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Introduction

The last decade has seen unprecedented progress in neutrino physics. Neutrino oscilla-
tions, first observed in 1998 by the Super-Kamiokande experiment, are the first direct
evidence of new physics beyond the Standard Model.

Thanks to many experiments we have nowadays a rather clear picture of neutrino
oscillations, and we are entering the era of precision measurements. There are however
several fundamental questions about neutrinos that cannot be addressed by oscillation
experiments. Among them there is for example the question about the absolute scale
of neutrino masses, which is considered a the key quantity in many theories beyond
the Standard Model. Being only sensitive to the neutrino squared mass difference,
oscillation experiments are not able to probe this parameter.

Also the mechanism that is responsible for the generation neutrino masses is still
unknown. Being electrically neutral, in principle neutrinos could be identical to their
own anti-particles. If this condition is verified in nature, the total lepton number is not
conserved and neutrinos are said to be Majorana particles. This possibility is clearly
ruled out for other fermions, since they have non vanishing electric charge. The only
practical approach to disentangle between the Dirac or Majorana nature of neutrinos
is to search for neutrinoless double beta decay: it is a rare nuclear process similar to
single beta decay, in which only two electrons are emitted. Neutrinoless double beta
decay violates the total lepton number by two units, and is allowed only if neutrinos
are Majorana particles. In addition, its observation could provide informations on the
absolute scale of neutrino masses.

Being a very rare process, the experimental search for neutrinoless double beta de-
cay demands for a huge amount of source isotopes operated in a very low background
detector. At present there is no experimental evidence for this decay: several half life
lower limits are available, ranging from 1021 y to 1025 y, depending on the particular
isotope. Next generation experiments will have a source mass of about one ton, and will
improve the half life sensitivity by about two orders of magnitude with respect to the
best limits available at present. This PhD thesis was performed within the CUORE col-
laboration, which foresees the construction of a ton scale bolometric experiment for the
search of neutrinoless double beta decay in 130Te. Bolometers are calorimeters operated
at about 10 mK, able to measure the temperature rise produced by the energy release
of an impinging particle. Starting data taking in 2012 in the Laboratori Nazionali del
Gran Sasso (LNGS), CUORE plans to reach in five years a sensitivity of the order of
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1026 y for the neutrinoless double beta decay half life of 130Te.
The feasibility of a ton scale bolometric detector was widely demonstrated by the

pilot experiment CUORICINO, which took data at LNGS in the years 2003-2008. Besides
being an invaluable tool for the understanding of the key problematics to be faced in
the construction of CUORE, CUORICINO was able to set the best double beta decay
half life limit for 130Te: T 0ν

1/2 (130Te) > 3.0 × 1024 y, at 90% C.L.
One of the two main tasks of this Phd thesis was an analysis of two neutrino double

beta decay to the excited state 0+
1 using the data collected by CUORICINO. Even if

the decay to the ground state is the most sensitive process for the investigation of the
Majorana nature of neutrinos, several other decay modes can be considered as well. The
two neutrino decay mode, both to the ground state or to excited states, does not allow
to disentangle between Dirac and Majorana neutrinos: it is allowed by the Standard
Model and indeed has been observed on several nuclei. Despite being sensitive to the
Majorana nature of neutrinos, neutrinoless double beta decay to excited states is not
the best process to look at from an experimental perspective. The decay mode to
excited states has the nice feature that one or more photons are emitted together with
the two electrons. This provides a rather clear signature that allows to obtain a strong
reduction of the background. In this work, using a data set collected by CUORICINO in
the period between January and August 2007, a lower limit of 1.4× 1022 y was set for
the half life of the two neutrino double beta decay mode of 130Te to the excited state
0+

1 of 130Xe.
The other task of this PhD thesis was the development and testing of the data

acquisition system for CUORE. After the validation of the digitizing boards and the
design and development of the software necessary to operate them, a prototype system
was installed in the CUORE R&D apparatus in the Hall C at LNGS for testing purposes.
The successful overcome of these tests was followed by a complete upgrade of the Hall C
and CUORICINO DAQ systems, that are now regularly used for standard measurements.

