO 1T &# OEA (- AT11AAI-OAGETT Al AE
peak (74) that nowadays gives Tt%=c& ¢ § -102> U A O thig fdyld translate in
m; ~(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 th®ouble Beta Decay community,
including a large part of the HM collaboration itsel{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
AU OEA OAOU OAT OEOCEOA 1 AgérticulA thd s Pradelof thew r 1 D OT EAAQ

GERDA experimen{86), whose data taking orf®Ge has recently begun, will be able to verify

the claim.
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Figure 1-13. Energy spectrum measured by the Heidelberyloscow experiment in the Q j*#egion (78).
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1.4.2.2. The NEMEB experiment

The Neutrino Ettore Majorana Observatory (NEME) (87), concluded in January
2011 after effective 5 years of data collectior{88), wasthe most sensitive DBD experiment
belonging to the external source technique.

The setup, 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, 8286,150Nd, 116Cd1130'|'e’962r' 48Ca

The experiment is based on the direct detectiof the two electrons emitted in the
decay that crossa magnetised trackingvolume made of Geiger counter cells and releagkeir
energyin 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 thesingle electron,
AAAT T ET ¢ OAT OEOGEOA Al OI ol OEA (57)AThE ArdeByO i AOEOE
resolution ranges from 11% to 14.5%.

The best efforts have been made of¥°Mo and 82Se nuclei, resulting in the presently
most precise values on their2d 1 half-lives (see Table 1-2, central column) and providing
AT OT 11T xAO 1 Ei E QiYes [séeTabBE&E1REght colmny), cordsporBing toa
lower limit on the effective Majorana mass 0D.8ML.3 eV and1.4M.2 eV respectively,
according to the nuclear natrix 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 inFigure 1-14.
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Figure 1-14. (a) Energy sum spectrum of the two electrons, (b) angular distribution of the two electrons,

and (c) single energy spectrum ofhe electrons, after background subtraction fromi%Mo with 7.369 kg-yr

Agpi OOOA8 4EA OITEA TETA AT OOAODITAO O OEA APAAOAA ODAA
histogram is the subtracted background computed by Monte Carlo simulations. The sarctontains 219 000

rr AOAT 60 Atb-ack§durd rabEisAD(80).
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1.4.2.3. The Cuoricino experiment

In the underground site of LNGSyém 2003 to summer 2008 the Cuoricino detector
(91) searchedfor OE A mwu 1 139Kefudiny the bol&metric technique, providing one of
the best present limit on m and prepared the way for one of the most promising next
CAT AOAOGETT muryr OAAOAEAOQ Oitatds the Sranework Af@isA OET AT Oh
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 @hapter
2 and Chapter 3

The operating principle of a bolometer is verysimple: the energy deposited in the
detector by a nuclear event is measured b recording the temperature increase of the
detector as a vhole. In order to make this extremely smalheating 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 massesin the Cuoricino detector the absorber is a Tefxrystal and
the thermal pulses are read by Neutron Transmutation Doped Ge thermistors.

The Cuoricino array (Figure 1-15) is a tower made of 62 Te@bolometers arranged in
thirteen floors, for a total detector mass ofD41 kg, corresponding to a source strength of
5.0x1(5 130Te nuclei. The mechanical structure of tower is made of OFHC copper, to which
bolometers are connected by means of PTFE holderShe detector was cooled down in a

dilution refrigerator to a temperature of ~8 mK.

Figure 1-15. The thirteen floors of the Cuoricino towerEleven floors are made with four bolometers whose
absorber size is 5x5x5crd, while the remaining two are composed by six 3x3x6chdetectors. Among these
small crystals, two have been enriched at 82% it#°Te and other two at 75% in'28Te.
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Figure 1-16. Best fit, 68% and 90% confidence intervals for the total statistics superimposed on the
#01 OEAETT OO0 OPAAOBRI ET OEA murp OACEI(T

A very low background, of the order of 0.18 countsKeV-kg-y) was obtained in the
neurr AAAAU OAcCETIT AT A OEA AT AOCU OAOI 1 OOETT EO
the crystals. The spectrum collected in the Double Beta Decay region is showrFigure 1-16.
The obtained limit on the 130Te halflife is Tty <2.8-1074 y, corresponding to a
sensitivity on the effective Majorana mass of 0:8.7 eV (50), depending on the adopted
nuclear matrix element.
Despite its sensitivity comparable to the one of the HM experiment, Cuoricir@annot
disprove the 76Ge claim due to the discrepancies in the nuclear matrix element calculations.
This can be seeninserting the nuclear factor of merit, K, defined by Eq 1-33, in the

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

6« ——
Y, 00
1-34
that allows comparing Ge results with the Te results without any dependence onim
. ey a0 0Q
O YQ
1-35
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Figure 1-17. Comparison between the Cuoricino limit ont30Te Tty and the 7Ge claim from the HM
experiment claim expressed in terms of Ty (130Te) as stated from Eq1-35. The orange horizontal line
represents the Cuoricino limit where the blue columns are the range of the limit of th&°Te obtained from
the 76Geclaim by using nuclear factor taken from IBM2, (R)QRPA, pnQRPA and ISM nuclear matrix element
calculation (seeFigure 1-12 for the details of the k calculation and references).

This confrontation results in different intervals, according to the nuclear matrix
element chosen for the calculation of the nuclear factor-igure 1-17 shows the bands
corresponding to the76Ge clam translated into the Cuoricino results according to four most
guoted 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 neutrihos.

In the previous Chapter theAOOOAT O OAOGOI 6O 11 rtescribpd OAAOAE |

showing how presently the experiments are just inveigating the quasidegenerate

hierarchy of neutrino mass (seeFigure 2-1), being their sensitivity to the effective Majorana
mass around 500 meV. T x OEA mu rtyis adldrdsdin® itsEefforts to reach the
inverted hierarchy region and this means improving the sensitivity of at least one order of
magnitude. To understand the efforts required to reach this target, the characteristics of an
experiment that should beimproved 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 itsbolometers, being the optimisation of these detectorsowards the CUORE
and LUCIFER xperiments the main subject of this dissertation. Therefore a detailed

description of bolometers and their operation will be discussed here.

~ A~

2.1. ThenextCAT AOAOEI T murr AGPAOEIT AT «

To reach the inverted hierarchy region, the sensitivity should be improved by one
order of magnitude, i.e. S(mn) ~50 meV while S(m ) ~10 meV is needed to exclude it.
Exploring the direct hierarchy region requires to gain at least one order of magnitude one
in the sensitivity.
From Eq.1-31 and Eq.1-32it is evident that, fixed EA muyr 1 AAT AEAAOA j b1 OOF
high Qvalue, as discussed in Sectiof.4.1.]), the halflife sensitivity can be improved by

acting on the source mass (M), the Kk AOOOET ¢ OEI A j 6bgh OEA Al AOcCU

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

7(228).
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Being the present experimental sensitivity to the effective Majorana mass about 500 meV, only the Quasi

Degenerate hierarchy region has been probed, as shown byetlyellow band. The black line denotes the

central value of the HM claim.

