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Introduction

In the last years many very important results have been obtained in the
study of the neutrino and its properties. Oscillation experiments provided a
clearer picture of the neutrino mixing matrix, while cosmological studies set
the most stringent limit on the sum of masses of the three neutrino species.
Nevertheless some questions about neutrino are still unsolved, as for
example the determination of neutrino absolute mass scale and its Dirac or
Majorana nature. The neutrino is the only particle that could be described
by a Majorana field, namely the neutrino could be its own antiparticle. In
Chapter 1 an overview of neutrino properties, including the results obtained
in the neutrino oscillations and cosmological studies, is reported.

A unique tool to determine the neutrino nature is the search for neutrinoless
double beta decay (0v3/3). This decay is a second order process, in which a
nucleus changes its atomic number by two units without neutrino emission.
This is possible if the neutrino has a non-zero mass and it is a Majorana
particle. The Ov3S decay has never been observed, but its detection could
prove that the lepton number is not conserved and could give information
on the scale of neutrino mass.

A sensitive Qv experiment should be characterized by good energy resolu-
tion, low level of background, and high isotopic abundance of 55 candidate.
The most promising isotope candidates are the %Ge, 139Te and the 3Xe.
The best limit on the Ov3S half-life, obtained by the Kamland-Zen expe-
riment on 13Xe, is 7Y% < 1.07 x 10%° yr. In Chapter 2 0v33 decay and
possible strategies to detect it are described. The best limits on Ov33 half-
life obtained are also reported.

CUORE is an upcoming 1-tonne Ov(33 experiment. It searches the Ov55 de-
cay on '3%Te using bolometric detectors. A bolometer is a low temperature
detector in which the energy released into the crystal is converted in thermal
phonons.

CUORE is an array of 988 TeOs crystals with a total mass of 750 kg, ope-
rating at a temperature of 10 mK at Laboratori Nazionali del Gran Sasso.
The expected energy resolution of 5 keV and a background level of 1072
counts/(keV - kg - yr) will allow to reach a sensitivity of 9.5 x 10?® yr.
CUORE-0, the CUORE predecessor, was operated between 2013-2015 as
CUORE prototype. The energy resolution of CUORE-0 bolometers was

7



8 INTRODUCTION

measured to be 4.9 keV. It also tested the validity of the low background
material cleaning and assembly procedures designed to reduce the degraded
« background in the Ov33 decay region of interest. In Chapter 3 an overview
of the CUORE experiment and of the CUORE-0 results is given.

The goal of this Ph.D.-thesis was the study of CUORE-0 detector response
for a better comprehension of the CUORE bolometers in order to improve
the experimental sensitivity. Despite the simple model that describes an
ideal bolometer, the actual response is much more complex.

According to the Laplace analysis, the bolometer response is described by
a sum of exponentials (at least one rise and one decay constant). Each
time constant is related to the presence of an independent heat capacity C;
inside the detector and the corresponding discharge conductance G;. A pre-
dictive thermal model, which includes the relevant contributions to the heat
capacity and to the thermal conductances, should characterize the bolome-
ter response and behavior. So far several many different thermal models
have been developed. Unfortunately none of them completely describes the
detector behavior and the range of different responses among the different
bolometers. Moreover, the large number of free or unknown parameters of
these models made very difficult putting constrains on them. In Chapters
4 and 5 a description of bolometric detectors working principle and of the
CUORE bolometers is given.

In this Ph.D. work I developed a thermal model for the CUORE detectors
using a reverse approach: identify different parameters that describe the
CUORE bolometer response in order to define the effective heat capacities
and thermal conductances. The first part of my analysis was devoted to
defined a set of variables that properly describe the pulse shape. In chapter
6 the definition and the optimization of fit function model is described.
With this function, possible correlations between pulse shape parameters
and physical parameters have been studied, identifying the most relevant
contributions. This study provided, for the first time, the identification of
the dominant thermal capacities of a CUORE bolometer. It was possible
to isolate two main contributions: the expected heat capacity of the TeOq
crystal, which is rather similar for all the crystal, and a second capacity
related to the presence of platinum inclusions in the TeOsy crystals. This
second heat capacity, due to metallic small pieces of platinum, can assume
values competing with the TeOs, depending of the abundance. In Chapter
7 all the studies and tests on these parameters are reported.

These work opens the way to a full understanding of the CUORE bolome-
ters and to a development of a real thermal model that properly represents
the detector behavior. Future studies will allow to act on the relevant pa-
rameters to improve the TeOy bolometers performances.



Chapter 1

Neutrino Physics

1.1 Neutrinos

In 1930 Pauli introduced a new particle to resolve the statistic problem of the
beta spectrum: “I have come upon a desperate way out regarding the wrong
statistic of the "*N and ®Li nuclei, as well as the continuous B spectrum,
in order to save the alteration law statistic and the energy law. To wit, the
possibility that there could exist in the nucleus electrically neutral particles,
which I shall call neutrons... The continuous B spectrum would than become
understandable from the assumption that in 5 decay a neutron is emitted
with the electron...” 1.

The Pauli’s particle was renamed neutrino by Fermi after the discovery of
what is currently called neutron [1]. In 1934 Fermi developed his weak
theory to explain the beta radioactivity, in which neutrino is involved [2].
The first evidence of neutrino occurred in the inverse § decay in the Savanna
River Nuclear Reactor by Reines and Cowan in 1956 [3], 25 years after the
Pauli’s hypothesis. In 1958 Goldhaber, Grodszin and Sybyran measured the
neutrino helicity [4]: it is +1 for the neutrino and -1 for the antineutrino.
The neutrino exists in three different flavors: ve,v,,v-. The number of neu-
trino family, NV,, was measured in the LEP experiment during the study of
79 resonance: N, = 2.9840 + 0.0082 [5]. The neutrino v, was discovered
by Lederman, Steinberger, Shawarts in 1962 [6], while the neutrino v, was
discovered in the DONUT experiment in 2001 [7].

At the end of ’60 an unexpected deficit in solar neutrino flux was observed
by the Homestake experiment [8]. The measured solar neutrino rate was
about 1/3 of that predicted by Standard Solar Model. This is the first evi-
dence of neutrino oscillation, that significantly changed the Standard Model
of particle physics: the neutrino is not a massless particle.

The experiments studying neutrino oscillations gave a clear picture about
this phenomena, but they opened several questions about the neutrino mass:

! Adapted summary of an English translation to Pauli’s letter dated December 4, 1930.

9



10 CHAPTER 1. NEUTRINO PHYSICS

why is the neutrino mass so small?, is the neutrino a Dirac or a Majorana
particle?,is the neutrino mass hierarchy direct or inverse?.

1.2 Neutrino mass in the Standard Model

The Standard Model of particle physics describes the strong, electroma-
gnetic and weak interaction of particles in the framework of a quantum
field theory. This theory is based on the local symmetry gauge group
SUB)-Q SU(2);, Q U(1)y, where C denotes color, L left-handed chira-
lity, Y the weak hypercharge [9].

The fermions are distinguished between quarks, that interact in all interac-
tion, and leptons, that interact in electroweak interaction only.

Quarks and leptons exist in three families. The quark families are describe

by three doublets:
U c b
d )\ s )\t )’

Instead each neutrino flavor is related to a charged lepton by a doublet:

() () (7))

The fermion fields are described by left-handed isospin doublets (LH) and
right-handed singlets (RH):

_ urr
Qrr = < dsy >, ufRr, dfr

lr,
L= %), g
e <VfL> I

The helicity measurement proves that the neutrino which takes part to the
SM process is purely left-handed.

The quark and lepton masses are generated through a spontaneous symme-
try breaking, called “Higgs Mechanism”. The fermion fields interact with

the Higgs doublet:
¢*(z) )’

where ¢t (z) is the charged scalar field and ¢°(x) is the neutral scalar field.
The fermion masses arise through the presence of Yukawa coupling between
the fermion field and the Higgs doublet. This interaction is described by the
Dirac mass term:

%(foR+fo}%)H‘
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Since the mass term involves the coupling between the left-handed and right-
handed components, in the Standard Model the neutrino is a massless par-
ticle and the neutrino flavors are mass eigenstates.

1.3 Neutrino beyond the SM

The neutrino oscillation phenomena were predicted by Pontecorvo in the
1959 and show that the flavors eigenstates are not mass eigenstates [10].
The flavors eigenstates v¢ (f = e, v, 7) are related to mass eigenstates vy,
(k = 1,2,3) by the Pontecorvo-Maki-Nakagawa-Sakata (PMNS) neutrino ma-
trix mixing [11]:

’VOC Z az’yl (11)

The PMNS matrix is represented by:

1 0 0 C13 0 8136_2'(S cl12 S12 0
U= 0 C23 5923 X 0 1 0 X —S12 C12 0 X
0 —s93 So3 —8136_2(S 0 C13 0 0 1

where ¢;; = cos?¥;;, sij = sinv;j, ¢ is the Dirac phase, oy and g are Ma-
jorana phases. While the first three matrices are always used (both for
Dirac and Majorana neutrinos), the matrix with the Majorana phases is
only present for Majorana neutrino.

The oscillation probability is given by:

—iAm%jL

), (1.2)

P(vo — vp) Z kUBkUajUgjezp(

where Am? = mf — m? is the squared mass eigenstates difference, L is the
traveled distance and E is neutrino energy.
While the three mixing angles 012, 013, 23 are independent, the three squared

mass differences (Am?,, Am3s, Am?,) are related via the following relation:

The oscillation experiments showed that the Am2, is much smaller than
AmZ, and it is similar to Am?y:
Am3; << Am3y ~ Am3s. (1.4)

This hierarchical ordering of the mass splittings implicates a small angle 63,
as it was proved by experimental measurement.
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The neutrino oscillation experiments have shown that there are three mass
eigenstates. Since the absolute neutrino mass is still unknown, there is three
possible mass orderings (see fig. 1.1):

e normal hierarchy: ms > mg > my, Am§3 > 0;
e inverted hierarchy: ms < my1 < mg, Am%;; < 0;
e degenerate case: the lightest neutrino mass is much bigger than Am§3,

SO M3 ™~ Mo ™~ My.

2

[ I (m3)2 (m,)” — I
(Amz)sol
(ml)z_ ]
VC
(B,
s (am),,,
V‘E
—— m— (m,)’
(Amz)sol
L (ml)2 (m3)2l —
normal hierarchy inverted hierarchy

Figure 1.1: On the left normal hierarchy, on the right inverted hierarchy [12].

1.4 Neutrino nature: Dirac or Majorana?

The Dirac fermions are represented by a four components spinor 1, which
obeys the Dirac equation:

(iv" 0y — m)yp = 0. (1.5)

Given the chirality operator:
01
1 0/’

the Dirac field can be described by two chirality eigenstates (left-handed and
right-handed components):

Y =9+ ¢r. (1.6)
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Only the left-handed component interacts in the weak interaction, so it is
called active neutrino, while the right-handed component is the sterile neu-
trino.

In the Majorana theory the particle and his antiparticle are the same:

=1, (1.7)

where ¢© is the charge-conjugated neutrino spinor. The Majorana con-
dition implies that the left-handed and right-handed components are not
independent, like in the Dirac case, because the right-handed component is
the C-conjugate of left-handed components:

YR = CYt = v§, (1.8)

where C is the charge-conjugated operator. The Majorana fermion [13] field
is described by:

=1 +UF. (1.9)

Only neutrino fields can obey the Majorana condition because neutrino is a
neutral particle. The charged particles interact by electromagnetic field, so
¥ and ¢ fields obey to different equations:

(17" Ou — gy Ay — m)h =0 (1.10)
(17" O + v Ay — m)¢0 = 0. (1.11)

To better understand the difference between Dirac and Majorana particle
the helicity operator is introduced. This is defined as the projection of the
spin onto the direction of the momentum:

X7
H_T?T' (1.12)

The Dirac left-handed €; component goes into right-handed €, component
under Lorentz transformation and it goes into antiparticle right-handed &,
component under CPT transformation. Instead the Majorana left-handed
component g; goes into right-handed component &, under both transforma-
tions (see fig. 1.2).

The Lagrangian mass term (L = mun)) for a Majorana neutrino can be

written as: )
Ly = §m(17LVf + ﬁgl/L). (1.13)

If neutrino has both Dirac and Majorana mass, the Lagrangian mass term
is a combination between two mass terms [11]:

_ _ mr ,_ _ mpr,_ —
Lynass = mD(VLVR+VRVL)+7(VLVg+VgVL)+7(VRV1€+VI€VR); (1.14)
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D D

Lorentz VR

CPT M CPT M
L Lorentz R
- Lorentz 3D
Vo Loty _
Majorana
Dirac

Figure 1.2: Dirac particle on the left, Majorana particle on the right.

where v, and vg are two independent fields, my, mgr are Majorana mass
terms and mp is the Dirac mass term.
The mass matrix can be written as:

U — < 0 mp ) 7
mp Mp
where the mass term my, has been set to zero to preserve the SU(2) @ U(1)

Symimetry.
The diagonal mass matrix form is given by:

. ma 0
(% )

and the corresponding mass eigenstates are 11 and 5. They are related to
VL, Vg thought the mass matrix:

vi = cosbuy + sinfv§ (1.15)

vy = —sinfuv¢ + cosbup. (1.16)

The neutrino Lagrangian mass term can be written as a combination of v

and vy:
1 B B 1 i _
Lynass = §m1(1/1V10 + Vlcl/l) + §m2(1/21/20 + 1/201/2). (1.17)

This equation shows that the neutrino Lagrangian mass term is described
only by the Majorana field even if the neutrino has both Dirac and Majorana
mass. The Dirac mass mp is expected to be of the same order of magnitude
as the fermion mass because it is generated by Higgs mechanism. In addition
there are no limitations for the Majorana mass mg.

Considering the case in which the Majorana mass is much bigger than Dirac
mass, mp >> mp:

mp

m2

v ~vp, mp~ 2
~Y C ~

Vg ™ Vg, Mg~ MR
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Figure 1.3: Illustration of the see-saw mechanism. The heavier the mass of
Vo is, the lighter the mass of vy.

then the heavy mass of s is responsible of light mass of v; (see figure 1.3).
This phenomena, called “see-saw mechanism”, is very important because
it can explain the smallness of the neutrino mass respect the lepton mass.
The lightest neutrino, purely left-handed is the observed active neutrino. The
heavy neutrino, purely right-handed, is still not observed sterile neutrino.

1.5 Constraints on neutrino mass

The great interest in investigating neutrino properties raises from a strong
correlation between neutrino physics and other fields. A deeper understan-
ding of the neutrino nature and the precise knowledge of its mass would
provide important information about the dominance of matter over anti-
matter. In this sense the mass scale determination represents a way to
better understand the basic theory of fundamental physics interaction.
Neutrino oscillation experiments gave a much clearer picture of neutrino
physics, but they are not able to define the absolute value and hierarchy of
neutrino mass. There are three different approaches to obtain constraints
on neutrino mass:

e single § decay experiments: the neutrino mass is estimated from
the endpoint of beta spectrum;

e cosmological observation: Large Scale Structure and the anisotropy
in the Cosmic Microwave Background provide constraints on the sum
of mass eigenstates;

e neutrinoless double beta decay experiments: 0vj3( rare decay
forbidden in the SM implicates the Majorana nature of neutrino. The
neutrino mass can be estimated from decay rate.

1.5.1 Oscillation experiments

The most decisive measurements of solar neutrino oscillation come from
SNO and KamLAND.
SNO (Solar Neutrino Observatory) [14] was a spherical Cerenkov detector
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with 1000 t of pure heavy water D20. It demonstrated the v, oscillation
in other flavors by measuring charged and neutral scattering. All neutrino
types interact by neutral current process (NC) v +d — n + p + v with the
same cross section, instead only v, neutrinos interact by charge current pro-
cess (CC) ve+d — p+p—+e~. The total flux of solar neutrinos measured by
neutral current process was in agreement with Standard Solar Model pre-
diction. On the contrary the v, flux measured by charge current proved the
oscillation phenomenon.

KamLAND (Kamioka Liquid Scintillator AntiNeutrino Detector) [15] mea-~
sured the oscillation parameters using antineutrinos produced by a nuclear
reactor. It is constituted by a 1000 t of liquid scintillator in the old Kamioka
mine. The 7, oscillation was measured by inverse beta decay: v.+p — e~ +n.
The value of Am?, and 62 have been measured by combining SNO and
KamLAND data (see fig. 1.4): Am3, = (7.53 £0.18) x 107%eV?,

012 = 0.846 4+ 0.021.

&

e 014>—<0-l(|)| L TT 1T T T 17T T T 1T LN B B

> - .

o B — *  Solar _

aa L / N\ _
/ — 68.30% CL

5ot / \ —

- / 95.00% CL

i “ \ ——9973%CL ]

0.1— \ —

- \ .

- \ —

008~  ATUpoaNeee s —

0.06— =

r * KamLAND -

004 LI\ /) 68.30%CL |

B /S 9500% CL

002 ~— 99.73% CL  _|

_llllllllllllllIllllllllllllllllllllllllr

0.1 0.2 0.3 04 0.5 0.6 0.7 0.8 09
tan®0 ,

Figure 1.4: Combination of SNO and KamLAND to estimate the oscillation
parameters [16].

The oscillation phonomenon was also observed in atmospheric neutrinos
by the Super-KAMIOKANDE experiment [17]. The atmospheric neutrinos
are produced by interaction between the cosmic ray and the atmosphere.
Super-KAMIOKANDE is a Cerenkov detector, located in Kamioka mine,
that detects the atmospheric neutrinos by charged-current interaction with
nuclei v, + N — [ + N'. The flux of upward-going and downward-going
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neutrinos at the detector site would be symmetric. Super-KAMIOKANDE
found a clear asymmetry between upward-going and downward-going neu-
trinos (see fig. 1.5).

[ multi-GeV e-like

_multi-GeV p-like + PC

200

-0.8 -04 0 04 08 -08 -04 0 04 038
Ccos® Ccos®

Figure 1.5: Zenith angle distribution of the muon neutrinos obtained by
Super-KAMIOKANDE. On the left the distribution is right-left symmetric,
and is in good agreement to the expectation without neutrino oscillation
(blue line). On the right the observed number of upward-going muon neutri-
nos is half of the predictions. this effects is explained by neutrino oscillation
(red line) [17].

The neutrino oscillation was confirmed by accelerator-based and long base-
line experiments, which performed the estimation of atmospheric parame-
ters. The most sensitive estimation of Am3; and 3 came from the second
generation long baseline experiments, T2K [18] and NOvA [19]. Both of
them produce a narrow beam with mean energy close to the oscillation
maximum to increase the neutrino flux and to minimize the background.
The first sensitive estimation of 613 come from DAYA BAY [20], a reac-
tor neutrino experiment designed to improve the measurement of electron
antineutrino disappearance: 7 + p — n + e~. The value of sin?(f3) is
0.089 £ 0.010(stat) £ 0.005(syst).