This thesis is divided into six chapters. After an overview of the current status in
neutrino physics, in chapter 1 the scientific motivations for the search of neutrinoless
double beta decay will be introduced. The second chapter will describe the experi-
mental approaches for the search of this process, as well as the most important experi-
ments. In the last part the experimental approach adopted by the CUORE experiment,
the bolometric technique, will be discussed. Chapter 3 is devoted to CUORICINO. The
experimental apparatus, the background and the double beta decay results of CUORI-

CINO will be presented. Chapter 4 is dedicated to an analysis of the two neutrino
double beta decay to excited states with a data set collected by CUORICINO. In chap-
ter 5 the CUORE experiment will be presented, while the last chapter will be devoted
to the description of the CUORE data acquisition system and the tests on real detectors
performed at LNGS.



Chapter 1

Neutrino physics and double beta

decay

1.1 Introduction

The existence an electrically neutral half-spin particle was postulated by W. Pauli in
1930, as a “desperate remedy” to save the principle of energy conservation in beta decay.
It was E. Fermi in 1934 who named this particle the neutrino, within the formulation
of his theory for beta decay. In 1959 neutrinos were detected for the first time by
F. Reines and C. Cowan, observing the inverse beta decay produced by anti-neutrino
interactions. In 1962 muon neutrinos were discovered by L.M. Lederman, M. Schwartz
and collaborators at Brookhaven National Laboratories. The first direct detection of
the tau neutrino was obtained by the DONUT experiment in 2000.

Being electrically neutral leptons, neutrinos only participate to weak interactions:
compared to other known particles they have a much smaller probability of interact-
ing with matter. For these reasons neutrino detection has always been a challenging
task. Despite the experimental difficulties, neutrino physics has attracted a constantly
growing attention, as from the study of these particle it is possible to to obtain plenty
of informations in different research fields.

Great interest in neutrino physics was raised by the discovery of lepton flavor non-
conservation. The first hints for this phenomenon date back to the late ’60, when a
deficit in the solar neutrino flux was observed. It took about thirty years to completely
understand the problem. At present many experimental checks have lead to the conclu-
sion that this phenomenon is to be ascribed to neutrino oscillations, initially predicted
by Pontecorvo in 1957.

One of the most beautiful consequences of oscillations is that neutrinos are massive
particles. However there are several questions that cannot be addressed by neutrino
oscillation experiments: being sensitive to the difference of the squared values of neu-
trino masses, oscillation experiments are not able to probe the absolute mass scale.
Also the mechanism responsible for the generation of the neutrino masses cannot be
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investigated using oscillation experiments. Instead of the usual Dirac field used to de-
scribe charged fermions, a neutral fermion could be described as well by a Majorana
field. If this condition is verified in nature, neutrinos are indistinguishable from their
own anti-particles and lepton number is not conserved.

Investigating such a fundamental property is currently one of the leading research
topics in neutrino physics. Neutrinoless double beta decay is a nuclear process that
is sensitive to the Majorana nature of neutrinos. This rare process, not allowed in
the Standard Model, can occur if neutrinos are Majorana particles and is forbidden if
neutrinos are Dirac particles.

In this chapter, after an overview of oscillation results, and a discussion on the
possible mechanism for the generation of neutrino masses, the scientific motivation for
the search of neutrinoless double beta decay will be presented.

1.2 Neutrino Oscillations

Lepton flavor non-conservation is now proved by observations coming from many dif-
ferent contexts and obtained with various experimental approaches. This phenomenon
is best explained within the framework of oscillations of massive neutrinos.