Among them, the less influent is the measuring time. As can be sday the following
comparisons:

Y 1RO ar g Y emool
Y po0Ht Y Uo06k
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after an initial improvement thanks to few years of data taking, gaining another factor two in
the sensitivity requires a detector livetime of 20 years, hardly reachable by the experiments.
4EA DPOAOGAT O mnuryr OI OOAAO EAOGA 1 AOOCGAOG 1T &# O i A O,

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

Y vTEC

~ ovECcSe®
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This enlagement is difficult in particular for the external-source experiments,
because of the possibility of selfibsorption in the source, but in general it is an expensive
and complicated solution; another possibility, instead of having a bigger source is toausn
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 irFigure 1-9), approaching the inverted hierarchy region means searching
for 1-10 counts/(y-ton), while fully covering it means to be sensitive to 0.1l 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 O for the entire liveOET A 1T £ OEA A@DPAOEI AT 08 &1 O OAAOAEAO
requirement translate in to b ~1 counts/(keV-y-ton), while the target is even moreambitious
for experiments with worse energy resolution, where however the most critical role is
bl AUAA AU curr AAAAUS
There are various sources that give rise to these spurious counts such as
AT OEOTT1T AT OAT t AT A r OAAEI|T AlRdDEdDiabdtionsfittei EA OAUO
materials composing the detectors and their shielding.
4EA ¢ AAAECOI OT Ah AT T EIT C ASUIandBAOEGR] AT 1T OAI
materials that surround the detectors can be easily avoided thanks to the choice of a high Q
vak OA EOI O PA AO A m2eY and2@rh OerAah dntagniBalionAnaidbel A
dealt with more carefully, in particular for non-homogeneous (or passive) detectors, while,
under certain assumptions, it does not play a significant role for homogeous detectors (Ge
AET AAO AT A ATi1T1Ti1iAOGAOOGQq 4 AAAAUOh ET EAAOh xEII
most interesting Q ;OAT OAOh xKREI AOAT OOOEA QEAOA Ox1 OAAET AA
the contribution of 234 Pa from the238U chain) @n be recognized through coincidences with
OEA 4 AT EOOEIT OEAO DPOKBUMeRBO jT O A 111x0q OEAI j «
The cosmic ray contribution to background can be reduced b I T AOAOET ¢ OEA 1wy
deep underground, where the only surviving cosmigay particles are the muons, that can
DOl AOAA EECE AT AOCU 1 Anad elecrtmadn@id shanvérd @ Aioh O1 C
veto can help in controlling this background component.
The best known cosmogenic isotope i°Co, which is a common contaminant in
#1 PPAOh OEA 1 AOGAOEAIT AT iITTT1U OOGAA E1T OEEAI AET C 1
solid material available (92). Because its high production ratest the Earth surface and its
long half-life (5.3 y) %0Co 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.
, I x AT AoOcuUu 1 AOOOITTO DOT AGAAA AU AT OEOITIT AT OA1
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 yinduced
spallation reactions can release several MeV by direct interaction in the detectors.
4EA O1 AAITAA OOOOEAAA Ai1 OAIETAGEI 16 AAAECOI O1 A
but it is in particular crucial for fully active detectors, as in the case of boineters; it is
Al i Il OAA AU OEA | DPAOOEAI AOh AiI EOOAAMmMOd I OAAET AAOI
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 resuting energy spectrum will be a continuum between 0 and ZB MeV (the
Aiii11 1 AT Aocuqgh AiT OAOET Ch  @luesl FoithérincheOthd U Al 1 OEA
OAT A T AAEATEOI EITAO ET OEA AAOA 1 &£ OOOZFAAA Al 1T OAI E
induced background represents the main source of background for the Cuoricino
experiment. These surface contaminations are usually one order of magnitude smali@3)
with respect to the sensitivity available with the best commercial detetors (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 hrarchy
region of neutrino masses, together with the fact that this technology should deal with about

one ton of source.

238y 221
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o .02% B+y 99.98% o 36% B+y 64%
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. . % Bkg rate Mass
Experiment Isotope  Technique
[% at Qual] [c/(keV-kg-y)] [ka]
R 4.102 200
CUORE 130Te Bolometers 0.18
(95),(96),(97) o} 1-103 400
EXO R 1-103 160
(98), (99), 136Xe Liquid Xe 3.3
GERDA R 1-102 35
(102), (103), 6Ge Gediodes 0.16
(104), (105) O 1-103 100
Lo R .104
KamLAND-Zen 136X L|qL_J|d 95 510 360
(106), (107) Scint 0 1104 1000
R 2-104 90
NEXT100 136Xe TPC 0.7
(108),(109) 0 6-105 1000
SNO+ o Liquid 6 R 1-103 50
(110), (111), Nd Scint S 5104 500
(112) '
SuperNEMO o Tracko- 0 R 4.104 25
(113),(114), Se calo :
(115) 0 6-105 100
Table2-1.3 AOAOAT DOI BT OAA T A0 CAT AOAOQGEI T nurr AOPAOEI AT OO4 A&l «

used, together with estimates for detector performance parameters (FWHM energy resolution, detection o
efficiency and background rate per unit of energy, timeandt st EOT O DA 1 A0GQq AOA CEOAT 8 4
|

AOOEI AGAO AT A OEA muyryr OI O®AMN ar optididtic ®) séehatiohide). AT OE A OAEAOA AE}
Among the several nextgeneration proposed or underconstruction experiments (see

Table 2-1), the CUORE project is one of the most sensitiy&16). It is the natural prosecutor

of the Cuoicino experiment, with a masstwenty 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 i@hapter 3 In

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

presented inChapter 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 fathe

OAIT A AOAT O Al lparticlés withAlB0oAeBidichog, sipce the ratio between the

PEI OTT AT A PETTI1T UEAIA EO AEEAEAOCAT O A O | OEAI

actually carried on by the LUCIFER project, may permit a reduction ofd@rbackground rate

down to 103 counts/(keV-kg-y) or better and will be discussed irChapter 7.
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Both the CUORE and LUCIFERperiments are based on thebolometric 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 massesitihh 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 fieldfomuclear physics research
and radioactivity measurements was proposed in 1934 by F.E. Sim¢hl17), while the first
detection of an alpha particle with such as device happened fifteen years later, thanks to the
work made by Andrewns 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 emrgy resolution, combined to the versatility in the
AET EAA T £ | AOGAOEAI Oh 1T AEA AT111 AOAOO AGOOAI AT U OOEOD.

The bolometric technique can be considered young, with only twentgix years of
activity in fundamental physics resear; 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 @hapter 3

Bolometers are low temperature detectors(LTD) made of an absorber, where the
particle energy is released, producing excitationsand a sensor that converts them into a
signal. Here in particulardevices are considered in which the particle detection is mediated
by phonons, the quasiparticles associated to crystal lattice vibrations (and therefore called
Phonon Mediate Detectors, PMDsRecause the energy of such as excitations is very low («10
meV), these detectors must operate at very low temperature (1100 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 alie energy deposed in a
detector is converted in phonons& 1 O A @Al bl Ah 1 AG8O Ai 1T OEAAO A p EAse A
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 acintillator
detector all the electron energy is converted in electrorhole 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 needed for creating phonons is lowr with respect to
the energy for creating other signal mediatorg(such as ionization or electronrhole pairs),
bolometers have excellent performances in particle detectionThe number of medators N

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

e

2-3

For example,in a scintillator detector w is about 100 eVin case of gas detector, for the
production of an electronrion pair, w~30 eV whereas in a solid state detector w ~3 eVOf
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 isN=VIN (i.e. assuming that the intrinsic energy resolution is
limited only by statistical fluctuation of the produced mediator number), the FWHM energy

resolution 3E, using Eq2-3, is given by

30 &30 & "00
o S®ur U.Orl

2-4

F is the Fanofactor, 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 mKE | 1 B<A é/Ai.e.>
two order of magnitude better of the best Si(Li) diodeor a 1 kg Ge bolometer at 10 mK could
measurer rayswith 3E~10 eV, i.e. two order of magnitude better of a Ge diode.