The results of neutrino oscillation parameters are listed in table 1.1 in term
of best fit values and allowed 20 ranges for the 3v mass- mixing parameters.

1.5.2 Single beta decay

The direct electron neutrino mass determination is purely based on kine-
matics without further assumptions. Essentially, the electron neutrino mass
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Parameter Hierarchy Best Value 20C.L.
Am3, NHorIH 7.37x10 %V 7.07-7.73x 107° eV
sin(f12)  NH or IH 0.297 2.65-3.34
Ams3, NH 2.50 x 107%eV  2.41-2.58 x 107 %eV
Am3, IH 2.46 x 1073eV  2.38-2.55 x 1073V
sin(013) NH 0.014 0.0195-0.0036
sin(f13) IH 0.018 0.0196-0.0238
sin(f23) NH 0.437 0.397-0.563
sin(f23) IH 0.569 0.404-0618
§/m NH 1.35 0.92-1.99
§/m IH 1.32 0.83-1.99

Table 1.1: Measured values of neutrino mixing parameter. NH stays for
normal hierarcchy. IH stays for inverted hierarchy [21].

is determined by using the relativistic energy-momentum relation

E? = m? 4 p?. Therefore it is sensitive to the neutrino mass squared m2,
that is estimated from endpoint of beta spectrum. The electron neutrino
mass is given by a superposition of three mass eigenstates:

m? = 2|U%|m2,. (1.18)

The best 5 candidate to search absolute neutrino mass is tritium [22]. The
tritium S decay is:
SH w3 He+ e + 7, (1.19)

which has an endpoint energy of 18.6 keV and a half-life of 12.3 yr.

The tritium is chosen because it has one of the smallest Q-value of all 3
emitters with a relativity short half-life, which implies an acceptable number
of observed events during the experiment lifetime. The tritium electronic
structure is simpler than heavier nuclei, so the 8 spectrum can be measured
with small systematic uncertainties.

The technique used in the tritium experiments is the MAC-E-Filter (Mag-
netic Adiabatic collimation with an Electrostatic Filter), which combines
high luminosity at low background and a high energy resolution, that are
essential features to measure the neutrino mass in the endpoint region of
electron spectrum. The isotropic 8 beam is transformed into a broad one
flying almost in the same direction of magnetic field line. This means that
the spectrometer acts as high-pass filter: only the electrons with enough en-
ergy to pass the electrostatic barrier are re-accelerated and collimated onto
the detector while all others are reflected.

The MAC-E-Filters technique was used by the Troitsk and the Mainz experi-
ments, which have an energy resolution respectively of 3.5 eV and 4.5 eV.
Thanks to this innovative technique these experiments obtained significant
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Figure 1.6: Expanded Bspectrum of an allowed or superallowed § decay
around its endpoint Ey for m, = 0(red line) and for an arbitrarily chosen
neutrino mass of 1 eV (blue line). The gray-shaded area corresponds to a
fraction of 2 x 10713 of all tritium 3 decay [22].

results on the electron neutrino mass: m, < 2.1 eV for the Troitsk experi-
ment [23] and m,. < 2.3 eV for the Mainz experiment [24].

The upcoming KATRIN experiment (Karlsruke Tritium Neutrino) [25] de-
velop MAC-E-Filters to reach a high energy resolution of 0.93 eV. It was
designed to improve the sensitivity to the electron neutrino mass by a factor
10 to the present limit at 90% C.L..

Actually alternative methods are being developed for direct neutrino mass
measurement. Project 8 [26] uses the technology from KATRIN gaseous
tritium source combined with a sensitive array of microwave antennae to ex-
tract energy spectra of tritium decay electrons from the coherent cyclotron
radiation emitted by individual electrons in a magnetic field. Experiment
like ECHO [27], HOLMES [28], NuMES [29], use cryogenic detectors to
study holmium electron capture decay:

103Ho —10% Dy* 4 v, =19 Dy + E¢ (1.20)

which has an endpoint energy of 2.8 keV and a half-life of 4570 yr [30].
The sensitivity goal of direct neutrino mass experiments is m, < 200 meV
at 90% C.L. [31] .
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1.5.3 Neutrino cosmology

Relic neutrinos play an important role in the evolution of the Universe and
the implication of massive neutrinos has a strong impact on the cosmologi-
cal observables. The number of relic neutrinos is slightly below that of relic
photons that constitute the cosmic microwave background (CMB) [32]. The
evidence of Cosmic Neutrino Background (CNB) has not been observed yet,
but the study about the CMB spectrum and other cosmology observable
prove its presence. In the early universe the three neutrino flavors are in
thermal equilibrium with the primordial plasma through weak interaction,
while they start decoupling from the rest of the plasma when the universe
expanded and cooled.

The CMB anisotropies, in particular CMB lensing, and the large scale struc-
ture (LSS) can be used to estimate the sum of neutrino masses and the
number of neutrino species. The contribution of neutrino to total radiation
can be parametrized by the neutrino species numbers [33]:

4
7T (4\3
1+=-(=] N, . 1.21

The contribution to the matter density is related to the sum of neutrino
mass:

p=pPytpy=

> M
Q, =L 1.22
93.14h2eV (1.22)

Depending of hierarchy order, the ). m; can be expressed by a function of
the lightest neutrino mass m. In the case of normal hierarchy:

m =m

ma = vVm?2 + om?
my = +/m2+ Am?+ dm?2/2

In the case of inverse hierarchy:

mi = vVm2+ Am2 — om?2
my = \/m%+ Am?2 + dm?2/2
ms =m

where §m? can be approximated with Am?2,, and Am? with Am?3; [34].
The Plank Satellite [35], lunched in the 2009, confirmed that neutrino exist
in three species and gave the most precise estimation of the sum of three
mass eigenstates: Negr =3.044+0.18, Y m; < 0.17eV.
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Figure 1.7: Plank results on the effective neutrino family number and on
the sum of neutrino masses [35].






Chapter 2

Neutrinoless double beta
decay

2.1 Double beta decay

The double beta decay is a second order process in which a nucleus changes
its atomic number by two units:

(A, Z) = (A, Z £2). (2.1)

It occurs for some even-even nuclei because the single beta decay is kinema-
tically forbidden or it is suppressed by large change in angular momentum
(see fig. 2.1). Two double beta decay modes can be considered: the two
neutrino double beta decay (2v33) and the neutrinoless double beta decay
(OvBp3), in which no neutrinos are emitted:

hB: (A Z) = (A, Z £2)+ 2eT + 20, (ve) (2.2)
WBB: (A Z) = (A, Z+2)+ 267 (2.3)

The Feynman diagrams for the two DBD modes are depicted in figure 2.2.

The two neutrino double beta decay is a process allowed by the Stan-
dard Model. It can be modeled as two successive single beta decays passing
through virtual intermediate nuclear states and it does not require spe-
cial proprieties of the neutrino. This process was first detected in 1987 in
82Se [36] and it has been then observed for various other isotopes. Being
a second order process in the weak interaction, half-lives for nuclei which
undergo double beta decay are very long, of the order of 10*® — 1024 yr [37].
Table 2.1 shows 2v36 half-lives observed for various isotopes.

The double beta decay without neutrino emission is a rare process forbid-
den by Standard Model because it violates the lepton number conservation
by two units.

The OvB8 decay can occur trough several mechanisms. All mechanisms are

23
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Figure 2.1: Atomic mass m as a function of atomic number Z for even A
(left plot) and odd A (right plot) energy.
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Figure 2.2: Two neutrino double beta decay on the left, double beta decay
without neutrino emission on the right.
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DBD reaction Ty, [yr]
BCa -1 Ti (4.4 +0.64) x 1019
©Ge -0 Se 1.847015 x 102
828e —%2 Kr (9.2+£0.7) x 10*
9%7Zr —% Mo (7.14+0.4) x 10*
H6Cd —116 Sn (2.88 £0.17) x 10
28Te -128 Xe (7.7+£0.4) x 10%
130e 130 X 6.82:% x 1020
136Xe —136 Ba | 2.38 4 0.02(stat) & 0.14(syst) x 10%
150Nq —150 §m (8240.9) x 108
28U —238 Pu (2.0 +0.6) x 10%!

Table 2.1: Observed two neutrino double beta decay half-lives for various
isotopes. The value are taken from [39], [40], [41], [42], [43].

based on the violation of the lepton number conservation and on specific
neutrino proprieties. The simplest mechanism is described by the exchange
of a virtual neutrino (fig. 2.2b) that is produced as neutrino at one ver-
tex and it is absorbed as antineutrino at another vertex. The helicity flip
requires the non zero mass of neutrino and its Majorana nature, because
antineutrinos are right handed while neutrinos is left handed. The helicity
flip and the smallness of neutrino mass cause the low rate of Ov3/ decay.
Assuming only the three known light Majorana neutrinos are involved in
the reaction, the rate of Ovff decay is given by [38]:

0] = 6 (@ 2) M2 (s, (2.4)

where the G% is the phase space factor and the M% is the nuclear matrix
element. (m55>2 is the effective Majorana mass that can be written as a
combination of mass eigenvalues:

mgg = , (2.5)

3
§ : 2
AiUeimi
=1

where A; = diag(e’®, "2 1) is a diagonal matrix including the two Majo-
rana phases, U is PMNS mixing matrix, and m; are the neutrino eingen-
states.

The OvB8 decay has never been observed and only lower limits on its half-
life Tlo/”2 have been set so far. The experimental limits are listed in table 2.2.

2.1.1 Prediction on Majorana mass

The observation of Ov35 decay would imply that neutrino have a Majorana
mass component and total lepton number violation, it would also provide
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Isotope 17, [yr] Reference
®BCa | > 1.4 x 10?2 [44
Ge | >3.0x10% 45
87Se | > 1.0 x 10% 46

[

[
10Mo | > 1.1 x 10% [4
130Te | >4.0x 10 [48
B36Xe | > 1.1 x10% [49
1ONd | > 1.8 x 10?2 [50

Table 2.2: Limits on Tlo/"2 for 56 candidates.

important information on the absolute scale of neutrino mass and on the
mass hierarchy.

The effective Majorana mass term depends on hierarchy order because it is
related to the lightest neutrino eigenvalue. This relation depends on whether
the hierarchy is normal or inverted because the lightest neutrino mass eigen-
value depends itself on the hierarchy. Considering the normal hierarchy case
in which my is the lightest mass eigenvalue, the Majorana effective mass can
be written:

mgg = UZimy + UZyma + UZmg|

= U2 mye'™ + UgQ\/Amlfem? +m? + UZ\/ Amyz® +m?|

= ‘608291260829136“117711 + sin2019c05%013€" 2\ / Amio? + m% + sin?0131/ Amqs® + m%|,
(2.6)

where ajand as are Majorana phases. A similar equation is easily obtained
for the inverted mass hierarchy in which mg is the lightest mass eigenvalue.
Introducing in the previous expression the measured values of mixing angle
and the mass-squared splittings, a value of mgg is evaluated for each value of
lightest neutrino mass (m; for NH or mg for IH). The value of CP violating
phases (o, oo, 6) are still unknown, so the predictions on mgg are obtained
by letting them vary freely.

The prediction on mgg as a function of the lightest neutrino mass are re-
ported in figure 2.3(a): the red zone is the allowed zone for the normal
hierarchy and the green zone for the inverted hierarchy, the overlap of the
two zones correspond to the degenerate case.

The effective Majorana mass can also be inferred by the cosmological obser-
vation of the total neutrino mass ., given by the sum of three active neutrino
masses. Furthermore, the measurements of ¥ have recently reached impor-
tant sensitivities, as discussed in the previous chapter.

The observable ¥, can be written as function of the lightest mass eigenvalue:

E:ml+\/m12+a2—|—\/m12+b2, (2.7)
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where m; is the mass of the lightest neutrino and a and b are different con-
stants depending on the neutrino mass hierarchy. Through this equation
one can establish a direct relation between 3 and m; and thus it is straight-
forward to plot mgg as a function of ¥. Figure 2.3(b) shows the value of
mga as a function of ¥ in the normal (orange) and inverted hierarchy (blue).

The observation of Ov35 decay would prove the Majorana nature of neu-
trino and it is the unique process experimentally investigated to define that.
On the contrary, if the process is not observed, the Dirac nature of neutrino
cannot be confirmed: the presence of the vertical dip in the normal hierarchy
band, which corresponds to a particular combination of the two Majorana
phases, indicates that mgg could vanish even if neutrinos are Majorana par-
ticles.

2.1.2 Nuclear matrix elements

The extrapolation of mgg from measurement on limit of Tlo;’2 is related to

the knowledge of the phase space factor G% and the nuclear matrix elements
MY (see eq 2.4). The B3 candidates have different phase space factors and
nuclear matrix elements (NME), so their knowledge is necessary to compare
the results of different experiments. Since the observation of Ov 35 decay for
an isotope is not enough to make the discovery, the confirmation and the
comparison with different isotopes is needed to exclude that the observed
signal comes from another process able to mimic the Ov33 signature. G%
represents the kinematic contribution of the decay and is proportional to the
Qgﬁ, so a high Q-value means a higher probability that the decay occurs.
G is precisely calculable, while the matrix elements M% are the biggest
source of theoretical uncertainty and cannot be determinated experimen-
tally. The calculation of M% is a many bodies problem depending on the
nuclear structure of parent and daughter nuclei. Recently different theo-
retical approximations have been largely improved. The principal methods
used are:

o Interacting Shell Model (ISM) [53], [54]: only a limited number of
orbits around the Fermi level are considered but all the possible cor-
relations within the space are included and the pairing correlations in
the valence space are treated exactly. A good spectroscopy for parent
and daughter nuclei is achieved;

e Quasiparticle Random Phase Approzimation (QRPA) [55], [56]: can-
not comprise all the possible configurations. Typically, single particle
states in a Woods-Saxon potential are considered. The proton-proton
and neutron-neutron pairings are taken into account and treated in
the BCS approximation (proton and neutron numbers are not exactly
conserved);
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Figure 2.3: Predictions on mgg from oscillations as a function of the lightest
neutrino mass (top) and of the sum of neutrino mass (bottom) in the two
cases of NH and IH. The shaded areas correspond to the 3¢ regions due to
error propagation of the uncertainties on the oscillation parameters [51].
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e Interacting Boson Model (IBM-2) [57]: the low lying states of the
nucleus are modeled in terms of bosons. The bosons are in either s
boson (L = 0) or d boson (L = 2) states. Therefore, one is restricted to
0+ and 2+ neutron pairs transforming into two protons. The bosons
interact through one and two body forces giving rise to bosonic wave
functions.

In figure 2.4 the comparison among the NME computed for different isotopes
with these three different models is shown. The model used to compute the
nuclear matrix elements depends on the isotope.

p— : :
: ! IBM—2
6t Mo = QRPA-T ¢
; Ge | «ISM
5t g i ‘
I Te I I
! m | !
_ : : cd e Gd : U
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Figure 2.4: Most updated NMEs calculations for the Ov 38 with the IBM-2,
QRPA and ISM models. Figure from [57].

2.2 Lepton number violation

The observation of neutrino oscillation shows that the flavor lepton number
is violated, instead the total lepton number violation has never been ob-
served.

The conservation of total lepton number, as the baryon one, has not a deep
justification. In the Standard Model lepton and baryon numbers are con-
served quantity because an elementary process in which one of them varies
has not been observed yet. In fact, it is suspected that the total lepton
number conservation is not a basic law, but just an approximate symmetry
related to the energy range that can be explored at the laboratory.

The OvB8 decay represents a process beyond the Standard Model in which
the total lepton number conservation is violated. This process is based on
the neutrino-antineutrino oscillation:

v — T, (2.8)
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that is similar to the case of neutrino flavors oscillation.
The observation of this process could solve an important question about the
Universe: why does matter dominate over antimatter?.
Cosmology studies show that, in the early universe, the number of baryons [58]
is: o

ng = 22— 18 _ (6.047 +0.0074) x 10710, (2.9)

T

where 73 is the baryons density, 73 is the anti baryons density and 7, the
photons density.
Several models try to explain baryon asymmetry, all of which are based on
the Sakharov conditions [59]:

1. any model must have a mechanism that violates the baryon number
conservation;

2. that mechanism must also violate C-symmetry and CP-symmetry:

3. the mechanism must be active while the Universe was not in thermal
equilibrium.

The most attractive model is the baryogenesis via leptogenesis [60] where
the baryon asymmetry is generated by an excess of leptons. This theory is
related to see-saw mechanism and non conservation of lepton number.

The excess of leptons was generated by RH heavy neutrino, which decay in

two different modes:
N, — HY+1

Since the RH neutrino and Higgs boson (H) do not carry lepton charge, both
processes violate the conservation of lepton number. Through CP violation
of N decays from tree-loop interface diagrams (see fig. 2.5), an asymmetry
in the rates of the two processes can be generated to produce an excess of
leptons.

2.3 Fundamentals for the search of Ov55 decay

The signature of Ov33 decay is a peak in the sum electrons spectrum at the
Q-value of the reaction. The Q-value is given by the difference between the
parent and daughter mass, subtracted by the sum of two emitted electron
masses:

Qps = M, — My — 2m,. (2.10)

The 2v508 electrons spectrum is continuous because part of the energy is
carried away by the two neutrinos. In the Ov3( decay the total energy goes
into two emitted electrons, so the signature is given by a monochromatic
line at Q-value in the sum electrons spectrum (see fig 2.6).
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Figure 2.5: Tree-loop interface Feyman diagrams contributing to heavy neu-
trino decays leading to leptogenesis.

gﬂ.dﬁ

y Un
o
'S

0.35

Arbitrar

ot
(X

2vpp

0.25
0.2
0.15
01

0.05

1.2
Energy/Q Value

o
o
[
o
=
o
2]
o
@
-

Figure 2.6: Summed electrons energy spectrum for double beta decay.
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The observation of 0v38 decay is a challenging task from the experimental
point of view. The current experimental method is based on the detection of
the two emitted electrons. The main difficulty is the discrimination between
OvpBp and background events, given by 2v33 decay and natural radioactivity.

2.3.1 The sensitivity

The most important parameter characterizing Ov33 experiments is the sen-
sitivity. It is defined as the half-life corresponding to the minimum number
of signal events observable above background at a given statistical signifi-

cance (n,) [61]:
In2 n |Mxt
Ov _
S (ng) = . 6Na—A\/ BAE (2.11)

where ¢ is the detector efficiency, N, is the Avogadro number, 1 is the isotope
abundance, A is the atomic mass number, M is the detector mass in kg, t is
the live time of the experiment in years, B is the background expressed in
counts/(keV - kg -yr), AE is the energy resolution in keV.