Neutrino oscillations arise as a consequence of the fact that neutrino flavor eigen-
states produced in weak interaction processes do not coincide with mass eigenstates.
Flavor eigenstates |νf〉 are related to mass eigenstates |νk〉 by the Pontecorvo-Maki-
Nakagawa-Sakata (PMNS) neutrino mixing matrix

|νf〉 =
3

∑

k=1

U∗
fk |νk〉 , f = (e, µ, τ), k = (1, 2, 3) (1.1)

The PMNS matrix Ufk in eq. (1.1) can be parameterized as [1]

U =





1 0 0
0 c23 s23

0 −s23 c23



 ×





c13 0 s13e
−iδ

0 1 0
−s13e

iδ 0 c13



 ×





c12 s12 0
−s12 c12 0

0 0 1





×





eiφ1/2 0 0
0 eiφ2/2 0
0 0 1



 . (1.2)

where cij ≡ cos θij, sij ≡ sin θij, and δ, φ1,2 are the respectively the Dirac and
Majorana CP phases. Since massive eigenstates |νk〉 have definite mass and energy,
they evolve in time as plane waves. Therefore a neutrino produced with a well defined
flavor f at the interaction point at t = 0, will be composed at the generic time t by an
admixture of the three flavors:
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|νf (t)〉 =
3

∑

k=1

U∗
fk e

iEkt |νk〉 =
3

∑

k=1

∑

f ′=e,µ,τ

U∗
fk Ukf ′ eiEkt |νf ′〉 (1.3)

It is clear from eq. (1.3) that there is a non vanishing probability of detecting a
neutrino of flavor f ′ at time t after that a neutrino of flavor f was produced at t = 0.
It reads

P (νf → νf ′) ≡ |〈νf ′ | νf〉|2 =
3

∑

j=1

∣

∣

∣

∣

U∗
fjUf ′j e

−i
m2

j L

2E

∣

∣

∣

∣

2

. (1.4)

In the simple case with only two neutrino flavors (νf , νf ′) and two mass eigenstates
(ν1, ν2), the mixing matrix can be expressed in terms of a single mixing angle θ and
no phases are present. In this approximation the probability of detecting at a generic
time t a neutrino of flavor f ′ after that a state with flavor f has been produced at t = 0
is given by

P (νf → νf ′ ; t) = sin2 2θ sin2

(

∆m2

4E
L

)

(1.5)

In eq. (1.5) ∆m2 = m2
2 − m2

1, and the energy for relativistic neutrinos have been
approximated as Ei =

√
p+mi ≃ p + mi

2E
. Moreover the time elapsed between the

production and the detection point has been replaced by the spatial distance L, as
for relativistic neutrinos t ≃ L. The flavor transition probability depends therefore on
several parameters: the mixing angle θ, the neutrino energy E, the distance L between
the production and the interaction point and the difference of neutrinos squared masses
∆m2. In particular the oscillation probability vanishes for massless neutrinos. The
first term of the right hand part of eq. (1.5), sin2 2θ, depends uniquely on the neutrino
mixing angle: the transition probability is maximal for θ = 45◦ and vanishes for θ = 0◦.
The second term in eq. (1.5) depends also on the characteristics of the experimental
apparatus that is used to detect neutrinos: its distance from the neutrino source is
indeed a critical parameter for the overcome of the experiment. If the argument of
the second term is small, the transition probability vanishes. If instead it is too big,
uncertainties on the measurement of L and E result in this term to be averaged to 1

2
.

The two neutrino mixing is a valid approximation for practical description of oscilla-
tion experiments. This is a consequence of the experimental evidence for a hierarchical
ordering of the mass splittings:

∣

∣∆m2
12

∣

∣ ≪
∣

∣∆m2
13

∣

∣ ≃
∣

∣∆m2
23

∣

∣ (1.6)

In experiments sensitive to ∆m2
23 the neutrino energies and the typical distances

between the production and the detection point are such that the oscillations induced
by ∆m2

12 are negligible:
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∆m2
12L

E
≪ 1 (1.7)

The opposite condition is verified in experiments sensitive to ∆m2
12, where

∆m2
13L

E
≃ ∆m2

23L

E
≫ 1 (1.8)

Even in this case the two neutrinos approximation holds, as the oscillations due to
∆m2

13 and ∆m2
23 are very fast and lead to an average effect.