This thermodynamic limit can be reached by a real bolonter only if the statistical
fluctuations due to others deposing energy mechanism (such as metastable electrbale
states) are minimized and there are no dominant contribution from the noise sources (see
Section2.5).
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2.3. ldeal 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 ofan absorber, where the impinging
particle transmits its energy to phonons, coupled to a sensor, whicls 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 constantrperature To (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 absorbe and the sensor A more complex model will be presented
inSection0.4 EA EAAO AAOE6 O AAPAAEOU EO Al 1T OEAAOAA AO EIT EE
If T(t) is temperature of the absorberAO OEA OEI A Oh -TDOOI ET C 34Es
corresponds to state that C and G has no dependence offfierefore the temporal evolution

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

.. ©O 0.
Y0 <A@D-h
0 t
2-5
where z=C/Gis the thermal relaxation time.
Thermal Athermal
Bath phonons phonons
¢ \ / Phonon sensor
G C % (thermometer)

EAVAVAN W W 36x 34 x

——  Absorber

Thermal \ Incident
link particle

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

2-6

It follows that lower is the thermal capacity, higher will be the signal amplitude. For
energy depositions in the ke¥YMeV range, appreciable signals with respect to statistical
fluctuations can be obtained by working at very low temperature (16100 mK). Onthe
contrary, a release of 1 MeV energy ia1 mole absorber at room temperature corresponds
to a temperature variation of order of10-15 K, impossible to be measured.
(AAO AAPAAEOU EO Al O OAI AGAT O &I O OEA OEAOI Al
01 AEAOO OECiI Al 68 'O OEA OAI A OEI AR EI xAOAOh 2z OE]
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 ratésgher than Hz.
From this simple model is possible to see themportant 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 limitedrdy by the fluctuations of
thermal phonons exchanged with the bath trough the conductance G. If the average energy

needed to create gohononis w = ksT, and using also ER-6, Eq.2-3 becomes:

0 "Y8
0 )
2-7
As a consequencefrom Eq.2-4, the energy resolution becomes:
YOe Y5 JQ"Ye Q6 "Y'Y8
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, introdtice
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 tds specific application in

the Cuoricino and CUORE experiments only ®hapter 3
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2.3.1. The Absorber

As previously introduced, the most relevant paramedr 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:

o(T) = &(T) + ce(T),
2-9

coming from the crystal lattice (¢) and from the electrons €¢). In dielectric diamagnetic

materials only the lattice contribution is present and it is determined by the Debye law:

. . Y
oy PSgn
v g

2-10

where kg is the Boltzmann constant, Na the number of Avogadro and Yp is the Debye
temperature that characterises each crystalThis law, validfor T<yp, can be translated iro

an expression for the heatapacity:

o
<
< Q

y
— 8
9

2-11

Herer =1944 J( K-mol), mis the absorber mass andM 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:

v W o Yo
W'Y ng—

g
2-12
where Z, R eYr 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, T.. For them, in fact, it holds:
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- Y oo
O 0QONC = h

2-13

where Ks is a constant that depends on thematerial. However this contribution to the
specific heat is negligible withrespect to the lattice one whenT«T..

Therefore the best materials for bolometer absorbes haveto be selected among
dielectric and diamagnetic crystab with high Debye temperature Yp or among

superconductors with critical temperatures higher than theworking temperature.

2.3.1.1. Phonon thermaliation 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 whichthe energy transfer from the particle to the crgtal occurs
follows essentially two channels: the nuclear and the electronic oné421).

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 resolutioof
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 nm to mm, according to the kind of particle (heavy or electrons)his 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 chage carriers undergo scattering processes
with the impurities, loosing energy until a quaskequilibrium 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 electrofole pair density and on their energy.
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A scheme of the global process for the phonon creation is depictedRigure 2-4.

After the production, the phonons undergo different processes until they reach a
thermal distribution (schematized inFigure 2-6). At the beginning phonons have high amngy
and low momentum on the optical branchand depart from the particle interaction region
beginning a decreasing cascade of the phonon energdccording to energy and momentum
conservation, in a very short time (18100 ps) the optical phonons decay in tw 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 eéctron-hole recombination
occurring atimpurity levels contribute to this phonon population.

Therefore the final result is a phonon system, mainly LA with energy of the order of
Egh x E Ai® ke Debye cutoff frequency of the crystal, that then undergoes further
energy-degradation via phoron-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, othenise stable, in to LA phonons, so they can thermalize. These
processes are scattering on impurities and reflection on crystal surfaces (s€gure 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 surfdd@4);
here they will interact with the phonon sensor connected to the absorbegenerating
athermal contribution to the signal. The ones that are not collected are reflected by surfaces

and they finally thermalize.

Primary

' radiation
. Backscattering v

Jopultering / \

Structural Elec-/ \Photons
defect trona
wees Fluorescence
Stored
Qe——— el
energy I Secondary
l ! , electrons
‘o

Heal
Figure 2-4. Simplified diagram of the energy flow due to incidentadiation within an absorber. S is the

nuclear channel while $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.
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Figure 2-6. Typical average phonons energy versus time (al) and (a2) recoil of eleats and nuclei with
creation of electrorghole pairs and mostly highenergy 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 endf (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 theenergy release in the absorber results in both athermal and thermal
phonons, two kind of phonon sensors can be conceived: ballistic phonon sensofer
detecting the phonons at their first interaction with the absorber surface, and thermal
phonon sensos, 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:

o 7 0 o .

2-14

where z Az, dre 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 dinensions (submillimetric 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 incase of monolithic bolometers or by the heat propagation through the
absorber-sensor interface for composite bolometers; therefore they range between 100 es
and 10 nsecfor the first case and 100msec- 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 H&Several types of devices able to
detect thermal phonons exist, the most commobeing Semiconductor hermistors (ST) and
Transition Edge Sensors (TES). Because the firsts dhe oneused 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 anducibility on
the temperature (therefore onthe thermal phonons). Measuring its resistance corresponds
to a temperature variation detection.

Semiconductors are covalent solids withthe 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 exciteglectrons in thein the conduction band

and to the corresponding number of holes in the valence band. It is possibimly 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 o room temperature, since kT(300 K) ~0.025 eV.The
fraction of intrinsic carrier (electrons or holes) in the (conduction or valence) band depends

exponentially on the temperature:

¢“QYa &
T“Q

2-15

Here kg is the Boltzmann constant, mand m, 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:

P
<

oY Omn
2-16

whereEj mq EO OEA AT AOCU CAD OAWUBA AO m + AT A |h

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 donorimpurities introduce an n-type
(or electronic) conductivity, while acceptors corresponds to a gype (or hole) conductivity.
The whole conductivity behaviour will depend on the difference between acceptor and
donor impurity concentrations, i.e. the dopingevel, p-n.

, AOG6O AT 1 OEA A-Qpe@atpihg: & do@niempefatufelaimdst all the dopant
AOT 1 O AOA EiI T EOAA Alcd reGoktheccOndudtion addhankd tA RO O1 T O
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 behaviourwhatever the temperature. This doping level
denotes the so called Metalnsulator Transition (MIT) (127) and corresponds to a

concentration of donor atoms so that he 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 nmechanism)(128).

For this to happen, a certain level of compensation is required, i.e. a certain ratio

between the acceptor and donor concentration (Nand N> respectively), defined by:

cC
C:| C:
¢

2-17

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 quanturmmechanical tunnelling through the potential barrier
separating the dopant sites activated by phonon mediation (as sketched kigure 2-7).