The choice of the best 58 emitter is the first issue for DBD detectors. The
criteria for the choice of the isotope are:

e high isotopic abundance n: to increase the the number of Ov53 events,
as it is clear from Eq.2.11.

e high Q-value (Qgg: to suppress the background coming from natural
radioactivity. A Q-value above 2615 keV ! is preferred.

The principal isotope candidates are 48Ca, "6Ge, 82Se,? 190 Mo, 116Cd, 130T,
136X e, 150Nd. All candidates have an isotopic abundance below 10%, except
for 139Te that has a natural isotopic abundance of 34.5%. Isotopic enrich-
ment is therefore necessary in many cases.

To compare the discovery potential of experiments using different isotopes,
the nuclear factor of merit is introduced:

Fn = m2Go,| Mo, %, (2.12)

it has dimension of yr~!. In table 2.1 are reported the Q-value, the isotopic
abundance and the nuclear factor of merit for some isotopes used in the
search of OvB3 decay.

The background is a very delicate point for DBD experiment. There are
several sources of background that need to be taken into account. They
can be distinguished in internal, given by radioactive contamination in the
detector material, and external, originated outside the detector.

The external background sources are:

thighest v-line coming from natural radioactivity.
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Candidate | Qgz(MeV) | Abundance(%) | Fuy [yr—!]
BCa 4.27 0.187 0.54 x 10713
6Ge 2.04 7.8 0.73 x 10713
82Ge 2.99 9.2 1.7 x 1071
100Mo 3.03 9.6 5.0 x 10713
16Cq 2.80 7.5 1.3x 10713
130T 2.53 34.5 42x 1078
136X e 2.45 8.9 0.28 x 10~ 13
150N 3.36 5.6 57 x 10713

Table 2.3: 56 candidate with a Q-value upper 2 MeV. The value of factor
of merit are taken from [62].

e muons: their interactions produce high-energy secondary, as neutrons
and electromagnetic showers;

e neutrons: produced by natural fission and («,n) reactions;

e radioactive isotopes: produced by cosmogenic activation of the detec-
tor material.

The internal backgrounds are given by:

e detector contamination, mainly coming from 2**U and ?32Th chains
(see figures 2.7 and 2.8);

e 222Rn and #2°Rn that, being gases can easy diffuse trough the detector
material.

The dominant background components depend on the detector technology.
The external background can be suppressed by placing the detector under-
ground and by enclosing it into a shielding system. At depths of underground
facilities, muons are the only surviving component from cosmic rays. This
background is generally rejected by veto systems. Neutrons flux can be sup-
pressed by shielding the experimental setup with suitable neutron-catcher,
while gamma rays are shielded by high Z material as lead and copper. The
cosmogenic activation can be controlled by reducing the exposure of mate-
rials to cosmic-ray and by avoiding the use of nuclei with large activation
cross-section.

Extremely accurate radio-purity control on detector components is required
to reduce the internal background. The detectors are usually protected by
radon contamination using small over pressure pure nitrogen in the experi-
ment area.

In the CUORE case, the dominant background source is given by « surface
contamination of the copper detector supports, as it will be discussed in the
next chapter.
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A high energy resolution is maybe the most relevant feature to identify the
sharp Ov 33 peak over an almost flat background. A good energy resolution
is also the only protection against the intrinsic 2v35 background. The frac-
tion F of 2v88 events contained in a AFE energy window centered in the
Q-value is given by:

S me T 01152

F=2n_ MM
5 6 1/2°
B TQ3AES T

(2.13)

where Toly/ % and T21V/ 2 are respectively the half life of Ov33 and 2v35. The
factor F depends strongly on the energy resolution; therefore, in order to
discriminate the Ov3f events from the 2v3f intrinsic background, a good
energy resolution is helpful.

2.3.2 Experimental technique

The OvBp3 detectors can be classified in two main categories: calorimetric
detectors in which source and detector coincide, and external source systems
in which source and detector are two separate systems (see fig. 2.9).

The calorimetric technique has been implemented for different kind of de-

Source = Detector Source # Detector

® &

Figure 2.9: Two different approach to search the DBD: source = detector
on the left, source # detector on the right.

tectors: Ge-diodes, bolometers, liquid scintillators loaded with 3 isotope
and liquid and gaseous Xe TPC. Thanks to the high efficiency of the calori-
metric technique, large masses are achievable. Detectors with mass up to
~ 300 kg have already proved to work and tonne-scale detectors seem pos-
sible. Ge-diodes and tellurium bolometers reach at the present the best
energy resolution: respectively 3 keV and 5 keV around the Q-value of the
reaction. Since these detectors have poor background rejection capability,
they require a high radio-purity control of the used materials. On the con-
trary, liquid scintillators loaded with 35 isotope and liquid and gaseous Xe
TPC have poor energy resolution but they reach low level of background
thanks to the purification of liquid scintillators and the event topology re-
construction in TPC systems.
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Besides having provided so far the best experimental results on Ov33, the
calorimetric approach is still promising the best sensitivities and is therefore
characterizing most of the future projects. The only disadvantage is that
the calorimetric technique is not able to define event nature and topology,
except for Xe-TPC.

In case of discovery of Ov33 decay, the topology reconstruction could repre-
sent a fundamental tool to understand the Ov33 mechanism.

External source detectors have good event topology reconstruction, thus
making in principle easier to reach the zero background condition and to
study the OvB8 mechanism. The detectors that are used are scintillators,
solid state detector and gas chambers. The limit of this approach is the low
efficiency, of order of 30%, and the low energy resolution that does not allow
to distinguish between Ovf3( events from 2v33 events.

2.4 Search for neutrinoless double beta decay

The most stringent limits on Orv3g3 half-life come from GERDA, CUORE-0,
KamLAND-Zen and EX0-200. These experiments search the Ovg8f3 decay
by the following reactions:

o 6Ge =70 Se + (2¢7) (Qps = 2039 keV) [63];
o 130Te 130 Xe + (2¢7) (Qpp = 2527 keV) [64];
o 136Xe 136 Ba + (2¢7) (Qpp = 2457 keV) [65];

The GERDA (GErmanium Detector Array) experiment is situated at

Laboratori Nazionali del Gran Sasso, Italy. GERDA consists of high purity
germanium detectors (HPGe) enriched to ~ 86% in "®Ge, immersed in liquid
Argon, which acts as cooling system and as shield against external back-
ground. The cryostat is installed in the center of a tank filled with 590 m3
of ultra-pure water equipped with 66 PMTs as muon veto. The physics pro-
gram of GERDA is divided in two stages. The phase-I has been operating be-
tween 2011-2013 with 20 kg of enriched semi-coaxial detectors [66]. Thanks
to the shielding and the pulse shape discrimination, the level of background
reached in the region of Qgg is 10~2counts/(keV - kg - yr). During this first
phase, the lower limit on the half-life of the reaction is TIOZ‘2 > 2.1 x 10%yr.
The Phase-II started in December 2015. The physics goals are a background
level of 10 3counts/(keV - kg-yr) and a sensitivity of 1026yr for three years
of data collection. In this second phase, 30 enriched BEGe detectors [67] are
added for a total mass of 35 kg. The preliminary results of phase-II show an
improvement of background reduction: 351?; x 10~ *counts/(keV -kg-yr) for
the coaxial detector and 77! x 10~4counts/ (keV -kg-yr) for the BEGe. The
energy resolution is 4 keV FWHM for coaxial detector and 3 keV FWHM for
BEGe. This is the best energy resolution reached in the search for double
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beta decay. The OvS3 signal has not been observed and the lower limit on
Tl% is 5.2 x 10%yr at 90% C.L. [68].
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Figure 2.10: GERDA phase-I results on the right, GERDA phase-II result
on the left [68].

KamLAND-Zen (KamLAND Zero-Neutrino Double Beta Decay) is a modi-
fication of the existing KamLAND detector, used to study neutrino
oscillation. KamLAND-Zen consists of 320 kg of 36Xe enriched xenon gas
dissolved in 13 tonnes of liquid scintillator (Xe-LS) contained in a spherical
balloon (IB) suspended at the center of the KamLAND detector. The IB is
constructed from 25-pum-thick transparent nylon film and it is surrounded by
1 ktonne of liquid scintillator (LS), which acts as active shield. The isotopic
abundances in the enriched xenon were measured by a residual gas analyzer
to be (90.77 4 0.08) %26 Xe and (8.96 & 0.02)%'3*Xe while other xenon iso-
topes have negligible presence. The data-taking of KamLAND-Zen started
in 2011 and the physics program is divided in two phases. In the first phase
(September 2011 - June 2012) the limit on half-life is TIO/”2 > 1.9 x 10%yr at
90% C.L.. The sensitivity was limited by an unspected background peak,
due to the 9" Ag 5~ decay, just above the Q-value of '36Xe. The Xe
and Xe-LS was purified to reduce this source of background. The Phase-
IT started in December 2013 and finished in October 2015. Thanks to the
Xenon purification, the background produced by 9" Ag3~ decay was re-
duced by a factor of ten. The lower limit on TP/”Q is upper 1.3x10%°yr on 90%
C.L., combing the Phase-I and Phase-II results: Tlo/”2 > 1.07 x 10%°yr [69].
EXO0-200 (Enriched Xenon Observatory) is a cylindrical liquid xenon (LXe)
time projection chamber (TPC), located underground at depth of 1, 5851%1
meter water equivalent at the Waste Isolation Pilot Plant, New Mexico. The
liquefied xenon (“*"LXe) is enriched to 80.6% in 3%Xe. The TPC provides
position and energy measurements of ionization deposits in the LXe by si-
multaneously collecting the scintillation light and the charge. Avalanche
photodiodes (APDs) measure the scintillation light. The principal sources
of background are given by uranium/thorium contamination and '3"Xe. The
lower limit on Tlo/"2 is 1.1 x 10%yr at 90% C.L. [70], obtained by the data
collected between 2011 and 2013.

The search of neutrinoless double beta decay by CUORE-0/CUORE will be
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Figure 2.11: Energy spectrum for 8 candidates obtained during phase-I
(right) and phase-II (left) by KamLAND-Zen [69].

discussed in the next chapter.

2.4.1 Limit on effective Majorana mass

The effective Majorana mass can be expressed as a function of the sensitivity

by following relation:
Me

mgg = ————.
pB MOv /GOI/ S?/Vz

Given the sensitivity reached by germanium and xenon experiments, the
limit on effective Majorana mass are:

(2.14)

e GERDA phase-1I: mgg < [160,260] meV,
o EX0-200: mgs < [190,450] meV,
e KamLAND-Zen phase-II : mgg < [61,165] meV,

The limits on effective Majorana mass are estimated for the minimum and
maximum value of M. The nuclear matrix element is estimated by QRPA
model for the 136Xe, instead it is estimated by ISM model for the "6Ge.

The most stringent limit on effective Majorana mass is obtained by KamLAND-
Zen (see fig. 2.12).
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Figure 2.12: Present limit on effective Majorana mass [71].
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2.4.2 Towards Inverted Hierarchy: future detectors

The goal of the next generation DBD experiment is to investigate the IH
region. To this goal the germanium experiments need a sensitivity on Tlo/”2
of ~ 4 x 10¥yr (see fig. 2.13), while the xenon experiments of ~ 9 x 10*7yr

(see fig. 2.14).

T
Mamin [EV]

Figure 2.13: OvB3f decay half-life for "®Ge as a function of the lightest neu-
trino mass. The blue region is obtained with |[M%| = 5.16 and the red
region with |M%| = 2.81 [72].
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Figure 2.14: 0v3/ decay half-life for 13¢Xe in function of the lightest neutrino
mass. The blue region is obtained with | M| = 3.05 and the red region with
|M%| = 2.18 [72].

The upcoming HPGe detector is the MAJORANA experiment, which will
be situated in the Sanford Underground Laboratory, USA. The DEMON-
STRATOR [73], is a MAJORANA prototype developed to define the best
technique to build a large scale germanium experiment. The MAJORANA-
DEMONSTRATOR consists of a mixture of BEGe detectors including, 15 kg
fabricated from natural-isotopic-abundance Ge and 29.7 kg fabricated from
Ge enriched to > 87% in "Ge. These detectors are contained within two
low-background copper cryostats. Each cryostat will contain seven closely-
packed stacks of detectors, called strings, with up to five detectors compris-
ing each string. The goal of the DEMONSTRATOR is to achieved back-
ground level at or below of 3 counts/(keV - kg - yr) in a 4 keV interval
around the region of interest. The MAJORANA-DEMONSTRATOR, and
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the GERDA collaboration intent to merge and purse a joint tonne-scale
OvpBp experiment that combines the best technology from both collabora-
tions.

nEXO [74] and NEXT [75] are the upcoming detectors that search Ovjf
decay with 139Xe. nEXO is the next_phase of EXO experiment. The princi-
pal modifications of EXO detector include improved self-shielding with the
larger mass, a better energy resolution using lower noise silicon phomulti-
pliers, increased segmentation to improve event reconstruction. The nEXO
goal sensitivity is 6.6 x 1027 yr at 90% C.L. using 5 tonnes of enriched xenon
after five years of data-taking. The NEXT (Neutrino Experiment with a
Xenon TPC) experiment uses enriched Xenon in a high pressure (15 bar)
TPC. It is designed to have high energy resolution of 0.3% at Q-value and to
have a high discrimination power between signal (two electron tracks with
a common vertex) and background (mostly, single electrons or alphas). The
goal is to reach a level of background of 8 - 10~*counts/(keV - kg - yr).
SNO+ detector [76] is an upgrade of SNO experiment to search the neutrino-
less double beta decay of 130Te. The technique is similar to KamLAND-Zen:
tellurium dissolved in a liquid scintilllator (Te-LS), which replaced the pure
heavy water used in SNO. An innovative technique has been developed to
load tellurium at concentration levels of several percent into LS maintaining
good optical properties and reasonably high light yield.

In table 2.5 the sensitivity for upcoming and future detectors are listed.

Experiment Isotope S?VQ [yr] | Reference
GERDA-II ©Ge | 1.5 x10% 77
MAJORANA-D | "Ge | 3.0 x10% 78]
CUPID-0 82Se | 1.8 x 10%° [79]
SuperNEMO 828e | 1.0 x 10%° 80]
AMoRE-IT 10Mo | 1.1 x 10?7 81]
CUORE 130Te | 9.5 x 10%° [82]
SNO+ Phase IT | ¥9Te [ 2.0 x 10%° 83]
EXO0-200 136Xe | 5.7 x 10% [74]
KamLAND2-Zen | ¥%Xe | 1.0 x 1077 69]
nEXO 136Xe | 5.0 x 10%7 [84]
NEXT-100 136Xe | 6.0 x 10% [85]
PandaX-I1I 136Xe | 1.0 x 10% [86]

Table 2.4: Upcoming and future DBD detectors sensitivity.
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CUORE

3.1 CUORE: ¥Te 0vjf search

CUORE (Cryogenic Underground Observatory for Rare Events), situated
at Laboratori Nazionali del Gran Sasso, is a starting 1-tonne experiment
which searches the 0v33 decay of 13°Te using the bolometric technique. A
bolometer is a Low Temperature Detector (LTD) in which the energy of the
incident particle is converted in thermal phonons. The bolometric technique
was first proposed by Simon for the study of nuclear phenomena [87]. In
1949 Andrews detected for the first time alpha particles using superconduc-
tive bolometers [88]. Then thermal detectors were developed for different
topic of research, as solar neutrino spectroscopy, X ray spectroscopy, mate-
rial contamination analysis, dark matter detection and rare processes search.
The use of large bolometric detectors was first proposed by Fiorini and Ni-
inikoski in 1983 [89]. The bolometric technique will be discussed in same
detail in the next chapter.

CUORE [90] consists in 988 TeOy crystals arranged in a modular structure
in 19 towers. Each tower is an array of 52 TeOs crystals, disposed in 13
floors, on each floor there are four (5 x 5 x 5) cm? crystals with a mass of
750 g. The total mass of CUORE is 741 kg. In figure 3.1 the CUORE towers
are shown.

CUORE bolometers will be operated at ~10 mK temperature. The ex-
pected energy resolution is 5 keV at 2615 keV peak and the expected back-
ground level is 1072 counts/(keV - kg - yr) in the energy region around the
Q-value of 3°Te (Region of Interest-ROI!).

CUORE searches for neutrinoless double beta decay by the following reac-
tion:
1807e 5130 Xe 4 2¢7, (3.1)

the Q-value is 2528.8 + 1.3keV.
The bolometric technique offers a wide choice of isotope candidate, as 48Ca,

!The corresponding energy range is 2470-2570 keV.

43
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Figure 3.1: CUORE towers.

6Ge, 199Mo, 116Cd, the only requirement being that the candidate nucleus
be part of a compound which can be grown in the form of a crystal with
good thermal and mechanical properties.

The 139Te Q-value is between the Compton edge and the 2°8T1 peak, which
is the highest line of natural radioactivity. There are several isotopes that
have a Q-value above the 2615 keV peak but they have a low isotopic abun-
dance and therefore require an enrichment. On the contrary, the '30Te
has a natural isotopic abundance of 34%, so enrichment is not mandatory
(fig. 3.2). This is a great advantage because the enrichment process can
introduce crystal contaminations and is an expensive process.

The Q-value of ¥°Te is high enough to have a favorable space factor?(G%),
that is 14.58 - 1071 [52].

As it was discussed in the previous chapter, the estimation of the nuclear
matrix elements is the principal source of uncertainty and its evaluation de-
pends on the different isotope. In the case of 39Te NME varies between [91]:

e smallest value: |M%| = 2.18 estimated by QRPA models;

e largest value: |[M%| = 3.05 estimated by IBM;

Given the value of G and the range of NME, the needed sensitivity on T{)/’é
to investigate the IH is of order of 9 x 10%7yr and it is of order of 6 x 103%yr
to investigate the NH for the 39Te case [72]. This estimation is obtained
by formula 2.4 and using the cosmological bound. Figure 3.3 shows the
half-life of Ov3f for 139Te as a function of lightest neutrino: the red regions
are obtained with the smallest value of |[M%| and the blue regions with the

largest value of |[M%|.

2As it was discussed in paragraph 2.1.2: the G® is proportional to Q%ﬁ.



3.1. CUORE: °TE 0vB33 SEARCH 45

4500

)
o0

Q
&

4000

©
=N

3500

oN
D
2
& Z
o

130,

Q-value [keV]
SRV
S

(98]
[« e
[« S
(=] =]
TT T T[T T T [ TTTT [ TI T T [TT T[T [TTTT[TT®
5
(¢}
[ ]

1500

128,

1000 Pore

5 10 15 20 25 30 35
Isotopic Abundance [atomic %]

=)

Figure 3.2: Natural abundances and Q-values for several commonly used
Ov3p isotopes.