The first hints for lepton flavor non conservation came from the experimental obser-
vation that atmospheric and solar neutrino fluxes were smaller than the expected ones.
However it was not straightforward to conclude that this deficit in the flux was due
to neutrino oscillations, as it could be also ascribed to wrong theoretical predictions
of the flux itself. Given the different energies and distances that are involved in solar
and atmospheric neutrino experiments, they are sensitive to two different mass scales:
solar experiments are able to study a mass splitting of the order of ∼ 10−5eV 2 (often
called solar mass splitting), while atmospheric neutrino experiments are sensitive to
∆m2 of the order of ∼ 10−3eV 2 (often called atmospheric mass splitting).

Evidence for atmospheric neutrino oscillations was first obtained by the Super-
Kamiokande experiment, which observed an asymmetry in the rate of upward and
downward going muon neutrinos [2]. Atmospheric neutrinos are produced by cosmic
rays and interact in detectors that are usually located slightly below the Earth’s sur-
face. Neutrino energies range from few hundreds of MeV to few hundreds of GeV and
they travel distances between few hundreds of km and ≃ 12000 km. Since the flux
of cosmic rays is isotropic, neutrinos are produced at the same rate all around the
Earth. This implies that the number of neutrinos of a given flavor that come from a
given zenith angle θ is expected to be equal to the number of neutrinos coming from
the opposite zenith angle π − θ. However Super-Kamiokande data did not present the
expected symmetry: the observed flux of νµ with energies >∼ 1 GeV coming up from
the zenith angle π − θ was only about half of that coming from the zenith angle θ.
If interpreted in terms of neutrino oscillations, this phenomenon is easily explained.
Since the upward-going neutrinos are produced in the atmosphere in the opposite side
of the Earth with respect to the detector, they have much distance to travel compared
to downward-going neutrinos. Thus the Up-Down asymmetry is explained by the fact
that upward-going neutrinos have a bigger probability of oscillating into neutrinos of
other flavors, as they travel for longer distances.

Disappearance of muon neutrinos was confirmed later by neutrino accelerator ex-
periments such as MINOS [3] and K2K [4]. These experiments measured the νµ flux
both in the vicinity of the production point, where no oscillation was expected, and far
away from the source, at a distance of ≃ 250 km for K2K and of ≃ 735 km for MINOS.
Besides observing a deficit in the number of muon neutrinos in the far detector with re-
spect to what expected from the near-detector measurements, these experiments found
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that the energy spectrum of surviving muon neutrinos was distorted in a way that was
consistent with the hypothesis of neutrino oscillations.

Neutrinos from the Sun have been detected on earth by several experiments. The
first measurements date back to the late ’60, with R. Davis’ Homestake radiochemical
experiment [5]. Further measurements were performed by other radiochemical experi-
ments (SAGE [6] and Gallex-GNO [7]), and water-Cherenkov experiments (Kamiokande
and Super-Kamiokande [8]). For years, all these experiments had been finding that the
solar νe flux arriving at the Earth was smaller than the Bahcall-Pinsonneault Standard
Solar Model predictions [9].

The conclusive solution of the so called “solar neutrino problem” came in 2002
thanks to the Sudbury Neutrino Observatory (SNO) [10], that confirmed that the
missing νe were actually converted into neutrinos of other flavors. The SNO experi-
ment was able to detect solar neutrinos from 8B using charged current (CC), neutral
current (NC) and elastic scattering (ES) interactions. Events from CC interactions,
being produced only by νe, give an estimation of φ(νe), the flux of electron neutrinos
from the Sun. NC interactions are initiated with equal cross section by neutrinos of
all flavors and give therefore an estimation of φ(νe) + φ(νµ + ντ ), the total solar neu-
trino flux from 8B. Even ES interactions are initiated by neutrinos of all flavors, but
with different cross sections: σES

e ≃ 6.5σES
µ,τ . Therefore the measurement of the rate

of this process gives an estimation for φ(νe) + φ(νµ + ντ )/6.5. The SNO results are
summarized in fig. 1.1. The total neutrino flux estimated from NC interactions is in
excellent accordance with the SSM predictions. Moreover, the presence of a zone in
the plot where all the three measurements overlap, corroborates the interpretation of
the results in terms of neutrino flavor conversion.