Essentially, two conducting regimes can be distinguished:

V short range hopping (SRH), in which theunnelling hopping mechanism happens
between two spatially close sitesbecause the phonorelectron 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 bcated in a narrow range around the Fermi energy: this implies

that carriers can migrate also on far site$129).

phonon
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Figure 2-7. A scheme of the tunnelling hopping conductiomechanism in semiconductor mediated by
phonon in case of doping slightly below the MIT concentration.
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&1 0 AT OE AT 1 AOAOET ¢ OAGEI AOh OEA AADPAT AAT AA 1 ¢

is given by:

o vy
Y AQ%,h
2-18

where r is ¥4 in SRH and/ 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 electrong(130).
The CUORE temperature sensors are devices operating in the VRH regime, therefore
Eqg. 2-18 will occur several times in the following Chapters, especiall in Chapter 3 and
Chapter 4 and it will AA OAZEAOOAA AO O62( b énddhto beEETI A OEA
AAOAOI ET AA AGPAOEI AT OAT T U A O AAAEThMAAGERAALR xEI 1
doping, absolutely necessary for having all the devices operating in the same way, is
achieved by usingthe 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:

) . a o Y . Y .
Y'Y Y- —A@dB- YABB- h
i i Y Y

2-19

where RE ml/s and |, s are the distance between the electrical contacts and the thermistor
section respecively.

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 beeropiosed,
known as Hot Electron Model (HEM)(131) for explaining the nontlinearity of the VRH
conduction, thanks to the introduction of a thermal conductanceG.pn, between phonors and
electrons. According to this model, theconducting electrons make a thermal system at a
certain temperature Te, connected to the phonon bath by &n, which is at the temperature
Ton. When a power P is injected into the systemeTesults larger than Tph.

Because conduction electrons and phononsf 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 &. This modifies Eq2-18 in:

59



Optimisation of the bolometric performances of the CUOR&CUORE and LUCIFER
detectors for the neutrinoless double beta decay search

Y " A@gB. 8

<r<

2-20

A parameter characterizingthe thermistor performances isthe sensitivity defined as:

Qo€ WY,
Qa € QY

(@}

2-21

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 angfor the particular case of Eq2-19, it becomes:

o
<1<
o

2-22

When energy is deposed in the absorber, whichas a temperature T, athermal pulse
is generated as expressed irEq. 2-14 using the rough monolithic approximation; it can be
converted into an electric signal bymeans of the thermistorbias circuit, that leads a current |
going across the sensor.

Considering the basic circuit shown inFigure 2-8, the relationship between the

voltage signalzV, the parameters of the thermistor and the deposited energy E is given by:

Ya Y 0D G—VIYX
VALY Y &OY

D N0 oY

2-23

Vbias 1

Figure 2-8. A sketch of the basic thermistor bias circuit.
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2.4. Compositebolometer model

Now that the basic principles of the energy absorbeand 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 mactmlometers,
aiming at the explanation oftheir use in experi AT OO 1. RAlsostke[ingtruments 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 comprehensio of the next topics; a detailed treatment is found i1(132).

The simplified monolithic model has just been presented in Sgon 2.3, while
introducing 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 beerlabelled as limited and incapable of accouting 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 thether elements of the system through a
heat conductance. This evolution of the model is still not sufficient, however, as it neglects
any nonlinearities in the behaviour of the thermistor. For example, the HEM gee Section
2.3.1) separates the phonon system from the electronneinside the temperature sensor: the
two systems are connected by a thermal conductance weaker than the one among the
electrons, and therefoe 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 systemof the thermistor;

V the phonon system of the thermistor, connected by means of distinct
conductances to the heatbath T A 01T OEA OEAOI EOOI 080 Al AAOGO
uncoupled due to the HEM picture;

V the electron systemof the thermistor, connected to the phonon systenof the
thermistor by a conductance.

The three-nodes system just sketched constitutes a composite metland 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 ofthis

kind of macro-bolometer will be analyzed now in both its static and dynamic behaviour.
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Figure 2-9. Composite thermal model with three nodes. The sign of powers ¥ling 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 temperaturey, Bf the heat bath; inthe real case,
localized background powers are always present and generate a thermal flow among the
iTAAT 60 11T AAOh AOGAT xeEAT 11 AT AOcuU EO OAI AAGAA EI
polarized. At least two parasitic powers,0 and 0 , should be considered: the drmer is
dissipated in the crystal absorber because of unavoidable micrabrations, 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 | for signal readut, Joule
heating by means of an electric power & takes place in its electron system. In such

conditions, describing the static behaviour of the modelled macrbolometer means finding
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the thermal equilibrium configuration reached by the network sketched irFigure 2-9. The

power balance for the three nodes of the thermal system under discussion is

2-24

where Pe can be expressed in terms of the elements in the polarization circuit pictured in

Figure 2-8:

2-25

In the set ofEq. 2-25, the dependence on thelifferent temperatures of the nodescan
be made explicit by expressing the power R flowing between nodes 1 and 2 in function of
T1and Ty, with T1 > T,. As confirmed by experimental measurements that will be reported in
Section3.5, the thermal conductances used in the model are expressed by a law of power in

function of T:
"0°Y "QJY
2-26

The power flowing between the generic nodes 1 and 2 in the depicted thermal

network can therefore be written as:

0 "0"'Y'Q"Y |
2-27

The thermal balance system (EqR-24), rewritten in terms of Eq. 2-27, is nonlinear
and cannot be solved analytically. Its solution by means of numerical methods gives the
temperature of each node, and both theesistance of thethermistor R(Te) and the current

flowing through it, then, can be calculated from the valueerl.
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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 Séion 2.3, a firstorder
approximation for the evolution in time of pulses was found in the case of a capacity C latk
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 isdefined 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 he constantz = 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. Bergy conservation in the time interval dt can be applied
to the three nodes of the thermal network inFigure 2-9, obtaining the set of differential

equations:

. ay . . .
v 0 O— 0 0 0
rr Qo
ay . . .
.0 O V] 0 0
(N Qo
' Y C)Q—Y . v
i 0 a0 §] §] 0

2-28

Tel(t), Ton(t) and Ta(t) are the unknown temperatures of the OEA OT EOOT 06 O Al AAOOIT 1

OEAOI EOOT 060 DPETITTT Al A, GAéad Q@A their hdaOdagaditibsd 11 AAON #

respectively, and depend on temperature with the general form:

6"Y AJYh
2-29

where c is a coefficient experimentally measured; the exponenf is equal to 3 for the

absorber due to the Debye law and 1 for the electron systeof the thermistor. The powers
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P12 flowing in the system still have the form of Eq2-27. At time t = 0, the power RE ~ %0)¢

is released instantaneously in the absorber, which implies the following conditions hold:

Y Tt Y

Y ™ Y
o
YT Y +—
w (0]

2-30

The superscripts@drefer to the static equilibrium temperatures of the three nodes. A
necessary remark is that the third equation, more spee FEAAT 1 U OEA TEEELOEAIT Al 1 A
is valid provided that the variation with temperature in the heat capacityof the absorberis
negligible, and thenaT « 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 sd of equations2-28, completed by the initial conditions2-30 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 geneated 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:

y y
0oYQry 0oYQUY 0oYQry 0YQY 0°YQY 0Y Y'Y

2-31

In the previous equation,”Y is the temperature of the generic node j determined

instaic ANOET EAOQOEOI AT id the Fe®pefaiur® bariafidn durirgy pulse
AOGi 1 OOGEiI T8 4EA OOIi All DPAOOOOAAOGEIT o6 APDPOI GE
heat conductances and capacities do not change within the variation range of the
behaviour are rewritten in terms of heat capacities and thermal conductances
evaluated at the temperatures in the operation point;
2) The heat capacity g of the phonon system in the thermistor is considered
negligible compared with the other ones; as will be evidenced iBection3.5, the

inequality Gon « Cei« Gaholds true for the GJORE bolometers
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These approximations allow soling analytically the dynamic problem and the

resulting solution has the form:

oy O A : .
Y'Y =200 0 Y
2-32

The constants K,141, and 1, depend from the values of the heat capacities and
conductances in the system evaluated at the temperaturé¥ obtained from the solution of
the static problem. However, the description of the composite model given in thisection
must be completed by incorpoating some additional elemens, such as theelectrothermal
feedback, the presence of parasitic capacitances in the bias circuit and the contribution of
athermal phonons.