109 |
1092
103! g
10 phawce=d
10297
1028 |
1027
1026

TP;’Z [yr]

saaaal AR ET | AR ETT!
1072 1072 1

Mmin [EV]

1074 1073

172 [y1]

1074 1073 102 1071 1
Mmin [SV]

Figure 3.3: Ov33 decay half life for 130Te as a function of the lightest neutrino
mass with the application of the cosmological bound. The blue regions are
obtained with | M| = 3.05, the red curves with | M| = 2.18. The different
color shadings correspond to the 1, . . . , 5 o coverage regions [72].
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3.2 Cryogenic system and shielding

CUORE towers are housed in a dedicated custom-built cryogens-free dilution
refrigerator. It is planned to cool a large mass at 10 mK in stable condi-
tion for a long period of data-taking [92]. Due to the severe radioactivity
constraints, CUORE cryostat has to satisfy several additional requirements
which are rather uncommon in standard cryogenic devices.

The cryogenic system must satisfy the following requirements:

e the cooling power of the refrigerator has to account for the thermal
load produced by the ~2600 read-out wires running from 10 mK to
room temperature;

e the detector and the cryogenic system have to be mechanically decou-
pled to minimize the noise induced by cryostat vibrations;

e the cryostat components have to fulfill stringent radio-purity control
and a shielding has to be used to reduce the background coming from
232Th and 238U chains in the surrounding;

e since CUORE is expected to collected data for a period of five years,
the cryogenic system must be stable, service-free and capable to
operate with high duty-cycle.

CUORE cryostat consists of six copper vessels thermalized to different tem-
perature stages: 300 K, 40 K, 4 K, 600 mK (still plate), 50 mK and 10
mK (mixing chamber plate). A schematic view of the cryostat is shown in
figure 3.4. The 40 K stage is an intermediate radiation shield between the
room temperature Outer Vacuum Chamber (OVC) and the Inner Vacuum
Chamber (IVC) thermalized to 4K. The 40 K and 4 K vessels are wrapped
by Multi-Layer Insulation (MLI) to reduce the heating from thermal radia-
tion. The amount of MLI is limited by radioactivity constraints.

The copper is chosen in order to preserve the radio-purity requirement in
the rare event search. In order to satisfy the CUORE background goal the
levels of 232Th and 238U must be < 2-107% Bq/kg and 10~* Bq/kg respec-
tively. The copper vessels were properly cleaned by citric acid and hydrogen
peroxide solution to remove the possible contamination introduced on the
surfaces during manufacturing.

In addition, inside the cryostat there are two lead shieldings that improve
the detector protection from environmental radioactivity and from conta-
minations present on the outer layers of the cryostat itself. A 2.5 tonnes
lead shield (see fig. 3.5) is present above the tower support plate (TSP)
and is thermalized to 50 mK (Top Lead Shield in figure 3.7); a 4.5 tonnes
shield made of ancient roman lead (see fig. 3.6) is placed between the 4K
and the 600 mK vessels and it is thermalized to 4 K (Ancient Roman lead
in figure 3.7). The complete cryogenic structure is shielded by an external
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modern lead shield.
The CUORE cryogenic system is a dilution unit refrigerator, pulse-tube
assisted:

1. the temperature of 4 K is reached by five two-stage pulse tubes (PT)
coolers mounted on the room temperature OVC top flange. The total
cooling power of the pulse-tubes is 200 W at 40 K and 7.5 W at 4 K.

2. the base temperature is reached by 3He/*He dilution unit custom de-
signed by Leiden Cryogenics. It is capable to circulate more than 8
mmol/s of *He/*He mixture in order to guarantee high cooling power,
that is 2 mW at 100 mK and 4p4W at 10 mK.

The choice of PT arise from the fact that, unlike conventional cryogen based
dilution units, the PT based dilution refrigerators do not require frequent
interruption for refilling the cryogen, increasing then the duty cycle of the
experiments.

The CUORE cryostat makes use of an auxiliary sub-system, called the fast
cooling system (FCS), to speed-up the cooling down from room temperature
to 4 K. The FCS employs a closed cycle to have forced convection of cold
gas in the IVC. The total mass to be cooled to 4 K is about 15 tonnes. The
pulse tubes alone would take few months to cool down this mass, instead
with the FCS the cool down period is reduced to two weeks.

The detector and the cryogenic system are mechanically decoupled to mini-
mize the noise produced by external vibration which would spoil the energy
resolution of the detector. The CUORE detector suspension is a two-stages
low frequency isolation system (see fig. 3.8). The first section of the sus-
pension operates at room temperature and consists of three Minus — K
springs, placed on the Main Support Plate (MSP). In a Minus — K [93]
spring the vertical motion isolation is provided by a stiff spring that sup-
ports the weight load (the Y —beam mass and the detector mass), combined
with a negative—stiffness mechanism. The net vertical stiffness is made very
low without affecting the static load—supporting capability of the spring.
Beam columns connected in series with the vertical-motion isolator provide
also horizontal motion isolation. The net result is a compact passive isolator
capable of very low vertical and horizontal natural frequencies and very high
internal structural frequencies. The second section is the cryogenic suspen-
sion system, made out of three composite cables, directly connected to the
Y — beam, which support the whole detector mass, bypassing the different
cryogenic shields. The material of the CUORE suspension must have high
tensile proprieties, low thermal conductivity and low radioactive contami-
nation, so the chosen materials are stainless steel tie bars, Kevlar 49 ropes
and copper bars [94].
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Figure 3.4: A complete schematic of the CUORE cryostat.
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Figure 3.5: Modern top lead shield.

Figure 3.6: Ancient roman lead shield.
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Figure 3.8: Sketch of the detector support layout: there are the column
supports and the main support plate (MSP). On the MSP are placed the

three Minus—K spring and the ”Y—beam”.
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Figure 3.9: The detector calibration system (DCS): 12 Kevlar strings and
25 Teflon — coated copper capsules per string connected to a motor head
on the top of the cryostat [95].

The detector calibration system (DCS) [95] consists of 12 Kevlar strings and
25 Teflon-coated copper capsules per string, which contain small thoriated
tungsten wire. Each source string is wound on a spool that is connected to
a motor on the top of the cryostat, which turns the spool to raise and lower
the source string. The source strings are first cooled to 4K by mechanical
squeezing before being lowered further into the cryostat (see fig. 3.9).
Before the detector installation, there where several cold runs to test the
Dilution Unit (DU) performance and to study the thermal load introduced
by the different components (wiring, shielding, DCS, FCS, ...). In the last
cold run, with full load except the detector, the system reached a base tem-
perature of (6.3+0.04) mK in stable condition. The cool down with the FCS
was successfully tested, the 4 K temperature was reached in 16 days. The
subsequent cool down from 4K to base temperature took about 24 hrs [96].
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3.3 CUORE-O0: the first tower

CUORE-0 is an array of 52 TeOs crystals disposed in the CUORE tower
style. The total mass is 39 kg of TeOa.
CUORE-0 is the first tower produced using the low-background assembly
line designed for CUORE in order to minimize the radioactive contamination
of detector components and radon contamination. The CUORE assembly
line is based on strict selection of materials and an extreme radio-purity
control during the assembly process [97].
The assembly is done following a “zero contact” philosophy for the detector
components, i.e. no exposure to air to prevent possible radon contamination
and minimized contact (in space and time) with other materials. The assem-
bly procedure consists of two principal steps. In the first step the thermal
sensor, used to convert the temperature variation in electrical signal, is glued
to the crystal. The second step is the tower assembly. These two procedures
used two specific glove boxes under nitrogen atmosphere to minimize radon
contamination. In figure 3.10 the two glove boxes are shown: gluing box on
the left and tower glove box on the right.

All copper parts of detector (frame, columns, ecc..) are cleaned by TECM

Figure 3.10: On the left the gluing glove box used for sensor-crystal coupling,.
It is a semi-automatic system designed to guarantee a good reproducibility
of the coupling. On the right the tower glove box used for tower assembly.
Both glove boxes are under nitrogen flow to protect the detector from radon
contamination.

technique for radio-purity requirements. The TECM cleaning consists in a
sequence of different step of surface treatments: tumbling, electopolishing,
chemical etching and magnetron plasma cleaning. Moreover, to reduce the
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cosmogenic activation, the exposure of detector parts to cosmic rays is mi-
nimized. The detectors parts, after having been produced, are packed and
then stored in the underground laboratories, inside stainless-steel cabinets,
which are continuously flushed with nitrogen.

Differently than the CUORE towers, CUORE-0 was surrounded by a lateral
copper shield (see fig. 3.11) and it was cooled by a commercial cryostat.
The tower was also shielded by 1.4 cm of cylinder of Roman lead and two
discs of roman lead placed one on the top and one the bottom against the
intrinsic radioactivity of the cryogenic system. The cryostat is shielded by
modern lead, that is surrounded by a anti-radon box flushed with nitrogen
gas to reduce radon contamination. The entire apparatus was enclosed in a
Faraday cage to minimize electromagnetic interference (see fig. 3.11).

Modern lead
150 Ba/Kg
. Aluminum Plate_ t~_Damper

Brass Plate

»
&
.
.
‘
8
=

Acrylic glass
L

Borated PET
L

]
Stainless
steel spring
~ Mixing Chamber
Roman lead -
< 4 mBg/Kg
—
Roman lead
< 4 mBq/Kg
L
aln Modern Lead
= = (150+20) Bg/Kg
i . ﬁ
Modern Lead
16+4) Bg/K
Roman lead ﬁ( ) Ba/Kg
< 4 mBg/Kg
y NN vc
| -
Al ovc
1 |~

Figure 3.11: On the left the CUORE-0 copper shield under nitrogen flow.
On the right a sketch of CUORE-0 cryostat and shielding [97].



54 CHAPTER 3. CUORE
CUORE-0 was operated between 2013 and 2015 as CUORE prototype
in order to:
e test the validity of bolometric technique for Ov3f3 search;

e test the CUORE DAQ and analysis framework;

test and debug the CUORE tower assembly line;

check the background reduction thanks to the assembly line designed
for CUORE towers.

3.3.1 Alpha background reduction

In CUORE, the dominant background is originated by « particles, emitted
from radioactive nuclei located within few pm of a surface facing the de-
tector, that lose part of their energy in this dead layer before reaching the
detector. The result is a flat continuous energy spectrum from 4-5 MeV to
Zero.

In the past years different CUORE prototypes were built in order to cha-
racterize and optimize the CUORE « background.

Before CUORE-0, the CUORICINO experiment [98], was operated between
2003 and 2008 to study the background of the CUORE bolometers. CUORI-
CINO was a single tower of 62 TeOs crystals with a CUORE tower like
design. CUORICINO demonstrated that the dominant background in the
CUORE-like bolometers is given by « contamination of copper, so the new
assembly line was developed and its efficacy was tested by CUORE-0.

In figure 3.12 the background energy spectra obtained by CUORICINO
(black) and CUORE-0 (red) are shown. The background sources can be
distinguished in two different components:

e gamma background: multi Compton event originated from the 2615
keV peak due to a ?32Th contamination of the cryostat itself;

e alpha background: 23*Th and 2*®*U contaminations that come from
surface contamination of crystal and copper frame.

Since CUORE-0 and CUORICINO were operated in the same cryostat, the
gamma contribution is almost the same. This contribution is expected to
be reduced in CUORE thanks to the better shielding and the radio-purity
control on the cryogenic system components, strictly selected to minimize
the level of contamination. Moreover, all the CUORE copper vessels were
properly cleaned before the installation of the detector.

The « contribution was a dominant background component in CUORICINO,
whereas it is a sub-dominant component of the background in the ROI in
CUORE-0. Indeed, the background rate measured in the alpha region

(2.7 —3.9 MeV) is 0.016 £ 0.001 counts/(keV - kg - yr) in CUORE-0,
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Figure 3.12: CUORE-0 (red) and CUORICINO (black) background energy
spectra. The gamma component is almost the same because both experi-
ments were operated in the same cryostat. The alpha component is reduced
in CUORE-0 thanks to the new assembly line and the cleaning protocols.
The 9Pt peak is a bulk contamination and does not affect the background
in the ROL.

while was a factor of 7 higher in CUORICINO, that is

0.110 £ 0.001 counts/(keV - kg - yr) [97]. In this estimate, the Pt peak,
centered at 3249 keV, was excluded because platinum is a bulk contamina-
tion of 139Te crystal and it does not affect the CUORE background in the
ROL.

In the ROI, the total background rate measured by CUORE-0 is

0.058 £ 0.004(stat) + 0.002(syst) counts/(keV - kg - yr), corresponding to a
factor 3 reduction respect to CUORICINO, where the rate was

0.169 £ 0.006 counts/(keV - kg - yr) [97].

3.3.2 Projected CUORE background

The study of CUORE-0 background demonstrated the efficacy of CUORE
assembly line and cleaning protocols to reduce the o contamination of the
copper structure.

A detailed Monte Carlo simulation was performed to evaluate the expected
background in CUORE, based on the CUORE-0 results and on the know-
ledge of background sources.

The CUORE background sources can be classified according to the origina-
ting region in:

e cxternal region: -y, neutrons and muons fluxes; the latter is reduced
by 3400 m.w.e. rock;

e far region: radioactive contamination of Roman lead, modern lead,
superinsulation, stainless steel rods, stainless steel 300 K plate;
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Region Source Bkg rate[counts/(keV - kg - yr)]
v flux <39-107%
External n flux 8.1076
p flux 1.04-107*
Bulk of Rods and 300 K Flange 3-107°
Bulk of SI 2.1-107¢
Far Bulk of Modern Ph <20-1071
Bulk of Roman Pb 3.22-1073
Bulk of Copper <1.7-1073
Cosmogenic activation of TeOq <7.3-107°
Cosmogenic activation of copper <24-107°
Near Bulk and surface of copper 9.50-1073
Bulk and surface of TeO9 1.30- 1073

Table 3.1: Main contribution expected in the ROI of CUORE for the various
components [99]. The value of bulk and surface contamination of copper and
TeO; are estimated by CUORE-0 results.

e near region: bulk and surface contamination of copper and TeOs (prin-
cipally given by 233U and ?32Th chains), and cosmogenic activation in
copper and TeOs.

Special care has been put in the reduction of background coming from cos-
mogenic activation of copper and TeO,, that produce °Co and 07" Ag.
Indeed their decays affect the °Te neutrinoless double beta decay ROIL.
60Co (T1/2 = 5.2Tyr, Q = 2.82 MeV) is produced both in copper and TeOs.
It f—decays mainly with the emission of two «s. To mimic the energy of
OvpBS event, both vs and electron must deposit the energy in the same crys-
tal, requiring ®°Co to be either in the TeO crystal or in the copper parts
close to the bolometers. 19" Ag is produced only in the tellurium. It can
either B—decays in the stable isotope ''°Cd (Q = 3.01 MeV) or it can make
an isomeric transition to "'°Ag, which than further S—decays in '°Cd
(Q = 2.89 MeV). Both 19"Ag and ''9Ag emit in their decay numerous
photons. The decays of 119" Ag and "'9Ag can mimic 0v33 events when the
total energy deposited in a single crystal by the photons and electrons falls
within the ROI. As discussed before, copper and TeOs were stored under-
ground, after their production, to minimize their exposure to cosmic rays.
The background rate estimated by MC simulation for this different compo-
nents is shown in table 3.1.

In figure 3.13 the main background contributions expected in the ROI of
CUORE for the various components are reported. The expected background
level in the ROI is of order of 10~ 2counts/(keV - kg - yr).
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Figure 3.13: The main background contributions expected in the CUORE-
ROL.

3.4 Search of Ov33 with ¥'Te

CUORE-0 was also a neutrinoless double beta decay experiment that reached
a sensitivity on Tlo/”2 of 2.9 x 10%* yr and set a good limit on the effective
Majorana mass mgg.

Figure 3.14 shows the best-fit in the ROI. This energy interval contain 233
candidates in the total exposure of 35.2 kg - yr of TeOs or in 9.8 kg - yr
of 139Te considering the natural abundance 34.167%. The best-fit gives the

following Bayesian lower limit at 90% C.L. [100]:
Ty > 2.7 x 10%7yr.

The limit on Tlo/l’2 can be translated in a limit on effective Majorana mass
of 270 — 650 meV. In this estimate the NME elements are calculated by the
different models described in [ [101], [105]]. Figure 3.15 shows the sensitivity
on mgg reached by CUORE-0 and the expected CUORE sensitivity, that is
9.5 x 10%yr at 90% C.L. [106] for five years of data-taking, given an energy
resolution of 5 keV and a background level of 10~ 2counts/(keV - kg - yr).
CUORE will be able to investigate a range of mgg of 40 — 100 meV, that is
near the inverted hierarchy region.
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Chapter 4

Bolometric technique

4.1 Bolometer detector

In particle physics most common energy detectors measure the energy re-
leased by a particle impinging in the detector converted into ionization and
excitation of atoms. In these detectors a large fraction of the released energy
is lost as it converts into phonon excitation. This loss worsen the precision
with which the energy is reconstructed.

Low temperature detectors measure the deposited energy converted in phonons
by means of the corresponding temperature rise. If there is no loss of energy
trough competing channels (i.e. scintillation or long lived phonon trapping)
all the energy released in the detector is eventually converted into phonons,
increasing the precision in the energy reconstruction.

Moreover the fact that the typical energy of the energy carrier in bolome-
tric detectors, namely the phonon, is much smaller that the one of conven-
tional detectors (ionized electron or scintillation light), makes the statistical
fluctuation of a given released energy much smaller than in conventional
detector, thus the energy reconstruction more accurate.

A bolometer [107] consists of three principal parts: an absorber, where the
incident particle deposits the energy, a thermal sensor, which converts the
energy released into the absorber in a electrical signal and a thermal link be-
tween the absorber and heat sink. A schematic representation of a bolometer
is shows in figure 4.1.

Given the simplest bolometer thermal model, in which the thermal con-
ductance (G) is given by the thermal coupling between crystal and heat sink
(see fig. 4.2), the temperature variation induced by particle interactions is
given by following relation:

AFE t
where C is the heat capacity of the crystal, G is the thermal conductance

and 7 is the decay time of thermal signal (7 = %)
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Figure 4.1: Scheme of a bolometric detector.
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Figure 4.2: The simplest thermal model to describe a bolometric detector.

Since the amplitude of the thermal signal is proportional to the ratio —,

for a given energy deposition, smaller C means higher thermal signal. A 1
MeV particle impinging on a absorber crystal of 1 mole at room temperature
generates a temperature variation AT of 10~ — 1071 K, which is impos-
sible to measure. Since the heat capacity decreases with the temperature,
typical operating temperatures for bolometers are in the range between 10
and 100 mK.