Solar neutrino data implies that a sensitive fraction of reactor νe that travel more
than ∼ 100 km should disappear into ν of different flavors. The phenomenon was
confirmed by KamLAND [12], a liquid scintillator experiment that studied reactor
νe traveling on average ≃ 180 km before reaching the detector. Besides confirming
solar neutrino data, KamLAND observed in the spectrum of surviving νe the typical
L/E distortion expected from the neutrino oscillation hypothesis (see fig. 1.2). Since
KamLAND is surrounded by several nuclear reactors that are located at a variety
of distances from the detector, the distance L traveled by a given νe is unknown.
Consequently, fig. 1.2 plots the data as a function of L0/E, where L0 = 180 km is a
flux-weighted average travel distance. Nevertheless, almost two cycles of the sinusoidal
structure expected from neutrino oscillations are visible.

Thanks to the data from solar, atmospheric, reactor and accelerator experiments,
our understanding of neutrino oscillations has incredibly improved in the recent years.
Table 1.1 reports current values for neutrino oscillation parameters extracted from a
global fit on most recent experimental data. The two mass splittings, as well as two
over three mixing angles have been measured with reasonable precision, while the small
mixing angle θ13 is constrained by an upper limit.
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experiment. L0 is the effective baseline taken as a flux-weighted average (L0 =180 km). Picture taken
from [13].



1.3 Neutrino Masses 9

Parameter Central Value 3σ

∆m2
21[10−5eV 2] 7.65+0.23

−0.20 7.05 ÷ 8.34

∆m2
23[10−3eV 2] 2.40+0.12

−0.11 2.07 ÷ 2.75

sin2θ12 0.304+0.022
−0.016 0.25 ÷ 0.37

sin2θ23 0.50+0.07
−0.06 0.36 ÷ 0.67

θ13 0.01+0.016
−0.011 ≤ 0.056

Table 1.1: Neutrino oscillation parameters from global fit on most recent experimental data[14].

1.3 Neutrino Masses

The Standard Model of Particle Physics assumes that neutrinos are massless particles,
as there was no evidence for neutrino masses when this theory was formulated. Os-
cillation experiments have now changed this scenario, calling for an extension of the
theory.

The Standard Model is based on the gauge invariance of the Lagrangian under
transformations of SU(2)L × U(1)Y group. The fermion content of the theory can be
written as

quarks : qf
L =





uf
L

df
L



 , uf
R, df

R

leptons : lfL =





νf
L

ef
L



 , ef
R

(1.9)

where the index f runs over the three quark and lepton families. The fields have
been split in left and right handed components using the projection operators PL,R =
1
2
(1 ∓ γ5). Left-handed particles are grouped in weak Isospin doublets while right-

handed particles are singlets: this reflects the fact that parity violation is maximal:
only left-handed fermions participate to weak interactions. Another feature arises from
eq. (1.9): there are no right handed neutrinos in the Standard Model, as there is no
experimental evidence for such particles.

Masses for charged fermions are generated by the spontaneous breaking of the
SU(2)×U(1) symmetry group, through the Higgs mechanism. Indeed bare mass terms
cannot be introduced in the Lagrangian, as they would break the gauge invariance of
the theory.