The dectro-thermal feedbackis the phenomenon hat describe the nonlinearity of
the V-l 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 Setion 3.3.1.2 As depicted by the first equation in the set
2-24, the power in the electon system is given by the sum of two terms: a static parasitic
power and a Joule powera- R(Te ). The latter becomes smaller during the timesvolution of
a thermal pulse because the rise in temperature due to particle interaction in the absorber
leadsto a decrease in thaesistance of thethermistor: the lower the Joule power dissipated,
the faster is the relaxation of T to its static equilibrium value “Y . This effect is relevant
unless the power in the electron system is dominated by thparasitic term. Electrothermal
feedback is integrated in the model by introducing an effective thermal conductance
between the electron and the phonon systems, which substitutes the B4 used in the

previous discussion:

oYY DY
oV

2-33

A is the logarithmic sensitivity of the thermistor used. The use of the substitutioof
Eq.2-33 incorporates the electrothermal feedback effect in the system without altering the
structure of the solution (Eq.2-32).

Snce 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 betweée 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
capacitanceto-OE AOI EOOT 060 OAOE OOA inAnA bieB Aiouk i(skekigureAT T AZEC OO/
2-10). Given a parasitic capacitancepcthe differential equation that describes the variation

in time of the voltage pulse at the taminals of the thermistor is given by:

2-34

This expression completes the set of equation-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 constag = R, which
cannot be neglectedin the application under discussion: in the Cuoricino case, the typical
operational values g~¢ ™1 M v 11 11, ~DOSGNkdd £ Z,Bf even a few seconds, therefore
comparable to the evolution times of thermal pulses.

The last refinement of the proposed cmposite model regards the contribution of
athermal phonons with high energy of order 9 p); they can degrade in thermal phonons by
OAAOOAOETI ¢ xEOE OEA AAOI OAAOGO OOOZAAAO T O 1 AOOE
the thermistor where they thermalize by interaction with conductance electrons. In this case,
the initial condition Ta(0) ="Y + E/Csshould be modified because the energy transfer of the

interacting particle is now split in two contributions to both thermal and athermal phonons.
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Figure 2-10. Bias circuit for the voltage reaebut of the thermistor, corrected by the presence of a parasitic

AAPAAEOAT AA ET DPAOAITT Al xEOE OEA OA7T 061 060 OAOEOOAT AAs8
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2.5. Noise sourcesn bolometric detectors

To conclude the general picture of the bolomedrs, a brief description of the noisehat
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 physicparameters, and
extrinsic noise, related to the bias circuit, the reagut 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 noiserex

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:

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 lefrequency is
reduced by the electrethermal feedback.

V Thermodinamic or phonon noise, that limits the intrinsic energy resolution in
case ofcomplete energy thermalisation;it is caused by the fluctuation of the
number of thermal phonons exchanged with the heat bath through the
conductance Gcreating random fluctuations in the absorber temperature.

When Poissonstatistics is assumed, an estimate of the fluctuation of the internal

energy of the absorber is given byEq. 2-8. In the case of the monolithic

bolometer model, a detailed calculation of noise due to the intrinsic sources

OETI xO Ei x OEAO A@POAOOEIT 1000 AA i 0Ol OEPI EAA A
be introduced (133):

YOe v Q6 "Y'Y8
2-36

4EARA OAIT OA T £ v AAPATAOG 11 OEA AAOGAEI O 1T £ OEA
temperature dependencies of the thermal conductance and of the heat capacity,

and can be made of the order of the unity ith a proper optimization work.
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The extrinsic noise can depend on the cryogenic and electronic saps 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 inalled in this
category, such alectric microphonic noise, electromagnetic interferences, and mechanical
i EAOIT PETTEA TTEOA8 4EAOA AOAT 60 Al AOOEEAEAAT A AcC
consequence of the electronic reaut of bolometers but can seriously impact detector

performance.
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Chapter 3.
TOWARDSHE CUORE SINGLE MODULE

Brick by brick by brick by brick we're building

Proposed since 1998134), the Cryogenic Underground Observatory for Rare Events
(CUORE)135), is one of the most sensitive nexC AT AOAOGET T A@DPAOEI AT 0O OAAOAEE
The CUORE detector will consist of 988 Te®@olometers arranged in 19 towers, resulting in
a scaledup version of the Cuoricino experiment (introduced in Sectiorl.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, &rgle
floor of a tower. The structure and the materials of the CUORE single module aknost the
same as in Cuoricinobut, because the CUORE goal is an extremely better seingg, huge
efforts have been done to bettethe Single Moduleg(see Sectior3.1).

In particular, the improvements follow two ways: one is to decrease the backgroan
level to 102 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 minimiz@smicray
AAOEOAOGEITT8 /1 OEA 1T OEAO EAT Ah AEEEAOAT Ol U EOT 1T #O0I
CUORE detector will be built thanks to a devoted assembly linevith the purpose of
increasing the uniformity among the performances othe one thousand @tectors and having
a faster and cleaner constructionBecause of all the modifications introduced, before the
construction of the entire CUORE detector, a single tower will be made, named CU@RENd
cooled down in the Cuoricino refrigerator(see Sectior3.8).

The revision of the Cuoricino Single Mdule towards the CUORE Single Module and
the construction of CUORB, being the framework in which this PhD work develped, will
be detailed in the present Chapter, vith 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 aCuoricino Single Module.

3.1. General description

This Section will provide a general description of the CUORECUORE Single Module,
focusing on the main elements constituting the bolometers and on the improvements made
since Cuoricino; some of thm, treated deeply in this thesis work, will be analysed
thoroughly in the next chapters, while here a completeescription of the Single Module will
be given.

In order to understand the sources of background to be dealt with, and the relate
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 toa 232Th contamination in the
cryostat. This background is due to muliCompton events of the 2615 keV line of
208T| (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 {136)) indicates
that this is the only source of backgund originated outside the detector,
implying that the Cuoricino external shields are thick enough to reduce to
TACI ECEAT A 1 AGAT O OEA Ai 1 OOEAQOEITO T &£ 1011
the internal Roman lead shield surrounding the Cuoricino arrays 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
OAT CA DPAOOEAI AO | BEoEékcapeftdm)ifie Active lumeiof theOAAAE

detector, depositing therefore only a fraction of their energy in it. In this way also

AE ATA 5 O jxEEAE £AOA6 QUAERATI EAEAOGEAQr € AA/

the case of crystal surface contaminations this b&ground can be efficiently
OAEAAOAA AU OEA OOA 1T &£ OEA A1 OEAT ET AEAAT AA
particles exit the source crystal entering a nearby one), whilAACOAAAA | O
(namely alphas that release only part of their energy in the crystajoming 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.
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Figure 3-2. Anticoincidence total energy spectrum of all Cuoricino detectors (black)The most prominent
peaks are labded and come from known radioactive sources such aste®annihilation (1), 214Bi (2), 4°K (3),
208T| (4), %9Co (5) and228Ac (6). The total energyspectrum of all Cuoricino detectors during calibration
measurements is also shown (colar). For convenience, it is normalized to have the same intensity of the
2615 keV line of208T| as measured in the norcalibration spectrum.
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3.1.2. The CUORE single module

The basic module of the CUORB/CUORE detector, i.e. the single floor of a tower, is
made by a 2x2 array of cubic Tefxrystal absorbers, each 50 mm on a side and mass 7§0
containing3°4 A A0 mur g O O0®AANIB.DA Ahe 8rfsidlOdid proGuced by
the Shanghai Institute of Ceramics Chinese Academy of Scienc@&CCAZ China), which also
grew the Cuoricino ones. Several improvements have been achieved in terms of homogeneity
and radio-purity of the production (described in Section3.2.3), for reducing surface and bulk
contaminations, requiring specific tests for the validation (discussed in detail inChapter 5.