4.2 Energy absorber

The best choice for the energy absorber is a dielectric and diamagnetic
crystal, which has a low heat capacity C at low temperature.
The specific heat is given by the sum of lattice contribution ¢, and electrons
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contribution c,:

o(T) = e (T) + co(T). (4.2)

The lattice contribution is proportional to the cube of temperature over
Debye temperature © p:

12, T\°
er(T) = —m"kpNg | — | , 4.3
(1) = SrthoNa (o) (4.3
where kp is the Boltzmann constant, N4 is the Avogrado number.
The electrons contribution is proportional to the ratio between temperature
and Fermi temperature Op:

ce(T) = —ZR—. (4.4)

In a dielectric and diamagnetic crystals, the dominant contribution to the
specific heat is given by the lattice contribution. Since this is proportional
to T3, it is very low at low temperature.

The low temperature heat capacity of a dielectric and diamagnetic crystal
of mass m can be expressed as:

(1) = B <é;)3 , (4.5)

where 8 = 1944J K ~'mole™! and M is the molecular weight.

4.2.1 Thermalization process

The thermalization process, that represents the conversion mechanism of
the energy deposited by an interaction into thermal signal, can occur in a
bolometer through nuclear and electronic channels [108].

Nuclear channel: particles scattering off nuclei produce vibrational exci-
tations. During the interaction process, structural damages of the lattice
could be also produced where the energy can be stored. If this energy is
not converted in phonons, the statistical fluctuation of the number of the
produced defects can cause a reduction of the detector energy resolution.
The fraction of the energy deposited in the nuclear channel depends on the
particle incident: it is negligible in case of electrons or photons, but it be-
comes significant for alpha particle.

Electronic channel: let‘s take into consideration the kinetic energy trans-
fer from a charged particle produced by a nuclear process to a semicon-
ductor crystal. The particle is slowed down in few pm (heavy particles) or
mm (electrons) from its interaction point and normally stops in the crys-
tal. Along its track it produces many electron—hole pairs having at the
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beginning very high spatial density and energy. These charge carriers in-
teract first with each other and spread very quickly inside the crystal. As
a quasi—equilibrium situation is reached, they undergo their final degrada-
tion via direct interaction with the lattice site: these interactions produce
phonons. During this step undesirable processes can take place, indeed a
fraction of the pair energy can leave the crystal or can be stored in stable or
metastable states instead of going into the crystal lattice. It is possible to
have: radiative recombination of e/h couples with the escape of the emitted
photon, non-radiative recombination that take too much time compared to
signal development, trapping of electrons and holes in the impurity sites or
lattice defects. This process reduce the energy resolution of the energy ab-
sorbed.

To describe the thermalization of phonons [109] is useful to use the mono
dimensional representation of the phonon dispersion curves. The e/h pair

Balistic phonons

i / 1 Q\ LA branch |

1 ~ ] '

: TA branch |
§ Scattering and 1
f reflection degradation 1

! Thermal Phonons !

Figure 4.3: Athermal phonon thermalization model.

recombination process across conduction and valence bands produces high
energy and low momentum phonons on the optical branch. This phonons
decay in longitudinal acoustic band (LA) in a very short time (10/100) ps.
The decay produces two phonons each having half the energy of initial one
and opposite momenta. The final result is a phonon system in the LA branch
with energy of order of hwp (where wp = 27vp, vp is the cut off Debye
frequency that depends on the crystal). This energy is much higher than
the average energy of thermal phonons at the bolometer working tempe-
rature, therefore this phonon population starts to decay towards a thermal
distribution. This happens via three principal processes: phonon/phonon
interaction, scattering on impurities and reflection on crystal surfaces. The
first channel is possible thanks to the anharmonicity of the lattice potential.
However, this anharmonicity is less important when the crystal temperature
and the phonon energy decrease. Moreover, while the LA phonons decay
is allowed and it is responsible for the transverse acoustic (TA) phonons
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production, the decay of the TA phonons is forbidden by the momentum
conservation law.

4.2.2 Intrinsic energy resolution

The intrinsic energy resolution AFE of a bolometer is given by:

AE = \/ksC(T)T?, (4.6)

where kp is the Boltzmann constant, C is the heat capacity given by formula
4.5.

The intrinsic energy resolution of a detector is limited by the statistic fluc-
tuation of the produced elementary excitations. Given the number of ele-
mentary excitation:

E
N=2=, 4.7
. (4.7)

where ¢ is the energy to produced an elementary excitation, the theoretical
energy resolution is given by:

AFE AN

= = 2.357. (4.8)
In a scintillator detector ¢ is about 100 eV, whereas in a gas detector and in
a solid state detector € is about 30 eV and 3 eV respectively. In a bolometer
the energy of an elementary excitation is less than 0.01 eV therefore
energy resolutions more than an order of magnitude better than the ones of
conventional devices are possible.

4.3 Phonon sensor

The phonon sensor is usually a thermistor, which is a resistive device used
to convert the thermal signal into an electrical signal. The electrical signal is
proportional to the energy of the phonons collected in the energy absorber.
The thermistor can be classified in two principal classes:

e semiconductor thermistors (STs): Si or Ge doped crystal by thermal
neutrons;

e transition edge sensors (TESs): superconductive film kept at critical
temperature T¢.

The thermistor performances are described by the logarithmic sensitivity 7,
which is given by:

_ ’dlogR(T) ’ (4.9)

dlogT
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The relation between resistance and temperature in a thermal sensor is

obtained by the logarithmic sensitivity formula:
drR  dT
"OT

It is evident that a large 1 means a higher response of the device. The value

of 1 is usually in the range 1 — 10 for ST and it is in the range 10? — 103 for
TES.

(4.10)

4.3.1 Transition edge sensor

The TESs are intrinsically fast (~ ws), and so they can detect athermal
phonons. Their working point lies in a narrow range of temperature.

A typical example of a resistance-temperature curve for a TES is shown in
figure 4.4. The superconductive film is deposited on the absorber crystal,
with typical thickness of a few hundred nanometers [110]. This technique
can take advantage of the SQUID technology as read-out. TESs are made
normally only by a single superconductor, but it is possible also to use a
bilayer film formed by a normal metal and a superconductor. In the latter
case, because of the proximity effect, the normal metal is driven super-
conductive and the resulting T can be much lower than that of the pure
superconductor. In this way it is possible to tune the Tz by adjusting the
thickness of the layers.
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o . - -
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E w0 \
=
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= 0 -
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10 1 12 13 14 15
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Figure 4.4: Resistance of a TES thermistor as a function of the temperature.

4.3.2 Semiconductor thermistor

The ST response is very slow (~ ms), but they operate in large range of
temperature. A ST is mainly sensitive to the thermal phonons but it also
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gives information about the athermal component of the signal [111].

A semiconductor has the valence band completely full and the conduction
band completely empty. The energy gap between the two band is of O(eV),
for the germanium is 0.67 eV and for silicon is 1.14 eV. This means that for
semiconductors without impurities the conduction is possible for high tem-
perature because the energy activation is equal or higher than the energy
gap. Since kpT is of order of 0.025 eV at room temperature, the conduction
can only happen at high temperatures.

At low temperature the conduction is given by the presence of impurities,
because the impurities generate energy levels between the valence and con-
duction band. The conduction regime depends on working temperature and
concentration of impurities.

Depending on the number of dopant atoms, a semiconductor, can behave
as an insulator or a metal even at temperatures close to the absolute zero.
So, there exists a critical concentration of dopants N¢ that characterizes the
transition from the insulator to the metallic behavior of a semiconductor.
The region near this concentration is named metal-insulator transition re-
gion (MIT) [112].

At temperature lower than 10 K, the conduction occurs between two diffe-
rent impurity levels, without using the conduction band. When the donor
concentration is increased, the wave function of the external electron of the
donor atom overlaps with the external electron wave function of the neigh-
boring donor atoms. In this situation the electrons are not localized and
the conduction happens when the electron jumps from a donor state to the
another one by tunneling effect, this conduction regime is called hopping
mechanism. The migration is activated by phonons, which transmits the
necessary energy to the electron to pass trough the potential barrier that
separate the two dopant sites.

If T« 10K and if the net doping atom concentration is slightly lower than
N¢, the conduction regime is given by Variable Range Hopping (VRH) [113].
The energy of the phonons which are responsible for the conduction mecha-
nism is low and charge carriers migrate also to far impurity sites with free
energy levels which are close to the Fermi energy. The concentration of mi-
nority charge determines the density of states close to the Fermi level. In
the VRH regime, the resistivity is strongly dependent on the temperature,
the relation is given by the following law:

o(T) = pocap (?) (4.11)

where pg and T depend on the doping level.

The exponent v is equal to 1/4 in the Mott model [114], for a three-
dimensional system and for low compensation levels. For larger values of
ratio between the acceptor concentration N4 and the donor concentration
Np, the Coulomb repulsion among the electrons leads to the formation of a
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Figure 4.5: Schematic representation of hopping conduction mechanism.

gap (Coulomb gap) in the electron state density near the Fermi energy. The
value of v in this case becomes 1/2 [115].



Chapter 5

CUORE bolometers

5.1 CUORE single module

A CUORE module is the single floor of a tower: it consists of a 2 x 2
array of cubic TeOs crystal absorbers. The four crystals are mechanically
and thermally coupled to copper holders, acting as heat bath, using Teflon
(PTFE) pieces, acting as thermal coupling. Each crystal is equipped with
a semiconductor thermistor (NTD-Ge), which converts the thermal signal
in an electrical signal, and a silicon heater, which provides fixed reference
pulses for the stabilization of the bolometer response. The NTD-Ge and the
heater are glued on the crystal by Araldite Rapid glue, acting as thermal
coupling between crystal and sensor/heater.

On the external side of the frames, copper pads are fixed to carry the signal
to the electronic read-out. The electrical connection of the sensors is realized
by gold wires bonded on copper pads. A sketch of the CUORE single module
with its main components is shown in figure 5.1.

5.1.1 Tellurium dioxide crystal
The choice of TeOs crystal was determined by its useful properties:

e high Debye temperature: a high ©p means low heat capacity, so high
sensitivity can be achieved; the ©p of TeOs is 232 K and the heat
capacity of a 750 g crystal is 2.3 x 1079 J/K at 10 mK [116];

e good thermal and mechanical properties: large single crystals with ex-
cellent mechanical properties can be grown;

o compound quality and mass: Te dominates the TeOs with respect to
the mass (about 80%) permitting to work with large quantity of tel-
lurium.

A dedicated production line was set up for the growth and surface proces-
sing of the TeO3 crystals, in order to reduce the presence of bulk and surface

67
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Figure 5.1: Lateral view of the CUORE single module, with all its compo-
nents: 1) the TeOg crystal absorber, 2) the NTD-Ge thermistor, 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.

radioactive contamination into the crystals [117]. The production process
of TeOs crystals for CUORE is divided into two major phases: crystal syn-
thesis and crystal polishing. Bulk contamination is a risk in the crystal
synthesis phase, while surface contamination is the main concern during the
crystal processing.
The crystals were grown using Bridgman process in platinum crucibles which
consists in two successive crystal growth processes with two associated itera-
tions of TeOy powder synthesis, as illustrated in figure 5.2. This procedure
guarantees a high quality in terms of radio-purity requirements and bolome-
ter performance. After production the raw crystal ingots were exposed to
rough mechanical processing (cutting with specific orientation and shape).
The CUORE crystals have strict specifications concerning dimensions, face
quality and crystallographic orientation. The final dimension must have cu-
bic shape with a strict tolerance of (50.00 £ 0.05) mm in order to exactly fit
in the mechanical holder. The square faces of the final crystals are parallel
to crystallographic planes (0 0 1), (1 1 0) and (1 -1 0). The final process is
the cleaning that is divided into two steps: chemical etching and polishing.
All of production operations were performed in a dedicated clean room.
The crystal production has been outsourced to SICCAS (Shanghai Insti-
tute of Ceramics, Chinese Academy of Sciences). Production and certifica-
tion protocols have been developed and high sensitivity measurements have
been performed to check the radio-isotope concentrations in raw materials,
reactants, consumables, ancillaries and products used for crystals produc-
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Figure 5.2: Raw material and crystal sinthesys applied for the CUORE
crystal.

tion. Moreover some crystals were cryogenically tested in order to check the
radio-purity level and bolometer performance at LNGS. The requested limits
of bulk and surface contamination were respectively of < 2.1x10713¢g/g and
< 2.0 x 107?Bgq/em? for 232Th, < 2.1 x 107 3g/g and < 8.9 x 107YBq/cm?
for 233U [118].

5.1.2 Copper frame

The heat bath is given by the copper support structure, which includes the
copper frame, the copper columns and the wire trays used for electronic
readout connection (see fig. 5.3). The total mass of copper support is about
3.5 kg per tower. Since the copper is the principal source of background, the
amount of copper is minimized in CUORE/CUORE-0 respect the CUORI-
CINO case. In CUORICINO each module was separated from the one below,
instead in CUORE the tower is a single unit in which the copper frame acts
both as bottom and top holder for adjacent floors (see fig. 5.4).

As previously discussed, the copper is opportunely cleaned by TECM tech-
nique to reduce the radioactive contamination. In 2009 — 2010 a bolo-
metric test was performed (Three Tower Test) to test the cleanliness of
CUORE/CUORE-0 copper. The test yielded an upper limit of 1.3 x 1077
Bq/cm? at 90% C.L. for the cleaned copper for both 233U and 232Th [120].
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PTFE Holders

Copper Frames Copper Columns

Crystal Absorber

Wire Trays

Figure 5.3: Modular structure of CUORE tower in which the copper is used
for crystal support, wires trays, collums support. To minimize the amount
of copper, each frame acts as bottom and top for adjacent floors.

Figure 5.4: On the left an array of 2 CUORE modules. On the right a single
module of CUORICINO.
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5.1.3 Teflon support

PTFE blocks used to support the crystal inside the copper frame. Since the
PTFE support directly touches the detector, the PTFE was opportunely
selected and validated with a long radio-assay campaign. The upper limit of
radioactive contamination is: 1.5 x 107! g/g for 232Th and 1.8 x 107!2 g/g
for 238U, After the production, the surface of PTFE holders was thoroughly
cleaned by soap and nitric acid to remove any leftover impurity from the
machining. Then they are stored in nitrogen until the tower assembly.

The Teflon pieces must be manufactured following precise dimensional tole-
rances and considering the different thermal contraction of PTFE, copper
and TeOs. The three different types of pieces which are used are shown in
figure 5.5 and their position in the tower is shown in figure 5.3.

-

Figure 5.5: The three different types of Teflon block used to hold the crystals
in the copper frames.

5.1.4 NTD-Ge sensors

The CUORE sensor is an ultra-pure germanium crystal doped by neutron
transmutation technique (NTD-Ge). The germanium wafers are bombarded
with thermal neutrons, that, inducing nuclear reactions, creates donor level
(As and Se) and acceptor (Ga) impurities by the following nuclear processes:

0Ge(21%) +n =™ Ge+~v (0 =3.47+0.17b)

Ge+e™ =" Ga+r, (t12 = 11.4d) Acceptor
"Ge(36%) +n =" Ge+~ (0 =0.16 £ 0.08b)

BGe = As+e” +7; (t1/2 = 83min) Donor
6Ge(7.4%) +n =77 Ge+~ (0 = 0.16 & 0.0014b)

Ge =T As+e” + 1, (t12 = 11.3h) Double donor
TAs ™" Se +e” + 7, (t1/2 = 83min)

The neutron flux must be stable to obtain the correct doping concentration,
during the CUORE NTD production the nominal flux was 3.6 x 10'® n/em?.
The neutrons energy must be lower than 5 MeV because an excess of fast
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neutrons would produce radioactive contaminants (*H, %°Zn, %Ge). In order
to measure the performance of the doped thermistors it is necessary to wait
for the decay of the activation product "*Ge (r=11.4 days). Given the high
neutron flux at which the Germanium wafers are exposed, it is necessary to
wait at least a few months before testing the cryogenic performance of the
sensor. After the decay of "'Ge the wafers are heat treated to repair the
crystal structure and are cut to obtain pieces of the desired geometry.

The NTD-Ge sensors operate in the Variable Range Hopping Regime (VRH),
in which the resistivity is correlated to temperature by the following relation:

Tt

R(T) = Ryexp (;)2 : (5.1)

where Ty depends on doping level and Ry depends on both the doping level
and the sensor geometry. The CUORE—NTDs have dimensions of

(3 x 2.9 x 0.9) mm3.

The Ry and Ty parameters were experimentally measured. The NTDs were
coupled to a heat sink by a high conductivity epoxy. The temperature of
heat sink was varied in the range (15 — 50) mK. The measured values for
the Ry and Ty parameters for CUORE —NTD are: Ry = 1.13 Q, Ty = 3.84
K, corresponding to a resistance of about 370 M€ at 10 mK.

5.1.5 Silicon heater

The heater is a silicon chip on which a heavily doped meander is realized
through standard processes of silicon planar technology. The meander has
a low-mobility metallic behavior at low temperatures, providing a constant
resistance of ~ 300 kf2.

Since the thermal detectors are sensitive to temperature drifts, which would
spoil their intrinsic energy resolution, the heater is used to correct this ef-
fects during the first level of data analysis. The heater periodically in-
ject a fixed—energy pulse into each crystal to emulate particle interaction
and bolometer response. The amplitude of the heater pulses is studied as
function of baseline average value!; since the baseline value represents the
bolometer temperature, a polynomial fit of the baseline vs heater amplitude
(see fig. 5.6) is used to correct the signal pulse amplitude drift [119].

In order to have a reliable temperature drift correction, all the CUORE-0
heaters were characterized to determine their resistance value and its stabi-
lity with temperature. Also the uniformity of the implant has to be proved
by measuring the pads-to-pads low temperature resistances.

LCUORE-0 pulse are acquired in a time window of 5 s, the value of baseline is measured
in the pre-trigger time window (1 s).
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Figure 5.6: Example of fit of baseline vs heater amplitude used to correct
the signal pulse amplitude.

Figure 5.7: A silicon heater on the left. A NTD-Ge on the right.
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5.1.6 Gluing of sensor and heater to crystals

The gluing between crystal and heater/sensor is done by an array of glue
spots of Araldite Rapid [121]. This specific glues was chosen for its rapid
curing time (~ 1 hour), low radioactivity (< 2.2 x 10710 g/g for 232Th and
< 8.2x 10719 g/g for U) and for its good thermal conduction. Furthermore,
its cryogenic performance was established in previous TeOgy bolometric tests.
The thermistor is glued to the crystal by nine dots while the heater is glued
to the crystal by five dots (see fig. 5.8). The glue distribution into array of
glue spots compensates the different thermal contraction between TeOs, glue
and semiconductor chip, in order to prevent fractures or detachments of the
elements occurring at low temperatures. The sensor—crystal gluing plays
a crucial role in the bolometer performance. A semi automatic system was
developed to guarantee a precise and reproducible sensor—crystal coupling
in the CUORE assembly line. This system (see fig. 3.10) includes a robotic
arm to lift and position the crystal and a Cartesian pointer to dispense glue
dots on the sensor and heater via a pneumatic dispenser.