This problem is overcome by postulating the existence of the Higgs field φ, a scalar
that transforms as a doublet of the SU(2) group and has a non vanishing vacuum
expectation value:
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φ = 1√
2

(

φ+

φ0

)

, 〈0|φ |0〉 = 1√
2

(

0
v

)

. (1.10)

Fermion interactions with this field give rise to the so called Yukawa couplings:

− LY =
∑

ff ′

[

hff ′

D qf
L φ d

f ′

R + hff ′

U qf
L ǫφ

∗ uf ′

R + hff ′

E l
f

L φ e
f ′

R

]

+ h.c. (1.11)

The hU,D,E in eq. (1.11) represent the coupling constants between different fields.
Substituting the Higgs field with its vacuum expectation value from eq. (1.10), one gets

− LMass =
∑

ff ′

[

M ff ′

D d
f

L d
f ′

R + M ff ′

U uf
L u

f ′

R + M ff ′

E el
L e

l′

R

]

+ h.c. (1.12)

where the M ff ′

U,D,E are the fermion mass matrices and are given by

M ff ′

U,D,E = hff ′

U,D,E

v√
2
. (1.13)

Mass matrices can be diagonalized by mean of a bi-unitary transformation of the
form

hdiag = VL hV
†
R (1.14)

Therefore the mass terms in the Lagrangian can be made diagonal by a redefinition
of the fermion fields:

udiag
L = V U

L uL, udiag
R = V U

R uR,

ddiag
L = V D

L dL, ddiag
R = V D

R dR,

ediag
L = V E

L eL, ediag
R = V E

R eR

(1.15)

and the diagonal version of the hf
U,D,E can be related to the fermion masses:

mf
U = hf

U
v√
2
, mf

D = hf
D

v√
2
, mf

E = hf
E

v√
2

(1.16)

When these field transformations are applied to all the terms of the Lagrangian it
turns out that all but the charged current interaction terms are left unchanged. In fact
there is only one term that is modified by the redefinition of the fields: the charged
current interaction for the quark sector. Since this term couples up-type and down-
type quarks, and since these two fields are are transformed by two different matrices,
flavor mixing occurs in charged current interactions:
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LCC = uL γ
µ df

LW
−
µ + h.c. → LCC = udiag

L γµ VCKM ddiag
L W−

µ + h.c., (1.17)

where VCKM ≡ V U†
L V D

L is the Cabibbo-Kobayashi-Maskawa mixing matrix.
When the same procedure is applied to the leptonic sector a fundamental difference

arises: since there is no neutrino mass term it is possible to redefine the neutrino fields
using the same transformation matrix that has been used for the charged leptons:

νdiag
L = V E

L νL (1.18)

Therefore the equivalent for the CKM matrix for the lepton sector is given by
V lep

CKM = V E†
L V E

L ≡ I. In other words the lepton fields can be defined in such a way
that there is no mixing in the lepton sector. This is a consequence of the fact that
neutrino are massless in the Standard Model and that right handed neutrinos do not
exist.

The evidence for neutrino oscillations is obviously in contrast with this picture.
Some new information has to be introduced in the theory so that a neutrino mass term
can be built and flavor mixing arises also in the leptonic sector.

In general the Lagrangian mass term for a fermion field ψ has the form

− LMass = mψψ = ψL ψR + ψR ψL, (1.19)

Since this term couples the right handed and the left-handed part of a field, both
these component must be present. Therefore, in order to build a neutrino mass term,
the straightforward extension of the theory consists in the introduction of a right
handed particle that is independent from the usual left handed neutrino, so that a
mass term of the same form as for charged fermions can be constructed:

− LD = −m (νL νR + νR νL) (1.20)

A mass term of this form (called Dirac mass term) would arise from Yukawa coupling
in full analogy with the case of quarks and charged leptons. However generating the
neutrino masses with the Higgs mechanism is somehow unnatural, since the Yukawa
couplings for these particles would have to be smaller with respect to the same coupling
for other particles by more than six order of magnitude.

hN

hE

=
mν

me

< 10−6 (1.21)

However there is for neutrinos the possibility to build another mass term. Consider
the particle-antiparticle conjugation operator:

C : ψ → ψc = γ0 γ2 ψ
T

(1.22)
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Under the action of C a left-handed field goes into a right-handed one, and viceversa.
As a consequence of the fact that neutrino has no electric charge, it is possible that
the right handed component of the neutrino field is simply the C-conjugated of the
left handed field. If this possibility is verified then neutrino is said to be a Majorana
particle. In contrast with the Dirac case, where the two components of the field are
completely independent, for a Majorana field they are related to each other by particle-
antiparticle conjugation:

Dirac : ψD = ψL + ψR

Majorana : ψM = ψL + (ψL)c
(1.23)

It follows from eq. (1.23) that particles described by a Majorana field are purely
neutral, i.e. they coincide with their own anti-particles. It is then clear that the
possibility of describing a fermion by a Majorana field only arises for neutrinos, as
the other fermions have electric charge. The Lagrangian mass term for a Majorana
neutrino νL can be written as

− L =
1

2
m (νc

L νL + νL ν
c
L) (1.24)

In principle neutrinos can have both Majorana and Dirac mass terms. Considering
for simplicity the case of only one flavor, it reads

− L =
1

2
(νc

L νR)

(

0 mD

mD MR

) (

νL

νc
R

)

+ h.c. . (1.25)

In eq. (1.25) the two independent fields νL and νR are present, mD is the Dirac mass
and MR is the Majorana mass for νR. Note that the coefficient ML has been set to zero:
since in the Standard Model νL has weak Isospin projection I3 = 1

2
, the corresponding

Majorana mass term would be a Isospin triplet and and would not be gauge invariant.
The mass matrix introduced in eq. (1.25) can be diagonalized to find the correspond-

ing mass eigenstates:

U
(

0 mD

mD MR

)

UT =

(

m1 0
0 m2

)

,

(

ν1

ν2

)

= U
(

νL

νc
R

)

. (1.26)

When written in the new basis the neutrino Lagrangian mass term reads

− L =
1

2
m1 (νc

1ν1 + ν1ν
c
1) +

1

2
m2 (νc

2ν2 + ν2ν
c
2) (1.27)

where

ν1 = cos θ νL + sin θ νc
R

tan 2θ = mD

MR

ν2 = − sin θ νL + cos θ νc
R

(1.28)



1.4 Open Questions Concerning Neutrino Masses 13

Few considerations arise from the previous equations. First, as can be seen from
eq. (1.27), even in the general case in which also the Dirac mass term mD is present,
in the mass eigenstates basis neutrinos are described by Majorana fields. In addition,
while the Dirac mass mD, being generated by the Higgs mechanism, is expected to be
more or less of the same order of magnitude of the mass of other fermions, there are
no limitations for the Majorana mass MR. In particular it can assume arbitrarily large
values. If MR ≫ mD it turns out from eq. (1.28) that

ν1 ≃ νL, m1 ≃ m2

D

MR

ν2 ≃ νc
R, m2 ≃MR

(1.29)

If this condition is verified, the heavy neutrino ν2 is predominantly νc
R and the

light neutrino ν1 is essentially the observed particle νL. Thus the introduction of the
Majorana mass term in the Lagrangian leads to a natural explanation for the smallness
of neutrino masses: the bigger the mass of the unseen particle νR, the smaller the mass
of νL.

1.4 Open Questions Concerning Neutrino Masses

Being able to measure the neutrino mass-squared differences and two of the three
mixing angles, oscillation experiments have greatly improved our understanding of
neutrino physics. The most striking consequence of oscillations is that neutrinos have
finite mass. However many questions remain unanswered. The absolute scale of neu-
trino mass, one of the key quantities in many theories beyond the Standard Model, is
still unknown. Moreover we are still unable to determine the sign of the atmospheric
mass splitting, namely whether neutrino masses are ordered according to the so called
normal or inverted hierarchy. Another fundamental question is the one concerning the
nature of neutrino mass, whether it is of Dirac or Majorana type.

1.4.1 Neutrino mass hierarchy

Neutrino oscillation data is compatible with three types of neutrino mass spectra,
depending on the unknown values of the mass of the lightest neutrino and the sign of
the atmospheric mass splitting ∆m2

23 (see fig. 1.3):

• If ∆m2
23 > 0, neutrino mass eigenstates are arranged according to the so called

normal mass hierarchy and the following relation holds: m1 < m2 < m3.