Eachcrystal is provided with a Neutron Transmutation Doped Ge thermistorusually
referred simply as NTD(see Section3.3.1), 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 irChapter 4. The crystals
are equipped also with heatersheavily doped Sidevices thatprovide fixed reference pulses
for the bolometer response stabilisation (see Sectio8.3.2).

The coupling of these elements to each crystal is made by a matrix of glue spadiss is
avery delicate issue in the construction of the CUORE bolometeiisecause the formation of
the signal depends strongly on it. There are several factors to deal with the thermistéo-
absorber coupling: the selection of the glue, the number of contact pombetween the doped
chips and the crystal and so on, as introduced iGhapter § most of them have been studied
and fixed since Cuoricino but, differently for thepilot experiment, the CUORE gluing will be
done thanks to a semautomatic system (see SectioB.3.3.1).

The crystals are mechanically and thermallycoupled to an OxygenfFree High
Conductivity (OFHC) copper holder, acting as heat sinthanks to PTFE piecesThe cleaning
of all these materials is another important point of the CUORE assembly, as their surfaces
facing the bolometers can be sources of ICOAAAA | OEAO Ai 1 OOEAOOAA
background (as introduced in Sectior2.1).

On the external side othe frames, copper pads, designed ondfton boards, are fixed
to carry the signal to the electronic readout. The electrical connection between the doped
semiconductors and the copper pad is made with 25m diameter gold wires, attached by
means of the ball bonding and wedge bonding techniquen the two different ends
respectively (see Sectior3.3.3.9.

A sketch of the CUORE Single Module can be foundFigure 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.

|| . i

Figure 3-4. Sketch ofa CUORE bolometer, withlkits elements: 1) the TeQcrystal 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. TeQ crystal absorbers

4EA #01 OEAETT AT A #5/ 2% AODAOEI ATedn®Xx&AAOAE
The main advantage of this choiceis the high natural isotopic abundance of the
nuclide that makes the isobpic enrichment of the crystals not mandatoryfor the experiment.
Observing the other features of thé30Te, such as the Qalue or the resultsfrom the nuclear
matrix element calculation, no strong disadvantages emergénother plus of thel30Te is that
its crystalline compound, the Te@ is particularly suitable for use in a cryogenic particle

detector because ofts crystal and thermalcharacteristics (Section 3.2.2.7).

3.2.1. The nuclide; 130Te

The natural isaopic abundance of130Te is33.8% (137), higher with respect to other
nmarr AAT AEAAOA bd séeh inEgurk ©10. B&cAuseAoh tiis, enrichment is not
mandatory for CUORE, but can be usidered for the future, since it could be double the
sensitivity (seeEq.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 13Te is the Qvalue (138): Qn« =2527.01+£0.32 keV.

Al

4EEO OA1 OA EO EO 110 OEA EEGCEAQHgukl-d)bEtiOEA mar

considerably large and that is good considéng that the space phase factor,™& depends on
@®; the higher the Qvalue, the bigger is the probability for the decay to occuiThe 139Te Q
value is not outside the region of the natural radioactivity, whose engoint correspond to
O E Apeak of208T| (due to the Thorium chain) at 2615 ke\/ nevertheless itis situated in a
window of the spectrum characterized by low radioactivity, betwen the full energy and the
Compton edge of the 2615 keV photon peadf 208Tl, and out of the238U background.

3.2.2. The compound: TeO: crystals

A Tellurium compound exists that is particularly convenient for use in a cryogenic
particle detector: it is known asparatellurite (TeQ) and it forms dielectric and diamagetic
crystals for which, at few K, the relatively high value of Debye temperature, pl=232 K
(139) (higher than for pure Te), yields a very low heat capacity, leadinto large temperature
signals and good energy resolution (see EQ-6 and 2-8). Paratellurite (differently from the

pure metallic Te) can alsastand subsequent thermal cycles down to cryogenic temperatures.
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Figure 3-5. Pictures of the 5x5x5 cr TeQ: crystal produced by SICCAS for the CUOREand CUORE
experiments.

Moreover, the thermal expansion coefficient of Tefxrystal (140) is very close to that
of copper,at least along the direction perpendicular to the growth axisallowing 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 tht Te dominates the compound with respect to the
mass (about 80%), the choice of Te(ermits to have large quantities of this material.

Examples of Te®@crystal are shown inFigure 3-5.

3.2.2.1. TeQcrystal properties

Tellurium dioxide is found in nature in two mineral forms: tellurite (orthorombic) and
DAOAOAI -TeD HI Aattey has a tetragonal symmetry B{422) and due to its useful
acoustooptic properties, is commercially produced on a large scale. First crystal synthesis
using Czochralski method was reported in 1968141). The first Bridgman growth of Te@
crystals was reported n 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 A (short) and
2.12 A (lorg). Each oxygen atom ionded to two tellurium atoms with an angle of 140°
between long and short bonds; other telluriumneighbours are at larger distances. Oxygen

positions have no symmetry. Eight nonequivalent oxygen omterstitial sites and four
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nonequivalent tellurium sites can be distinguished. The material idi-refringent, optically

active and highly transparent(145) in the range of 350 nmg vt | & is ihshluble in water

and has high refractive indices (§=2.274 and nE ¢ 8 1 ¢ T500AM). Th& density of Te@
synthetic crystals is 6.04 g/cn¥, close to the density calculated frommeasured lattice
constants: a=4.8088 A and ¢%6038 A. The melting point of commercially available TeO
99.99% purity powder is 733°C.

3.2.3. TeO: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 longlived, naturally occurring isotopes, such a338U,232Th, 40K and
their daughters, great care must be devoted to the selection of all materials and ancillaries
used for the preparation of the Te@crystals, i.e. a detailed monitoring of all materials, tools
and facilities used fa 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 pekaging 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 Te® crystals for the CUORE
experiment, dedicated production lines for raw material synthesis, crystal growth and
surface processing were built compliant with radiepurity constraints. Based on previous
experience (146) and on a backgound goal of (102-10-3) 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 TeQ crystalsfor CUORE. The values are reported irable 3-1.

Production and certification protocols have been developed and high sensitivity
measurements have been performed tacheck the radicisotope concentrations in raw
materials, reactants, consumables, ancillaries and intermediary products used for TgO
crystals production (147), as described in Sectiob.1.

Furthermore the CUORE Tefcrystals have very strict specifications concerning
dimensions, surface quality and crystallographic orientation. Crystals have cubic shape with

(50+0.050) mm edges and chamfersf 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 238 < 2*10%0g/g
232Th < 2*1010g/g
210pp < 164Bg/kg
40K < 103Bqg/kg
60Co < 1°Bg/kg

Water and acids used for Te® Reagent 238 < 2*1012¢g/g
powder synthesis 232Th < 2*1012g/g
Water Consumable 238 < 2*1012¢g/g
232Th < 2*1012g/g
TeQ powder before crystal Intermediary 238 < 2*1010g/g
growth Product 232Th < 2*1010g/g

210pPp < 104Byg/kg
40K < 103Bqg/kg
60Co < 4*106°Bqg/kg
Pt<107g/g
Bi < 108g/g

TeQy crystal, ready-to-use Final product 238 < 3*1013g/g
232Th < 3*1013g/g
210Pp < 165Bg/kg
60Co < 10°Bg/kg

SiQ powder for crystal polishing ~ Consumables 238 < 4*1012g/g
and textile polishing pads 232Th < 4*1012g/g
Gloves, plastic bags, cleaning Ancillaries 238 < 4*1012¢g/g
tissues, etc 232Th < 4*1012g/g

Table 3-1. Concentration limits for radioactive isotopes requested for raw materials, reagents, consumables
and intermediary products used for the productionof TeQ crystals (147).