Figure 5.8: Glue-spot matrices deposited on a thermistor (left) and a heater
(right) using the CUORE gluing workstation.

5.1.7 Wiring readout: Cu-PEN tapes and gold wires

Each CUORE crystal is instrumented with one thermistor and one heater.
At the low temperature stage the signal is read out by a set of 2.4 m long,
80 wm thick, Cu tapes having Polyethylene Naphthalate substrate (Cu-PEN
tapes).

The design of Cu-PEN tapes must satisfy different specifications, as low
background, negligible cross-talk, negligible microphonics, very large para-
sitic impedance and high level of packaging. Each tower is equipped with
two packs of nine wire tapes each. Each packs has tree tapes to connect the
26 thermistors, and one tape to connect the heaters of the same 26 crystals.
Figure 5.9 shows the different tape shapes used for thermistors and heaters:
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T1 reads the signals of thermistors from floor one to five (the counting starts
at the top of the tower), T2 for signals from floor six to nine, T3 for signals
from floor ten to thirteen and the heater tape, which contains two separate
channels that connect each of two columns of 13 heaters in parallel. The two
packs tape are glued on the copper wires tray, running on the two opposite
side of the towers.

Heater

Figure 5.9: The four types of CUORE/CUORE-0 Cu—PEN tapes. The
picture shows the bottom ~ 80 cm of the tapes that were located on the
sides of the tower.

The electrical connections between thermistor/heaters and read-out chain
are made by 25 pym diameter gold wire connections at the low temperature
stage. Each gold wire is first bonded to the chips and then to the Cu-PEN
trace. For redundancy two wires were bonded for each electrical connection.
In CUORE-0/CUORE the bonding process is done after the gluing and after
all the crystals are placed in the tower (see fig. 5.10).

Figure 5.10: Detail of the bonding connection of a NTD thermometer. The
gold pads of the thermistor are connected to the copper pads of the Cu-PEN
cable through gold wires.
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5.2 Bolometer operation

To measure the temperature variation, the semiconductor sensor is biased
by the circuit shown in figure 5.11. The bias current is generated by a
voltage generator (Vprag) closed on a load resistance Ry, put in series with
the sensor resistance Ry,. The load resistance is much higher than sensor
resistance so that the current is constant and the thermistor voltage is:

Viol(T') = Iyt - Ryt (T'). (5.2)

The bias current produces a power dissipation P = VI which increases
the temperature and acts back on the resistance R(T), until an equilibrium
is reached. This phenomenon is called ”electrothermal feedback” which
produces a non—ohmic behavior in the I — V relation, that deviates from
the linearity (see fig. 5.12). Increasing the bias current, the slope of the
I —V curve increases until the inversion point (IP) in which the curve slope
starts to decrease. In static conditions the thermistor electric and thermal
parameters are described by a point on the load curve. The working point
is given by the intersection between the I — V load curve and the line given
by the equation V = Vo — IRy.

In static condition the sensor temperature is:

P
T =1, —, 5.3
S hs + a ( )
where the T}, is the heat sink temperature and G the conductance between
sensor and heat bath.
The relation between P and R at different temperatures is shown in
figure 5.11.

Given the circuit in figure 5.11 the voltage signal is given by:

Ry AT E
AV = L yv.op.20 O 2 /P 4
Verr V" T~ " R, (5-4)

where T is the static detector temperature, AT is the increase of detector
temperature, 1 is the logarithmic thermistor sensitivity. The expression
vanishes for P — 0 and for P — oo because C'Ts — oc.

Neglecting the noise, the optimal working point is analytically determined
by a scanning of pulse amplitude for fixed energy varying the bias current
and selecting the point in the linear region of I — V' curve and in which the
signal amplitude is maximal (see fig. 5.12).

The eletronic readout system [97] provides a low-noise system to acquire the
detector signals and to monitor and optimize its performances. It consists of
six parts: front-end, antialiasing filter, pulser, linear power supply, AD/CD
pre-regulator and data acquisition system (see fig. 5.13).

The front-end provides low-noise DC bias to the NTDs. It also performs the
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Figure 5.11: The left picture shows the electric scheme of the bias circuit
used for thermistor readout. The right picture shows the dependence of
the resistance on the power dissipation for various values of the base tem-

perature. Curves with lower resistance at P=0 correspond to higher base
temperatures.

3.2
1 2.8, Signal [A.U. ’
v bol Working Point Z 24 g [ 1.
BIAS s *
TR WP 823
Load Line 1.6 : Optimu
4 p— £ .
1.2 .
1 ~—| 0.8 .
; ; 04 .’ Load curve
1 Load Curve (LC) lnvers(llc;’n) Point !L-‘/
,/— LN LA B B AL LA R R AL L B B |
— 2 4 6 8 10
Vaus Vol Vb [mV]

Figure 5.12: Load curve of a semiconductor thermistor. On the left the
working point is determined by the intersection of the sensor characteristic
curve with the bias circuit load line. On the right the load curve is shown
together with the corresponding signal amplitude.
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Figure 5.13: CUORE-0 electronics block diagram.

readout of the voltage across the NTD and passes the voltage signal through
a two stage amplifier (DVP and PGA) to increase the voltage signal from
~ 100 pV/MeV to ~ 1V/MeV.

5.2.1 CUORE-0 working point

After the CUORE-0 cool down, the optimal working point was evaluated for
each bolometer. For each CUORE-0 crystal this measurement consists in
the evaluation of bolometer voltage, baseline RMS and amplitude of a fixed
energy heater pulse for each value of bias current.
The bolometer voltage is evaluated as:

vVt —-v-

where V* and V'~ are the output bolometer voltages measured for two op-
posite bias voltages Vprag. The difference of output bolometer voltage is
divided for the know gain of readout chain (Gg) to eliminate possible offset
produced by readout chain. The baseline noise RMS is evaluated by average
noise power spectrum. The reference amplitude is given by the average of
several pulser amplitudes.

In figure 5.14 the result of the optimal working point for CUORE-0 bolome-
ters is shown. On the top the characteristic I — V curve and the pulser
amplitude curve are shown. On the bottom the RMS noise and the signal-
to-noise curve are shown. The RMS noise decreases for high bias current.
The optimal working point is chosen to maximize signal-to-noise, given by
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the ratio between the reference pulser amplitude and RMS noise.
In CUORE-0 the average bolometer signal amplitude, defined as the ratio
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Figure 5.14: Detector characterization curves. Top: I-V curve (blue solid)
and pulse amplitude curve (red dashed). Bottom: The same pulse amplitude
curve (red dashed) with the baseline RMS curve (purple dotted) and their
ratio (green solid) [97].

between the pulse amplitude and the energy released into the crystal, is
~ 76.6 uV/MeV. In figure 5.15 a typical 2615 keV pulse is shown.

5.2.2 Thermistor uniformity

Each NTD-Ge thermistor was characterized in order to determine the values
of Rg and Tp, see section 5.1.4., before the assembling process. However in
the past was observed that the stress induced by differential thermal contrac-
tion between the glue and the NTD could alter the NTD-Ge characteristic
parameters, Ry and Ty. As a consequence (assuming that all the NTDs of
the CUORE-0 towers are at the same temperature) an estimate of the repro-
ducibility of the gluing process can be deduced from the distribution of the



80 CHAPTER 5. CUORE BOLOMETERS

-6900—
o —-6950—
= C
9 C
£ -7000—
S
5 C
8 C
“E’ -7050[—
3 C
° -
A C
-7100—
C | | PRI T R |
0 1 2 3 4 5

Time (s)

Figure 5.15: A typical 2615 keV pulse.

NTD temperatures derived from their base resistances. The temperature

distribution of all CUORE-0 bolometers was compared with CUORICINO,

in which the gluing between sensor and crystal was performed with a ma-

nual procedure, in order to study the effect of gluing process on NTD-Ge

parameters. The thermistor temperature is evaluated using equation 5.1:

1/2
T (Rpase) = To [an]"%m} , (5.6)
0

where Rp,se is the sensor resistance measured with low bias current. The

same measurement was done for CUORICINO bolometers.

In figure 5.16 the ratio T'/Ty.g, where Ty, is the average of bolometer mea-

sured temperature, is shown. The narrower distribution of

CUORE-O0 respect to CUORICINO demonstrates the improvement achieved

by the gluing process adopted for the CUORE towers.

5.3 Noise sources

In a bolometer detector the noise sources are given by the vibrations of
cryogenic apparatus, electronic readout and Johnson noise .

In CUORE-0 the dominant noise comes usually from vibrations of cryogenic
system. They produce an energy dissipation into the crystal, that causes a
temperature variation. This temperature variation has a frequency spectrum
similar to the signal one. The cryogenic apparatus vibrations also changes
wire-wire capacitance and wire-ground capacitance: this noise is known as
microphonic noise.

The Johnson noise produced by a resistance R working at temperature T is
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Figure 5.16: Comparison of the base temperatures of the bolometers nor-
malized to their average temperature for CUORE-0 (red line) and Cuoricino
(blue dashed line) [97].

due the agitation of the charge carriers and it can be expressed as:

AV? = 4kpTrR, (5.7)

so the bolometer output voltage becomes:

AV} ( RsR R}
2= L( gL =5 (5.8)

AV = .
7 R2 \Rs+Rp Rr
The CUORE front-end electronics is designed in order to introduce negligible

noise in the frequency range (0-20) Hz of the CUORE signals. The noise
produced by the electronic readout is of three types:

2
) ~ 4kpT

e series: generated by the JFET? transconductance;
e series 1/f: that amount to 15 eV rms;

e parallel shot: that amount to 130 eV rms at room temperature.

5.4 CUORE-0 bolometer performance

The energy resolution is an important parameter in the Ov (33 search because
it determines the ability to discriminate the Ov 53 peak from the background.
The energy resolution of CUORE-0 bolometers was evaluated using calibra-
tion data collected while the detector was exposed to thoriated tungsten

ZPresent in the differential amplifier of front-end, DVP and PGA in figure 5.13.
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wire sources. These sources were inserted between the OVC of the cryostat
and the external lead shield on opposite sides of the tower. In figure 5.17
the sum calibration spectrum of all CUORE-0 channels is shown [97].

The energy resolution has been evaluated on 2°8T1 photo—peak (2615 keV)
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Figure 5.17: CUORE-0 sum calibration spectrum. The peaks are identified
as v lines from the decay of nuclei in the ?32Th decay chain: (1) 511 keV
(e + e— annihilation), (2) 583 keV (2%8T1), (3) 911 keV (?28Ac) ,(4) 965 keV
and 969 keV (*2®Ac), (5) 1588 keV (?2¥Ac) (6) 2104 keV (?°*TI with single
511 keV escape), (7) 2615 keV (2°8T1).

because it is the high—statistics signal closest to the ROI (2527.5 keV) (see
fig. 5.18). The energy resolution was estimated for each CUORE-0 channel
and the values distribution is reported in figure 5.19. The effective mean
of the FWHM values for all CUORE-0 channels is 4.9 keV [100], so the
CUORE goal of 5 keV seems to be within reach.
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Figure 5.
peak.

Figure 5.19: CUORE-0 channels energy resolution distribution.
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Chapter 6

CUORE-0 bolometer
response model

6.1 Introduction

The aim of this Ph.D. thesis is the study of CUORE-0 response and beha-
vior in order to better understand the CUORE detector.

The response of a CUORE bolometer is more complex than the ideal bolome-
ter one, which was described in section 4.1. Up to now a full thermal model
able to characterize the CUORE detector response has not been developed.
Finding the different components of the CUORE-0 pulses and correlating
them to physics parameters will allow a better understanding of the detec-
tors and possible improvements of the response (e.g. energy resolution).

6.2 CUORE bolometer thermal model

A predictive thermal model should be composed by the relevant heat capa-
cities and thermal conductances, chosen among all the possible components.
In the previous chapter the CUORE bolometer was described in detail. Con-
tribution to heat capacities could be given by:

e TeOs crystal;
e PTFE support;

o glue;

silicon heater;

NTD lattice;

e NTD electrons.

85
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Figure 6.1: One possible CUORE thermal model. The thermal couplings
are given by teflon support (Gr), glue spot (Ggpue), gold wires and elec-
tron/phonon decoupling (G goq) [122].

The thermal conductances to be considered are:
e Teflon support (thermal link copper/crystal);
e glue spots (thermal link sensor/crystal and heater/crystal);
e gold wires (thermal link copper/sensor and copper/heater).

The thermal models normally take also into account the decoupling between
electrons and phonons in the semiconductor sensor produced by power dissi-
pation. This effect is described by the so called Hot Electron Model (HEM).
According to this model the electron system and lattice system are at two
different temperatures, T, and 7,, and the two systems are connected by a
thermal conductance Ge;—pp,-

Several thermal models were developed to describe the CUORE bolometer
response, one of them is reported in figure 6.1. None of them completely
characterizes the CUORE bolometers response and their performances, and
do not explain the different responses observed for each CUORE-0 crystal
(see fig. 6.2).
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Figure 6.2: Example of CUORE-0 pulse shapes.
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The aim of this Ph.D.-thesis is the developing of CUORE thermal model
using a reverse approach, namely:

e define a set of parameters which describe the pulse shape;

e find possible correlations between pulse shape parameters and physical
one;

e identify the effective heat capacities and thermal conductances;
e develop a predictive thermal model.

The energy resolutions measured by CUORE-0 shows that each crystal has
a different one and it is not dominated by electronic effects, so a deeper
comprehension of CUORE detectors could improve the energy resolution.

6.3 Pulse shape model

A bolometer can be described by an electrical circuit, in which any heat
capacity is replaced by an electrical capacity, the thermal conductivities act
as electrical conductances, the temperature acts as a voltage and the power
released into the crystal is represented as a current generator. In the Laplace
domain the electrical capacity is represented by an impedance Z = % and
the electrical conductance by G = 1/R.

The circuit response is given by the inverse Laplace transform of the product
between the transfer function F(s) and input signal I(s):

L7YF(s) x I(s)], (6.1)

where s is the standard Laplace variable s = jw.

Since it is normally assumed that the energy released by a particle interac-
tion is much faster than the circuit response, I(s) is written as a ¢ function
(L7Y[I(s)] = 1). Therefore the solution of the thermal circuit is the inverse
Laplace transform of F(s). The transfer function F(s) can be written as:

b b S™ + by 1s™ L+ ..+ b b
F(s) = (s) _ bms™ + 13_1 + ...+ bis+ o7 (6.2)
a(s) s"+ap_1s"t+...+a1s+ag

where the numerator b(s) and denominator a(s) depends on circuit’s ele-
ments.
An equivalent form, in which the transfer function can be written, is:

F(s) = K(S —20)(8 — 2i)--(8 — 2m=1)(8 — 2m)

(s —po)(s —pi)e-(s — Pn—1)(s — pn)’ (6.3)

in which the z; and the p; are defined as the zeros and the poles of F(s).
The zeros are the roots of the numerator b(s) and represented the values in
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which the F(s)=0. The poles are the roots of the denominator of a(s) and
represented the values in which the F(s) — oc.
The degree of F(s) is equal to R = n —m, where n is the degree of a(s) and
m is the degree of b(s). In the case of stable circuit (R > 1), as the CUORE
thermal circuit, the F(s) can be decomposed as a function of the poles:

A Az An

F(s) = + +..+ .
5—p1  S—D2 §—Dn

(6.4)

If the poles are all negative and real (as normally happens in thermal cir-
cuits), thus the inverse Laplace transform of each single terms of F(s) is an
exponential:
A
S —Di
Each amplitude A; can be estimated as the residual in the poles of transfer
function:

< Ajexp|pit]. (6.5)

A = lim (s — p;) F(8)|s=p, - (6.6)

S—DP;

As a consequence, in the time domain, the bolometer response can be de-
scribed by a sum of n exponentials:

Aqexp|pit] + Asexplpat] + .... + Anexplpnt], (6.7)

The number of time constants is determinated by the number of poles,
7, = —+, which correspond to the number of the independent heat capa-
cities of the thermal circuit, so the definition of time constants that describe
the CUORE pulse shape could provide the identification of effective heat
capacities.

The sign of the amplitudes depends on the number of zeros of F(s) and on
their values compared to the value of the poles. For example in the case in

which F(s) has three poles and one zero, ordered as:

p3 <p2 < 2o <p1, (6.8)
the three corresponding exponentials amplitude are:

_ P1—2
Ay = (m—pi)(p?—p:s)

_ pP2—=%
A2 = G =)

_ p3—z
Az = (psfp?)(pgfpz)

The sign of A; and As is positive and Ag is negative, so the response of the
circuit is described by one rise plus two decays:

Ajexp[pit] + Agexplpat] — Asexp|pst]. (6.9)
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It is important to note that in this case:
A+ Ay + A3 =0. (6.10)

The fact that the sum of the amplitudes is equal to zero is valid in general
when R > 2.

Given the previous considerations, the pulse shape fit function that has been
used to fit the CUORE-0 pulses is the following:

F,

where tg is the trigger time. Since the pulse is zero at trigger time, the am-
plitude of the rise exponential is imposed equal to the sum of the amplitudes
of the decay exponential:

Ap = —(Ay + Ag + .. Ay). (6.11)

The pulse shape is fitted varying the number of exponentials in order to
identify the minimum number of time constant that describe the CUORE
bolometer response.

6.4 Electronic chain model

The full fit function must take into account the effects produced by the elec-
tronics on the pulse shape, mainly by the RC filter and by the 6-poles Bessel
filter. The 6-poles Bessel filter is used to reduce the aliasing noise in the
out-of-band frequency. It was chosen because it preserves the shape of the
input signal even when its roll-off is close to the signal frequency bandwidth.
The RC filter is produced by parasitic capacitance of wiring that connects
the NTD sensor to the readout electronic system.

6.4.1 Bessel filter function

The six poles Bessel function is:

10395
B(o) = 6.12
(o) 06 + 210% + 2100% + 126003 + 472502 + 103950 + 10395’ ( )
where ¢ is the normalized Laplace variable:
2.70339501
=5—, (6.13)

vt

and 14 is the Bessel cutoff frequency, that is 12 Hz in CUORE-O0.
The principal effects of the Bessel filter are a distortion on the rise of the

0
pulse = { Alexp [—%} + Ageiﬂp [—%} 4+ ... = (Al + Ay + ...An)eacp [—%} t >ty

t<to
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Figure 6.3: Effects on the rise of pulse produced by bessel filter with 12 Hz
cutoff frequency.

pulse and a delay on the trigger time of the pulse (see fig. 6.3).

Since the Bessel function in very complex, it is easier to simulate the filter
effects using a sigmoid function to simplify the fit computing program. The
sigmoid function has a s-shape that describes the pulse distortion produced
by Bessel filter (see fig. 6.4).
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Figure 6.4: Sigmoid function. Its s-shape simulated the Bessel distorsion on
the pulse.