The production process of Te@crystals for CUORHS divided into two major phases,
crystal synthesis and crystal polishing, which are then divided into several subprocesses.
Bulk contamination is a risk in the crystal synthesis phase, while surface contamination is
the main concern during the crystal pocessing.

The raw material synthesis and Teg&xrystal growth methodology used for the CUORE
crystal production are well known (148), (149). The key to obtain high purity crystals is
making two successivecrystal growth processes with two associated iterations of TeO
powder synthesis, asillustrated in Figure 3-6, and described in detail in(147). In this way
the final radio-pure TeQ crystals are grown from a highly pure TeQ powder as raw

material.
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The TeQ powder used for the first growth is synthesized from metallic Te dissolved
with aqua regia® and then precipitated with concentrated anmonia. After the washing and
drying processes, the obtained raw driedpowder is further calcinated at 680 °C in Pt
crucibles for 24h in free atmosphere thus btaining the raw calcinatedpowder used for the
crystal growth. TeQ seeds usedfor the crystals gowth along [001] direction are cut and
I OEAT OAA xEOEET ond DOAAEOEI T h OEAPAA AT A xAOEAA

For the crystal growth, platinum crucibles are filled with the crystal seed and the raw
calcinated powder, sealed and placed intalumina refractory tubes which at their turn are
placed into modified Bridgman furnaceq149). Crucibles are heated to about 80860 °C and
kept at this temperature for several hours after which they are raised to a certain heigli
order to melt the top of the seed and keep the system still for 4h in order to create a stable
solidzliquid 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/hAt the end of the growth process the
AOOT AAAOG AOA ATTITAA Ai x1 O1 oili OAIi PAOAOOOA Ol
caused by thermal stress.

The high purity TeQ powder used for the second growth is prepared from selected
regions of crystals obained in the first growth. Selected Tegxrystalline pieces are dissolved
with concentrated HCI and then precipitated with concentrated ammonia. The precipitate is
further washed and dried at 80 °C. The ultrgoure dried powder thus obtained is further
treated at 680 °C in a Pt crucible for 24ours in free atmosphere to obtain the ultrapure
calcinated powder and a second growth process is executed following the same procedure as
in the first one. Neverthelessthe 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 TeQ crystals for DBD application In the second phase of Te@rystal 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
AOUOOAI 60 OOOEAAAORh xEEAE 1 Au EAOA AAAI AT T OAI
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 (HNOs: HCI = 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 1¢* in order to eliminate all impurity atoms that may have adsorbed on the
AOUOOAI 60 ZAAA AT A EOOOEAO AEEEZOOAA ET EOO

A special vacuum packaging procedure was also defined in order to reduce surface
radio-contamination risks, especially die 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 areplaced in a controlled environment with low-radon atmosphere (<10
Bg/m 3), monitored with two radon detectors, one inside and one outside the box.

The entire production process (schematised irFigure 5-1) is subject to a complex
validation protocol (described in Chapter 5, which includes radiopurity certification
proceduresto 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.

'
HNO,
2Te+9HNO, — Te,05(OH)NO,+8NO,+4H,0
Te,04(0H)NO; »2Te0,+HNO, —>[Te0;
< | washing I:
- TeO|——=»| TeO,+4HCITeCl,+2H,0 |-
o
% < r filtering
NH,OH n
TeCl,+4NH,OH—Te(OH),+4NH,CI
| Tecl, [=——> Te(OH), +TeO,+H,0 _'
r—|washing and drying|4—
TeO, S— .
2 15t crystal wih
k 99,9990 —Irl calcination ||:> crystal gro |
( <—| grinding of selected 1/3 ingot |4—
.
—r TeO,+4HCl—TeCl,+2H,0 —n-
E < < filtering
-8 NH,OH -
3 ﬁTeCI TeCl,+4NH,0H—Te(OH),+4NH,CI
*| Te(OH), ~Te0,+H,0 > [Te0;
fi|washing and drying |<7+
\ QC!TS%% W@ 2nd crystal growthl

Figure 3-6. A scheme of the two successiveystal growth procedures.
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3.3. Doped semiconductors

As previously introduced, CUORB/CUORE crystals are equipped with two different
doped semiconductors for the detection of the temperature variation (the thermistor) and
for the measurement stabilisation (tre heater). To do properly their work, these essential
bolometric elements must satisfy specific conduction properties at low temperature, which
are determined by the doping levelas discussed ifSection2.3.1

The doping operation is usually performed ornwafers andthe single devices are cut
from the wafer afterwards. However it is difficult to achieve complete control on the doping
level in the whole processed mterial: 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 CUORB/CUORE thermistors and heaters will be presented

3.3.1. Thermistors

As introduced in Section2.3.1, the thermistors are devices whose resistity has a stiff

dependence on the temperature

[ .
Yy v
%
31

because their doping is just below the MIT regime and the conduction dominated by the
VHR mechanisnwith Coulomb Gagp OEAO CEOAO r Em8uQ

The CUORB/CUORE thermistors are designed and produced bg conjunct group
composed by researchers of both the Lawrence Berkeley National Laboratory (LBNL) and

the Department of Material Sciences at the University of CaliforniBerkeley.

3.3.1.1. Production

Producing thermistors by doping semiconductors isa delicate issue because an
extremely specific impurity concentration, very close to the metalinsulator transition, is
required. Furthermore the doping must be uniform everywhere in the sample, because the
probability for hopping to occur depends exponentially on the interdopant 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 urn 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 providethe most uniform dopants concentration in the
sample is the Neutron Transmutation Doping (NTD) techniquésee, for example(151) and
Figure 3-7), developed at LBL(152), and initially used at most for silicon deviceg153). In
this method a semiconductor is doped by the partial nuclear transformation of its stable
isotopesinto 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 isnserted in a nuclear reactor, thermal neutrons are captured by
three of the five Botopes contained in natural GeThe occurring reactions are listed inTable
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 ofthe 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
OOAI|T A£d ngEthe/héutrob flux inside the crystal is negligible. These two conditions, and
the use of a thermal neutron source very large respect to theemiconductor size and whose
flux vary very slow with the distance, assure the homogeneous doping in the Ge gdes.

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:

l,", O” ” e
0 a Ja Bi‘) 5 Joh

3-2

where m is the wafer mass, i.a. is the isotopic abundance, M the molar mass of the target
EOI O1T PAh O EO O# A BE &0 Ak&&tAQleimbl ard Editfeimal feutron
capture cross section and flux respectily.

Defining na the acceptor concentration and g the donor concentration, it is possible

to introduce the net-doping concentration Niet and the compensation K:

Nnet=nNa-Np
3-3
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The control of the isotopic composition by adjusting the neutron flux, allows the
control of the netdoping 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 {ise with compensation K

showing certain scatter because of the role of the presence neutron in the doping.
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Figure 3-7. Microdistribution of the resistivity of reference resistances prepared from germanium by NTD
method (1) and metallurgical method (2)(156).

[BZ‘]' N capture [bngn] [bgrEn] T
21 o Aciit Rcr 3.43 1.5 A
B AgQu EC 11.4d
36  ACi™ AcCr 0.51 1.0 D
B 7SAsHy, [- 83 min
74 7 Acim™ AcCr 0.160  2.00 DD
B 77ASHd, [ 11.33h
B77Se#ke r- 38.8h

Table 3-2. Reactiors occurring in the NTD process for a Ge wafer. In the first reaction Ga acceptor form,

xEET A OEA OAATTA AT A OEA OEEOA

epithermal neutron capture cross section.
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The presence in the reactor spectrum of fast, higanergy neutrons gives rise to
nuclear transformations that creates radiation defects or even disordered regions in the
samples. This problem s difficult to be avoided but it has been show that the production of
the radioactive 68Ge ands5Zn is totally negligible for radioastronomy applications of NTD Ge
thermistors in composite bolometers(157). Another problem due tothe fast neutronsis 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 2.94-10% cm3 per neutron/(cm 2-s) for Ga and 8.37-1% cm3 per neutron/(cm 2-s) for
As (158). Since he doping level of Ge has to be ~1-XDatoms/cm3, a very high reactor flux
(stable in time and energy)is required for performing the doping in a rea®nable time.

The evaluation of thequality of the doped materialis possible only after the decay of
the activation product 72Ge and about one year is necessary before the samples can be
handled, introducing a delay before understanding i the wafers need more exposureTo
overcome this difficulty, the Ge samples are always accompanied by foils of metdtih long-

I E OA A radiohdiive daughter nuclei;in this way the neutron exposure of Ge can be
determined accordingly with accuracy anduniformity of exposure is achieved.

After the reactor exposure,the radioactive decay period,and the heat treatment to
repair the crystal structure, the NTDGe waferis cutto obtain pieces of the desired geometry.
The thermistor size selected since th&€uoricino R&D (and test in the Cuoricino bolometers
and in the following CUORE R&D) is 3x3x1 mimOhmic contacts are obtained by boron ion
implantation followed by annealing and the deposition of a thin (200 APd adhesion layer
and a thicker (10002000 A) Au contact layer.In the Cuoricino thermistors the gold pad are
on the two parallel 3x1 mmz2 sides and the electric contact are provided by 5&m diameter
gold wires welded to the gold pads with the ultrasonic batbonding technique(159).

The thermistor pad geometry and the wire diameter have been changed from
Cuoricino to CUORB/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 thermistorupper face,
covering two small,parallel areas of abait 0.2x3 mn®. In this way the bonding procedure can
be done not only on the thermistor side, but also in a frontal wayThe gold wire chosen for
the bonding of the new thermistors has a diameter of 25m. This kind of thermistor
(sketched in Figure 3-85h x EOQOE Al OE 1 AOAOAT Al AAQGECH1T AO00Ad  'BIAA Oh
accurate discussion about the new CUORECUORE thermistorpad geometry, showing how
EOQO Al A Othebdti@rmistee kfdridances,can be found in(160).
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Figure 3-8. &etch of a CUORB/CUORE thermistor. W is the width, i.e. the distance betwe 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 CUORED thermistors have been produced at LBL with some redundancy (120
samples) from two of the three 30 mm diameter, 3 mm thick Ge wafemposing 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 biggeset 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 halflives and crosssections 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 wafers are collected in

Table 3-4 and Table 3-5,. The details of the neutron fluence calculations are given (@61).

34B irradiation data

Wafer mass [g] 25.6
Fluence requested to MURR [total n/cj 4,18 -108
MURR reported flux time [h] 36.99
MURR reported flux [n/crm?/s] 6.43-1012
MURR reported fluence (flux - hours) [n/crd] 8.56-10'7
Thermal neutron fluence derived from monitor foils 3.65-108
Epithermal neutron fluence derived from monitor foils 1.01-10t6
Epithermal/Thermal fluences 0.003

Thermal neutron (only) fluence derived from monitor foils ~ 3.58-10t8

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 thé®Fe 1099 keV line.
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Target Product A1 [b] Ar[b] Ty, i.a. [%]

103Rh 104Rh 11 80 4.36 m 100
58N 59N 4.6 (3) 2.20 (20) 7.6:10'y  68.0769 (98)
62N 60Nj 14.5 (3) 6.60 (20) 101y 3.6345 (17)
S4Fe 55Fe 2.25(18) 1.20 (20) 273y 5.845 (35)
58Fe 59Fe 1.3 1.2 44.5d 0.282 (4)
59Co 60Co 37.18 (6) 74.0 (20) 5271y 100
55Mn 56Mn 13.30 (20)  14.0(3) 2578 h 100
%4Zr 95Zr 0.05 0.3 64.02d 17.38 (28)

Table 3-4. Thermal and resonant cross sections for neutrons and the hadlf EA T £ OEAEO DHOT AOGAOO OEA
reactions for isotopes used for neutron monitoring for the MURR irradiation.

Target reaction product Q [MeV] Avg c.s. Ty, [day]
103Rh (n,2n) 102Rh 10
55Mn (n,2n) 54Mn 115 1.80 e4 314
103Rh (n,p) 103Ry 14 114.8 39.27
58N (n,p) 58Co 15 9.00 e2 72
54Fe (n,p) 54Mn <0 6.5e2 314

Table 3-5. Reaction for the fastneutron 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 CUORI thermistors (left), a sample of 34B CUORH thermistor (middle) and a
sample of 34C CUOR& thermistor (right) .
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Figure 3-10. Spread in the size of the 34C CUORENTDs. Theaverage 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, sdg&gure 3-8.

The 34C wafer was cut firstly in thermistors with size slightly smaller than the
CUORBH) specifications, to optimize the NTD yield of the wafer. Unfortunatelghis operation
resulted in worse tolerance on the thermistor dimensionstherefore the following wafer, the
34B, was cut strictly in accordance with the CUORE requirements, i.e. 3.0x2.9x0.9 mr#,
where the first number refers to the pad distance, and with £75m uncertainty on each
dimension. A picture of 34B and 34C thermigtr samples is displayed irFigure 3-9 while the

spreads in the 34C thermistor dimensions are collected iRigure 3-10.

The nuclear reactor selected for irradiating the CUORE wafers is different from the
one used for past irradiation of Cuoricino and CUORE wafers; the new facility is the
Massachusettsinstitute of Technology Nuclear Research LaboratoryMIT-NRL) and it was
selected because it has a larger neutron flux with respect to the MURR (1.69440
neutrons/cm?/s instead of 5.5-102 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 casehe incoming neutron fluxes are controlled byheavy metal foilsmonitors.

The Gewafers for CUORE NTDs are 65 mm diameter, 3.2 mm thick and have a mass of
57.37 g; from each wafer about 700 3x3x1mm?3 thermistors will be cut: the goal is to
produce about 2500 thermistors having homogeneous propertiesfor 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 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 folGe waferthe irradiation at MIT-NRL. The location of the wafers
(large circles) and the monitor isotopes (small circles) are shown.

Series MIT-NRL reported Fluencg measured Monitor/MIT -NRL
fluence [n/cm 2] from monitors [n/cm 2]
#39 3.586-10:8 3.72-10:8 1.04
#40 4,197-108 4.30-108 1.03

Table 3-6. Comparison othe fluencedata for #39 and #40 seriesfrom MIT-NRL and from the monitors.

Two sets of four CUORE wafersnamed #39 and #40, were irradiated together
between March 2006 and June 2007n five steps to reach the 86% fluency of CUORD
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 inFigure 3-11 while Table 3-6
collect the fluence data of bottseries.

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/HN@before the measurement,
#40 ones were etched twicet8Ge (1077 keV line fronf8Ga decay) and>Zn (1115 keV) were
observed, indicating the presence fofast neutrons. There are also peaks associated with

1omAg (657 keV) and®®Co (1173 keV); these surface contaminants are removed with etching.

511 keV

65 68
Zn+ Ga

- #39
- #40

Figure 3-12. Spectrun from the radioactivity measurements of #39 and #40 wafers. In the inset, only the
region above 600 keV is shown. The 1077 ke’¥Ge line, the 1115 ke\¥>Zn line, the 657 ke\A10mAg line and
the 1173 keVe°Co line are observed.
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