The sigmoid function is:

1
1+ exp[—s(t — s0)]’

sigmoid = (6.14)
The parameter s represents the slope of the sigmoid, that simulates the
pulse rise distortion. The parameter sg is used to estimate the delay on the
trigger time produced by Bessel filter, that is s — #g.
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6.4.2 RC filter function

The RC filter function is:

1
p

and the corresponding cutoff frequency is given by:

1

L 1
VRC 27_‘_ch7 (6 6)

where C), is the parasitic capacitance of the wiring, that carries the signal
out of the cryostat (which depends on the length of the wires) and R is the
NTD working point resistance.

Each bolometer has a different RC cutoff frequency because each NTD has
its own working point resistance and the parasitic capacity depends on the
crystal position in the tower.

In CUORE-0 the wiring consists of three different wires in series, each one
with its own capacitance: the one of Cu-PEN tape (see section 5.1.5), the
one of the cable which carries the signal from the mixing chamber to the 300
K plate of the cryostat (Ceryo) and the one of the fisher cable (Cy) which
connects cryostat feedthroughs to front-end electronic at room temperature.
The three capacitance are in parallel, so the total capacity is:

Cp = Cou—pPEN + Ceryo + Cf. (6.17)

The capacitance of Cu-PEN tape varies in the range [26 — 37] pF, the capac-
itance of low temperature wiring varies in the range [368 — 668] pF and the
fisher cable capacitance is 135 pF!. The total capacity varies in the range
[529 — 831] pF.

The pulse shape analysis was done on two datasets?, in which the working
point resistance? varies in the range [15 — 60] M and [10 — 30] MS).

In the time domain the RC filter is described by the following exponential:

frelt) = pgrear [—REJ , (6.18)

where 7 = RC), is the RC time constant.

!The vales of parasitic capacitance are measured for the wiring of all CUORE-0 chan-
nels.

2The CUORE-0 data collection was organized in runs, with each run lasting approxi-
mately one day. The runs are distinguished in background run, in which the background
spectrum is evaluated, and calibration run, in which the calibration energy parameters
are defined. Runs were grouped into datasets, which started and ended with a calibration
measurement, each of which lasted approximately three days.

3The NTD working point resistance is measured at the beginning of each dataset.



6.5. DEFINITION AND OPTIMIZATION OF FIT FUNCTION 93

6.5 Definition and optimization of fit function
The CUORE-0 response model is given by the following equation:
L7YB(s) x H(s, RC) x Fpyse(s)], (6.19)

where B(s), H(s, RC) are the Bessel function and the RC filter function,
respectively.
Given all the previous considerations, the used fit function is given by:

1 1 t
T o Fuse An’trat : . 2
1 + exp[—s(t — s0)] . [RCpexp[ RCP] ® putse d:) (6.20)

Two different datasets, acquired in different conditions and calibrated with
different sources, were analyzed. One dataset was collected using the stan-
dard CUORE-0 acquisition (LF dataset) with a 12 Hz Bessel cutoff fre-
quency and 125 Hz frequency sampling. The calibration was done by a
thorium source, the energy spectrum is shown in figure 5.18.

In the final period of CUORE-0 data-taking, one “ad hoc” measurement
(HF dataset) was done for the thermal model study. The pulses were ac-
quired with a Bessel cutoff frequency of 120 Hz and a frequency sampling of
1 kHz, while the calibration was done with **Co source; the corresponding
energy spectrum is shown in figure 6.5.

The RC cutoff frequency varies in the range [4 - 17] Hz and [7 - 27] Hz for
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Figure 6.5: %6Co calibration energy spectrum.

the LF and HF dataset, respectively.
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6.5.1 Average pulse response

Firstly the average pulse, which is an average of single pulses, was used to
try to define the number of the time constants that describe the pulse.
The average pulse is built in order to minimize the noise effects and it is
used in the optimum filter to evaluated the amplitude of the pulses. The
optimum filter is given by the following formula:

5*(w)

H(w) = W?

(6.21)

where A is a normalization factor, S*(w) is an ideal signal without noise
(average pulse) and N (w) is the noise power spectra evaluated on the base-
line.

The average pulse is produced for each dataset using the 2615 keV cali-
bration run events. The average pulse building is divided in two principal
phases: pulse alignment and averaging. The time position of the pulse peak
is measured for each event, after that the single peaks are aligned so that
the maximum occurs in the same time position. Then the single pulses are
linearly averaged with equal weighting, the maximum is given by the ave-
rage of single pulse peaks. Generally the average pulse is obtained using a
few hundred single pulses.

Since the noise effects are minimized in the average pulse, this makes it a
good pulse sample to define the time constants that describe the shape.
The best fit of average pulses was obtained by the sum of five exponentials:
two rise and three decay time constants. The first rise is equal to the RC
filter time constant, that varies between [9,35] ms for the LF dataset and it
varies between [6,21] ms for HF dataset. In figure 6.6 an example of fit on an
average pulse is shows. On the left a standard CUORE-0 average pulse, on
the right the high frequency Bessel average pulse of the same channel. The
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s0=1.06 + 0.0001 500
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Al1=-1292 +710

A2 =894 +60
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x2=04
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Al1=561%17

1000
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A2=123+13
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t0 = 1.03 + 0.0004
Ar=-246+37

trl=0.016 £ 0.004
tr2=0.045 £ 0.016
t1=0.11+0.056
t2=0.32+£0.004
t3=1.51+0.008

time (s) :

Figure 6.6: Fit of average pulses: low bessel frequency case on the left and
high bessel frequency case on the right.

‘ time (s)
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fit model does not describe well the first part of the pulse: this mismatch is
more evident in the pulse acquired in the LF dataset(see fig. 6.7(a)) than in
the one acquired in the HF dataset(see fig. 6.7(b)).

The conclusion is that this fit function is not a good model for all CUORE-

Figure 6.7: Fit residuals of the pulses shown in figure 6.6.

0 crystals. In some crystals the mismatch on the rise is quite large (see
fig. 6.8), while in other crystals, in which the RC time constant is higher
than 20 ms, the fit program has problems to converge.

The problems found in the average pulse modeling come from the average

mvV
mV

X2=5.4 10

s=1.07 £ 0.0002

s0=70+0.22

t0 =1.04 +0.0001

Ar=-1238 +494 5
Al1=4180 + 887

A2 =622+69

A3=327%5.2

2500

2000

1500

1000

t1=0.14 +0.005
t2=0.31+£0.011
t3=1.75+0.005

.
.
®
0
K4
trl = 0.016 + 0.029 ® o .
tr2 = 0.081 + 0.008 I B hae 4 3
.
.,
g
.

500

Figure 6.8: Average pulse example for another CUORE-0 channel: in this
case the mismatch on the rise is larger than the example of figure 6.6.

pulse itself. In fact it was built assuming that the single pulse shape is
constant for a given bolometer, but pulse shapes are slightly different, as it
shown in figure 6.9. The different pulse shape could be seen looking at the
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long decay time estimation, that is 1.30 £ 0.009 s in one case (blue one) and
it is 2.19 + 0.015 s in another case (red one).

0.100; :

> i
E 0.010: ;

0.001+

1 2 3 4 5
time (s)
Figure 6.9: Two examples of individual pulse for the same channel. They
have different long decay time.

6.5.2 Individual pulse response

Since the average pulse showed not to be a good pulse sample, the modeling
was subsequently done on individual pulses but an additional problem ap-
peared, namely the number of exponentials needed to fit a pulse is different
in the LF and in the HF datasets.
The pulses acquired in the LF dataset are better described by a sum of four
exponentials, one rise plus three decays. On the other hand the pulses ac-
quired in HF dateset are well described by a sum of three exponentials. The
three and four exponentials fit on a single pulse are shown in figures 6.10(a)
and 6.10(b) for LF pulse and in figure 6.11(a) and 6.11(b) for HF pulse.
The fit residuals plots (see fig. 6.12 and fig. 6.13) show that the additional
time constant improves the fit quality at low Bessel cutoff frequency, while
it is not necessary at high Bessel cutoff frequency. The additional time con-
stant is produced by Bessel distortion effects that are more relevant at low
Bessel cutoff frequency, as it has been proved by simulation.



6.5. DEFINITION AND OPTIMIZATION OF FIT FUNCTION 97

600 600

mV| mV
X2=1.8 x2=1.2
s=94+1.1

s0 = 1.05 + 0.0003

t0=1.03 £ 0.0004

500 500
s=89+1.2
s0=1.05 + 0.0003

t0=1.03 £ 0.0006

400 400

Al=6011.64 :; - ig; : ;'::
300 A2 =105+0.88 300 A3 - 77 +_0 I.IG

tr = 0.028 + 0.0004 tr = 0.031 + 0.0005
0 t1=0.32£0.001 200 .25 £ 0.0

t1=0.25+0.013
t2=0.51+0.053
t3=2.38£0.093

t2=1.9410.013

100 100

0 1 2 3 4 time(s) 5 0 1 2 3 4 time(s) s

Figure 6.10: Three (a) and four (b) exponentials fit at low Bessel cutoff
frequency.
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Figure 6.11: Three (c¢) and four (d) exponentials fit at high Bessel cutoff
frequency.
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o 3exp

time(s) © 4@

Figure 6.12: Comparision between three and four exponentials fit residuals
at low bessel cutoff frequency.
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Figure 6.13: Comparision between three and four exponentials fit residuals
at high bessel cutoff frequency.
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6.5.3 Pulse simulation

A typical CUORE-0 pulse was simulated in order to better understand the
additional time constant observed at low Bessel cutoff frequency.

The simulated pulse was constructed by a sum of three exponentials, one
rise plus two decays:

t—to
2

Aveap [—t;to] + Asexp [— ] Ay + Ag) [—t - to] . (6.22)

r
The parameters are:
e the two pulse amplitudes: A; = 1500 mV, Ay = 900 mV;
e the trigger time: g = 1.03 s;
e the rise time: ¢, = 0.10 s;
e the two decay time: t; = 0.40 s, to = 1.00 s.

The simulated pulse function was convoluted with discrete 6-poles Bessel
function (with sampling frequency of 125 Hz) for both Bessel cutoff fre-
quencies, 12 Hz and 120 Hz. The RC filter effects were neglected in the
simulation.
At high Bessel frequency the pulse distortion is reduced (see fig. 6.14(a) and
fig. 6.14(Db)).

The simulated pulses were fitted using the sigmoid function. An addi-

mV mV

1200( ¢ 1200 pulse
d pulse pulse with Bessel
pulse with Bessel

.
1000f |+ 1000
.
800
o
o
600/ |,

.
400
o

.
200

Figure 6.14: On the left a simulated pulse filtered with low Bessel cutoff
frequency. On the right a simulated pulse filtered with high Bessel cutoff
frequency.

tional decay time constant was also observed in the pulse simulated at 12
Hz Bessel frequency (see fig. 6.15), as in the individual pulse fit. This time
constant improves the fit quality, especially in the first part of the pulse (see

4

time (s)

5



100 CHAPTER 6. CUORE-0 BOLOMETER RESPONSE MODEL

mV mV
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s=7810.15
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Figure 6.15: Three (a) and four (b) exponentials fit on simulated pulse at
low bessel cutoff frequency.
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Figure 6.16: Fit residuals for low bessel cutoff frequency: in blue the three
exponentials fit residuals and in red the four exponentials fit residuals.
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fig. 6.16). On the contrary, the fit on pulse simulated at 120 Hz gives the
right number of time constants (see fig. 6.17). Two time constants (¢, and
t1) are equal in the four exponentials fit.
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s=123+5.7 s=123+5.6
1200 s0 = 1.04 + 0.001 1200 s0 =1.04 £ 0.0007
t0 = 1.03 + 0.0005 t0=1.03 £0.012
1000 tr=0.10 £ 0.001 1000) tr=0.099 + 0.014

t1=0.40 £ 0.001
t2=0.99 +0.002

t1=0.099 £ 0.014
t2=0.39 £ 0.002
13 =0.99 £ 0.002

Figure 6.17: Three (a) and four (b) exponentials fit on simulated pulse at
high bessel cutoff frequency.
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Figure 6.18: Fit residuals for low bessel cutoff frequency: in blue the three
exponentials fit residuals and in red the four exponentials fit residuals.
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6.6 RC filter effect

The individual pulse shape analysis shows that electronic effects could falsify
the identification of the right number of time constants, i.e. the effective
number of heat capacities. Therefore we investigated also the effects of the
RC filter. The RC effect on the pulse shape is different for each crystal
because its cutoff frequency depends on the working point resistance. The
value of working points are different for each crystal and each dataset.

In figures 6.19(a) and 6.19(c) the fit for a specific channel (channel 31) with
and without RC filter are shown. The pulse shape is described by a sum of
three exponentials in both cases. The convolution between the RC filter and
the pulse shape function does not improve the fit quality (see fig. 6.19(b)
and fig. 6.19(d)) and the estimation of time constant is the same for both
fits. This is compatible with the fact that in some channel the RC filter has
a negligible effect since their working resistance were low enough (R varies
between 10 and 25 MQ).

6.7 The simplified fit function

The preliminary results of pulse shape analysis of CUORE-0 response have
shown:

e a fake time constant produced by pulse distortion at low Bessel cutoff
frequency; as a consequence the data acquired in standard conditions
are not good for the modeling;

e events on the same crystal have different pulse shapes, so the average
pulse is not a good description because the contribution of different
pulse shapes could be induce fake time constants;

e the RC filter is a negligible effects for channels in which their NTD
sensor have a working point resistance between 10 and 25 M(};

Since the aim of pulse shape analysis is the identification of the right number
of time constants, a specific channel, Channel 31, characterized by low noise
and in which effect due to the RC filter can be neglected for both dataset,
was chosen (R =19 MQ for LF dataset and R = 12 M for HF dateset).
Therefore a sample of 20 events of Channel 31 was fitted using a simplified
fit function:

1
1 + exp[—s(t — so)]

t—to

. [Alea:p [—t ; to} + Asexp {_

1 ]+...—(A1+A2+...An) [—t_t(’”

(28
(6.23)
In figures 6.20 and 6.21 an example of fit with the simplified fit function on
a single pulse of Ch31 is reported. The pulse shape is described by a sum

2
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Figure 6.19: Fit without RC filter (a) and fit with RC filter (c). Residuals
plot of fit with RC (b) and without RC (d), the convolution between pulse
shape function and RC filter function does not improve the fit quality.
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of four exponentials at 12 Hz Bessel cutoff frequency, the fake time constant
is observed in all pulses of the sample. On the contrary the pulse shape is
described by a sum of three exponentials at 120 Hz Bessel cutoff frequency.
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m\/
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s=84+13 mv
s0 =1.05 + 0.0003
t0 = 1.03 + 0.0005
A1=500+7.9
A2=306+29
A3=96+28
tr=0.032 £ 0.0005

500

400

300

tf=0.26 £ 0.0076
t1=0.37+0.011
t2=1.71+0.031

200

100

-4

0 1 2 3 time(s) 4 5

Figure 6.20: Simplified fit at low bessel cutoff frequency.
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Figure 6.21: Simplified fit at high bessel cutoff frequency.

6.7.1 Time constants distributions

The time constants distributions obtained in the LF sample and in the HF
sample are shown in figures 6.22. In yellow the time constant obtained for
HF sample and in blue the ones for the LF sample.
In table 6.1 the mean values of time constants obtained for a sample of
20 single pulses sample are reported.
The Bessel cutoff frequency influenced the estimation of rise time, that is
34 ms in one case (LF) and 23 ms in the other case (HF). It is evident that
the pulse rise is influenced by the Bessel cutoff frequency (see fig. 6.22(a)).

time(s)
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{rise time distribution}

105

{first decay time distribution}

Figure 6.22: Comparison between rise time, first and second decay time
constant for both datasets. In yellow the distribution for data acquired in
LF dataset. In blue the distribution for data acquired in HF dataset.

o

w

N

o

{fake time distributuon}

o kol

0.16 0.18 0.20 022 024 0.26 0.28 0.30

Figure 6.23: Fake time constant distribution.

DS | rise time (s) t1(s) ta(s) tr (s)
LF | 0.034£0.002 | 0.58£0.22 | 2.22+0.46 | 0.25£0.05
HF | 0.023 = 0.0005 | 0.31 & 0.006 | 1.71 +0.22
Table 6.1: Mean value of time constants estimated for both datasets
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DS | s (1/s) delay (s)
LF | 93+£1.3 | 0.027 £ 0.002
HF | 190 +24 | 0.005 £ 0.002

Table 6.2: Mean values of sigmoid parameter s and the delay, evaluated as
so — to, for both datasets (HF/LF).

The spread in the first decay time distribution is much larger in the LF
dataset and this (see fig. 6.22(b)) depends on the presence of the fake time
constant, which is distributed in a time interval of [0.15 -0.29] s(see fig. 6.23).
The second decay time is distributed in a time interval of [1.3 - 2.2] s in HF
acquisition and in [1.7 - 3.5] s in LF acquisition (see fig. 6.22(c)). The nar-
rower time interval observed in HF acquisition depends on better sampling
(1 kHz vs 125 Hz).

6.7.2 Sigmoid parameters distribution

The distributions of sigmoid parameters s and sy — tg, are shown in fig-
ure 6.24. In yellow the result obtained in the LF dataset and in blue the
result obtained in the HF dataset.

The mean values of s and the delay are reported in table 6.2.

{delay distribution} {s distribution}

>

=)

Jul -

0.005 0.010 0.015 0.020 0.025 0.030 0.035 7 100 150 250

Figure 6.24: On the left the delay distribution obtained by the difference
between the sigmoid parameter sg and the trigger time ¢y3. On the right the
sigmoid parameter s that simulates the pulse distortion.

A high value of s corresponds to high Bessel cutoff frequency and a low value
of s corresponds to low Bessel cutoff frequency.

The value of the delay and the s are in agreement with the simulation; at
high Bessel cutoff the delay is of order of few ms and the pulse rise is not
highly distorted (this mean a high value of s), as it is shown in figure 6.14.

o HF
o LF
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6.7.3 Conclusion

In the pulse shape analysis of CUORE-0 pulses, the first approach was a full
description of the response including the electronic chain effects. However
the pulse distortion produced by Bessel filter and the RC effects on pulse
rise could falsify the counting of time constants and the correct estimation of
their value. Therefore the subsequent characterization was done on a specific
CUORE-0 channel (Channel 31), in which the RC filter has a negligible effect
and the noise is not dominant, using a simplified fit function in order to find
the correct number of time constants.

The preliminary results show that the pulse shape is described by a sum of
three exponentials, one rise plus two decays.

Since the Bessel effects are strongly reduced at high cutoff frequency and the
RC filter is not negligible for all channel, the following pulse shape analysis
was done on HF data using the simplified fit function on a specific subset of
channels.






Chapter 7

Pulse shape analysis

7.1 Single pulse analysis

In the HF dataset half of the CUORE-0 channels were acquired with a Bessel
cutoff frequency of 120 Hz and a sampling frequency of 1 kHz. The other
ones were acquired in standard conditions.

Seven channels were selected to define and optimize the fit function model.
The selected channels have been chosen in order to have a good represen-
tation of the different pulse shapes (see fig. 7.1) seen in CUORE-0 while
keeping the working point resistance of their NTD in the range [10-25] M)
to neglect the RC filtering effect (see table 7.1).

Ch [ NTD_WP (MQ)
28 14
30 13
31 12
33 12
A1 25
45 14
51 11

Table 7.1: Selected channels in the pulse shape analysis.

The analyzed sample is given by all signal events acquired in a run calibrated
by a %6Co source. In figure 7.2 the amplitude spectrum (in ADC counts')
of the selected pulses, is shown. The pulse amplitude is estimated as the
maximum of the pulse minus the value of the baseline, which is given by
the mean value of the noise signal acquired in the pre-trigger time window

!The analysis is done on raw data and the pulse amplitude is expressed in ADC counts.
The conversion factor from ADC to mV is ~ 0.08 mV/ADC count.

109
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Figure 7.1: Pulse response of seven selected channels acquired in “ad hoc”

configuration.
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Figure 7.2: Pulse amplitude spectra of the analyzed events (channel 31).

([0 —1.0] s.).
The amplitude of pulses selected in the analysis is distributed in the range
[5000 —20000] ADC counts and corresponds to a energy interval in the range
[1 - 3.5] MeV. The lines at 8000, 15000 and 18000 corresponds to a energy
of 1.2, 2.5 and 3.3 MeV, respectively. These lines represent the s produced
by %6Co source. The pulses with amplitude above the 20000 ADC counts
are mainly due to as events with a corresponding energy around 4 —5 MeV.
A semi-automatic module was implemented to perform the pulse shape
analysis with the following steps:

e get all signal events with amplitude above 5000 ADC counts;
e fit on all selected events;
e eliminate all pile-up events by cuts on the X%ed estimated by ROOT;

e re-evaluate the X%ed, introducing the RMS of the baseline, to determi-
nate the fit quality;

e save all fits that have a x2_; between [0.75 — 2.0].

ROOT estimates the Xfed setting the default error for each point, so it is
not a good estimator for the goodness of the fit. The Xfed is re-evaluated
by the following formula:

(fpulse(xi) - yi)2

2
_ 1
Xred = TRMS? ndg (7.1)
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where (fpuise(2:) —yi) are the fit residuals, the RMS is estimated in the pre-
trigger time window and represents the noise of the single channel, the degree
of freedom is 5000 (the total pulse points are 5008 and the fit parameters
are 8).

However the ROOT X%e 4 1s a good variable to distinguish the signal events
by the pile-up events. Some fits on events of Ch31 are reported, as an
example in figure 7.3. Most of them are pile-up events. The ROOT X%ed is
between [19000 — 4.1 x 10] for all pile-up events, while the only good event
has a ROOT X%ed of 4394, which correspond to a re-evaluated X?‘ed of 1.1.
A cut on the ROOT x?2_, is imposed in the ROOT macro to select only the
events containing a single pulse. In the case of Ch31, it imposed that the
ROOT y? ¢q 18 under 7000. In figure 7.4 the macro response with the cut is
shown. The fit examples in figure 7.4 have a re-evaluated Xfed of 1.0, 0.9,
1.4, 1.0, 1.5, respectively.
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Figure 7.3: Examples of fit performed without any cut on the X% ed-
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7.1.1 CUORE-0 bolometer response

In figure 7.5 examples of fits performed on the seven selected channels are
shown. The x2_, is between [0.93 — 1.5]. The used fit function is:

1 t—to t—to t— 1o

e e [ e [ [

(7.2)
The three time constants that describe the CUORE-0 pulses correspond
to three dominant heat capacities. The next step has been to define the
corresponding heat capacity and to understand the different pulse shapes,
which seem related to a different first decay time (see fit of Ch30 and Ch33,
the first decay time is 0.35 s and 0.071 s, respectively).
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Figure 7.5: Fit and fit residuals on the selected channels.
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7.1.2 Time constants distributions

The time constants distributions are shown in figure 7.6 and the mean values
are reported in table 7.2.

Ch | t,(ms) t1(s) ta(s)

30 | 23.3+1.1 | 0.327£0.019 | 1.44£0.25
31 | 23.1+0.8 | 0.311+£0.014 | 1.69 £ 0.28
45 1 20.1£0.7 | 0.185 4+ 0.006 | 1.60 £0.22
28 | 20.1+0.8 | 0.195 4+ 0.006 | 1.64 £0.21
51 [ 1944+1.4 | 0.146 £0.005 | 1.98 £0.29
41 | 14.0£1.4 | 0.105£0.004 | 1.62 £0.27
33 | 13.5+0.8 | 0.071 £0.001 | 1.57 £0.12

Table 7.2: Mean values and their errors of time constants.

The rise time of all channels is distributed in a time interval range

[0.005 - 0.025] s, while the first decay time of all channel in [0.05 - 0.35] s.
Each crystal has a different time interval for the rise time and especially for
the first decay time.

The second decay time has a uniform distribution in the range [0.8 - 3.0] s
for each crystal. Nevertheless it is the time constant which has the major
uncertainty in its estimation.

Firstly a possible relation between the time constants and the NTD working
point resistance was studied. In figure 7.7 the time constants as function of
working point are reported. The time constant values seem to be indepen-
dent of the NTD working point resistance.

The second hypothesis for the variability of the first time constant was a
relation with a known platinum contamination of the TeOs crystals. This
kind of contamination comes from the crucibles in which the TeOs bolome-
ters were grown, as discussed in section 5.1.1.
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Figure 7.7: Time constants vs working point resistance.

7.2 Platinum contamination effects

Platinum contamination was observed by a peak centered at 3240 keV, which
corresponds to the alpha decay of 1°Pt. In figure 7.8 the sum background
spectra of all CUORE-0 channels in a energy interval of [3200 — 3400] keV
is shown. The platinum contamination is not diffused into the crystals, but
there are fragments of the platinum crucible in the CUORE bolometers, so
this contamination was not observed by ICMPS analysis of crystal samples.

Possibly platinum fragments of the crucible went into the crystal during
their production process and the number of the fragments is different for each
crystal. The platinum inside the crystal is metallic, so its heat capacity can-
not be neglected. The value of platinum heat capacity depends on platinum
mass in each crystal. This number is estimated by the counts in the back-
ground spectra in an energy interval of [3200 — 3400] keV for each crystal.
In figure 7.9 the background spectra in the energy region of [3200 — 3400]
keV are shown for some crystals. In the CUORE-0 crystals the number of
counts (entries in figure 7.9) ranges between 12 and 135 counts/yr..

The effective platinum contamination present into the crystals is estimated
as the difference between the number of Pt counts and the total a back-
ground counts in an energy interval of [3200 — 3400] keV. The « background
measured by CUORE-0 is (0.016 £ 0.001) counts/(keV - kg -yr) in all « re-
gion (see section 3.3.1). The corresponding o background counts (count_bkg)
around '9OPt peak is given by:

count_bkg = 0.016 x 200keV x exposure(kg - yr), (7.3)

Tr
T1
T2
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Figure 7.8: Sum background spectra for all CUORE-0 crystal in a energy
interval of [3200 — 3400] keV. The peak at 3240 keV is the Q-value of «
decay of 190Pt.
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Figure 7.9: Energy spectra for some CUORE-0 channels with different plat-
inum contamination.
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where the 200 keV is the energy interval around the Pt peak and the
exposure is calculated for each crystal during CUORE-0 data-taking.
The effective 9Pt contamination of a single channel is:

count_Pt = count[3200 — 3400] — count_bkg. (7.4)

7.2.1 Platinum heat capacity

The platinum heat capacity of each crystal is given by the following equation:
Cpr=n-v-10 mK (7.5)

where n is the number of moles of natural platinum and the ~ coefficient
is the molar specific heat of platinum at low temperature, v = 6.5 x 1073
J/(mol - K?%) [124].

The number of moles of natural platinum can be estimated from the Pt
contamination present in each crystal. The number of the decays is given
by the following equation:

t
count_Pt = Ny (1 —exp {—}) , (7.6)
T

where Ny is the initial number of the 1Pt atoms, ¢ is the measurement live
time, 7 is the 19°Pt decay time.
The half-life of 9Pt is tip = 6.5 x 10! yr [123] and since t << T, the
number of decays can be expressed as:

Not

count_Pt = —In2. (7.7)
t1/2

The number of initial 1?9Pt atoms Ny is therefore:

count_Pt 112

= . 7.8
0 t In2 (7.8)
The value of t is calculated for each crystal.
The corresponding number of moles of natural platinum is given by:
count_Pt -1
12 (7.9)

ne t-in2-n-Ngy

where 7 is the isotopic abundance of *Pt, which is 0.014%, and N4 is the
Avogadro number.

The platinum heat capacity of selected CUORE-0 crystals is reported in
table 7.3. The value of the 1Pt counts in the energy interval of [3200—3400],
the measurement live time value, the background counts, count_bkg, the
effective counts produced by platinum contamination, count_Pt, the number
of moles of natural platinum, n, are also reported in the table. The platinum
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Ch | count |t [yr] | count.bkg | count_Pt nx107% | Op; x1071 [J/K]
30 265 092 | 22+£0.1 23.8£5.1 28.8+ 54 1.86 £0.25
31 294+5 0.88 | 2.1+£0.1 26.9+5.4 341+5.5 2.204+0.25
45 39+6 094 | 23+0.1 36.7+6.3 43.1£6.9 2.794+0.32
28 41+6 092 | 22+£0.1 38.8+6.4 46.9 +6.8 3.04 +£0.32
51 52+ 7 092 | 22+£0.1 49.8 + 7.2 60.2 £ 7.8 3.89 +0.36
41 607 094 | 23+0.1 DT 7T 7.7 67.8 £ 8.7 4.39£0.40
33 [ 135+11 | 094 | 23+£0.1 | 132.7+11.6 | 155.9+14.1 10.09 £ 0.63

Table 7.3: The value of the Pt counts, the measured live time, the flat
background counts, the number of moles of natural platinum and the calcu-
lated platinum capacity for each crystal.

heat capacity is of the order of 107! J/K, roughly two orders of magnitude
below the TeOs crystal one, which is 2.3 x 1079 J /K. In few cases, a platinum
contamination (Ch33) produces a heat capacity of platinum that is just an
order of magnitude below the TeOy one (Cp; ~ 10710). It is evident that the
platinum heat capacity is not negligible, so its contribution must be taken
into account in the CUORE thermal model.

7.2.2 Platinum capacity effects

It is possible to suppose that each crystal has a different pulse shape because
the platinum heat capacity (and possibly its conductance to the TeOs) is
different for each of them. This means that one time constant is related to
the platinum heat capacity.
Indeed a strong correlation between the platinum heat capacity and the first
decay time is observed (see fig. 7.10). At high platinum contamination the
first decay time is faster.

The platinum heat capacity also influences the rise time, as shown in
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—_—
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Figure 7.10: First decay time as function of platinum heat capacity.
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Figure 7.11: Rise time (a) and the second decay time (b) as function of
platinum heat capacity.

figure 7.11(a). On the contrary, the second decay time seems independent
from the platinum heat capacity (see fig. 7.11(b)).

7.3 Fit parameters correlation

Different pulse shape observed for a given crystal represent another impor-
tant aspect of the CUORE bolometer response. This aspect is proved by the
wide time constants distribution, specially the long decay time (see fig. 7.12).
This means that there is a possible relation between the time constants and
some physical parameters or a possible relation between the fit parameters.

The different pulse shape could depend on the different energy released
into the crystal (that can induce a different variation on the heat capacities
or thermal conductances because of the different temperature increase) or
could depend on a temperature drift of the detector. In figure 7.13 the three
time constants as function of the pulse amplitude, i.e. the energy released
in the crystal, are shown. In figure 7.14 the three time constants as function
of the baseline value, i.e. the temperature, are shown. The example shown
in figure 7.13 and 7.14 correspond to Ch31. The same result was obtained
for all selected channels. The three time constants seem independent on the
energy and on the temperature variation.

The wide time constants distribution could depend on the observed relation
between the two decay times (see fig. 7.15). The origin of this relation is
unclear, but explains the different pulse shape observed for a given crystal
in the average pulse modeling (see fig.6.9 in section 6.5.1)
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7.3.1 Time constants relation

The relation between t; and to was observed in all selected channel (see
figure 7.16). The relation is different for each crystal and probably it is
connected to the platinum capacitance. At low platinum contamination
it has a quadratic law (Ch30/Ch31), while it is linear at high platinum
contamination (Ch41/Ch33).
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Figure 7.16: Relation between the two decay time ¢; and 5.

On the contrary the two decay times are not strongly related to the rise
time, as shown in figure 7.17.
The relation between the two decay times explains the difficulty to model
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Figure 7.17: Relation between the rise time and the two decays time.

the average pulse. Since t; and to are related, fake time constant could be
produced in the building process of average pulse. This could explain the
four time constant found in the average pulse modeling.
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7.3.2 Amplitudes relation

Another relation between the fit parameters is present between the two
exponential amplitudes, A; and Ag (see fig. 7.18). The two amplitudes
follow the distribution of the pulse amplitude, i.e. the energy, because its
definition in the fit function is given by:

Al + Ay = A, (7.10)

where A, is the pulse amplitude: this implies a correlation between the two

coefficients.
In figure 7.18 the A5 vs Ay distributions for all the seven channels are shown.
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7.4 Results

The CUORE bolometer response was successfully described by the following
fit function model:

t t 4
Fouise = Arexp [_t] + Asexp [_t} — (A1 + Ag)exp [_t] . (7.11)
1 2 T
The corresponding transfer function is described by the following equation
(see section 6.3):
(s — 2p)
F(s) = , 7.12
S Ry EErs) (712

with p, < p1 < 29 < pa.

The poles p; and po correspond to the two decay times (¢1 and t3), respec-
tively. Since they correspond to decay time constants, the transfer function
has one zero and its value is in the middle of the values of two poles. The
pole p, corresponds to the rise time.

The response can be expressed in term of poles and zeros by the following
equation:

B P1— 20 o P2 — %o ex
ug (m _52)—(120_190 Plpit] + (p2 — p1)(p2 — pr) et (7.13)

(pr —p1)(Pr — p2) explpr)

The three poles correspond to three independent and effective heat capaci-
ties, among the ones listed in section 6.2.

It was observed a strong correlation between platinum heat capacity and ¢;,
while t9 is uniformly distribute for each channel. It reasonable to suppose
that the decay time constants are generated by platinum and TeOs heat
capacity.

The third thermal capacitance could be induced by another CUORE bolome-
ter components, the most probable is the electrons thermal capacitance of
the NTD sensor.






Conclusion

The main topic of this Ph.D. work has been the study of the response of the
CUORE TeO3 bolometers for a better comprehension of the detector and
for a possible future improvement of the experimental sensitivity.

CUORE is a tonne-scale starting bolometric experiment that will search for
0vBp of 139Te. CUORE-0, the most recent CUORE prototype and demon-
strator, has been a test of TeOs bolometer performances. Beside proving
some of the crucial goals for the CUORE sensitivity, such as resolution and
background index, CUORE-0 provided a large amount of data that have
been used in this work.

The first evidence arising from the CUORE-0 data is that there is a large
spread in the bolometric response parameters (such as rise and decay time
constants, pulse amplitude, etc.). This spread is not explained by the spread
of dimensions or interface surfaces of the main detector components. More-
over a clear correlation between the variation of the different detector com-
ponents (e.g. TeOq heat capacity) and the pulse shape parameters was never
established. Over the years many different models have been developed to
try to account for all these effects, but none of them has been able to re-
produce the full dynamical behavior of the detectors. In addition, the large
number of free parameters in these models makes very difficult to establish
strict correlations with physical variables.

The idea of this work is to approach the problem from the opposite side,
starting not from the model but from the fit of the pulses to establish corre-
lations with physical variables and then use these results as hints to develop
a model. The goal was to define a set of parameters that describe the pulse
shape and then study possible correlations among the fit parameters and
physical ones.

A Dbolometer response, described by the Laplace solution of a thermal cir-
cuit, is a sum of n exponentials, in which each time constant corresponds
to an independent heat capacity in the circuit. As a first step I fitted the
CUORE-0 pulses varying the number of exponentials, in order to find the
minimum number of time constants that describe each pulse shape. A first
evidence of this analysis has been that the electronic chain filtering of the
pulse (Bessel filter and RC intrinsic filtering effect) can introduce extra time
constants that could be erroneously interpreted as heat capacities in the

133



134 CONCLUSION

circuit. To avoid these effects I focused the analysis on a “ad hoc” subset
of data in which the electronics effects were minimized. The pulse were ac-
quired with a Bessel cutoff of 120 Hz (instead of the usual 12 Hz) and the
NTD working point resistance was chosen to be low enough to neglect the
RC filter effects (10 < R < 25 MQ).

This study provided, for the first time, a fit function that describes the
CUORE bolometer response and made possible to identify the dominant
heat capacities. One of these heat capacities depends on the presence of
platinum inside the TeOs. The platinum contamination, coming from the
crucible in which the TeOg crystals are grown, is not in the form of diffuse
atoms but in small metallic pieces. The platinum heat capacity was mea-
sured by the rate of alpha decay of the isotope "YPt, for each crystal. The
value of platinum heat capacity, 10710 — 10~!! J/K at 10 mK, is competing
with the expected dominant one from TeQO,. A strong correlation between
the platinum heat capacity and the first decay constant of the pulses was
observed: the first decay time is faster for high platinum contamination pro-
ducing quite different pulse shapes for different crystals.

I was then able to describe the CUORE bolometer response as a sum of
three exponentials, one rise plus two decay time constants. The two decay
time constants are generated by platinum heat capacity (as is visible by
the correlation between platinum abundance and ¢;) and by the TeOgy heat
capacity (corresponding to the fact that ¢9 is almost crystal independent).
The rise time is not yet clearly correlated but could be generated by the
electron heat capacity of the NTD.

These results open the way for the first time to a full thermal model of the
TeO2 bolometers, which are currently a leading technology in Ov33 search.
Moreover the observed spreads on some fitting parameters may results in an
optimization of the detector resolution via the improved fitting tools.
Many deeper studies should start from these results. A next step can be
the identification of the origin of the spread in the pulse shape parameters,
testing possible effects of the fit. A second relevant study will be a clearer
identification of the rise time correlation with a specific physics parameter.
The last step will be the development of a full CUORE thermal model. Fur-
ther improvements will come from the analysis of the much larger amount
of data coming from the starting CUORE experiment.
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