• If instead ∆m2
23 < 0, mass eigenstates are arranged according to the inverted

mass hierarchy. In this case the lightest neutrino is ν3, and the two other mass
eigenstates are almost equal: m3 < m1 ≃ m2.
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• There is also the possibility that the absolute value of the smaller neutrino mass
is much bigger than the big atmospheric mass splitting. In this case, no mat-
ter whether the normal or inverted hierarchy holds, all the three neutrino mass
eigenstates are almost degenerate.

ν1

ν2

∆m2
12

ν3

∆m2
23

∆m2
23

ν3ν1

ν2

∆m2
12

????

??

eν ντνµ

eν νµ ντνµ ντ

νµ ντeν ντνµ

eν νµ ντ

eν νµ ντ

eν ντνµ

νµ ντ

Figure 1.3: Pictorial representation of the three mass hierarchy schemes that are compatible with current
experimental data. The left picture represents the so-called normal hierarchy. The central picture represent
the so called inverted hierarchy, while the right picture represents the degenerate case, where the three
neutrino masses are almost equal and are much bigger than the solar and atmospheric mass splittings.
The three colors on each neutrino mass eigenstate represent the respective projection on the three flavor
eigenstates.

1.4.2 Absolute measurement of neutrino mass

Limits on absolute neutrino masses come from cosmological constraints and from non
oscillation experiments.

Non oscillation experiments are based on the study of single and double beta decay.
The discussion here will be limited to single beta decay, as double beta decay will be
widely discussed later.

Direct neutrino mass measurements are based on the analysis of the kinematics of
charged particles emitted together with neutrinos in various weak decays. The most
sensitive measurements, involving electron neutrinos, are based on the study of the
shape of the β spectrum end-point. β-decay experiments are sensitive to the effective
electron neutrino mass mβ, defined as

m2
β =

3
∑

i=1

|Uei|2m2
i . (1.30)

Current best limits on mβ come from the Mainz [15] and Troitsk [16] tritium β-
decay experiments: mβ

<∼ 2.1eV . Next generation experiments plain to further con-
straint mβ in the sub-eV range, studying β-decay of tritium (KATRIN [17]) and 187Re
(MARE [18]).



1.4 Open Questions Concerning Neutrino Masses 15

Cosmological constraints on neutrino masses come from the observation of the
Cosmic Microwave Background anisotropies and from the study of large scale struc-
tures. These observations are sensitive to the sum of the three neutrino masses,
Σ = m1 +m2 +m3. Limits on neutrino masses range from few eV to few hundreds of
meV, depending on the data sets that are being considered. However these constraints
are less trustworthy if compared to the ones obtained in laboratory experiments, as
they depend on cosmological models.

1.4.3 Dirac and Majorana neutrinos

Oscillation experiments and direct search for neutrino mass are not affected by the
nature of the neutrino mass. The physics involved in these kind of measurements is
the same, regardless of whether neutrinos are Dirac or Majorana. The most promising
approach to discriminate between these two possibilities is to search for neutrinoless
double beta decay (0νββ). It will be shown in the following section that the observation
of this process would prove that neutrinos are Majorana particles. Neutrinoless double
beta decay experiments are sensitive to the so called effective Majorana mass, mββ:

mββ =

∣

∣

∣

∣

∣

3
∑

j=1

U2
ej mj

∣

∣

∣

∣

∣

=

∣

∣

∣

∣

∣

3
∑

j=1

|Uej|2 eiφj mj

∣

∣

∣

∣

∣

. (1.31)

In contrast to single beta decay, where mβ was a function of the three |Uei|2, mββ is a
function of the U2

ei and is therefore sensitive to the two Majorana phases. Since the Uei,
as well as the tho squared mass differences, are known from oscillation experiments,
mββ can be written in terms of only three unknown parameters: the mass of the lightest
neutrino and the two Majorana CP phases. The result is shown in fig. 1.4, where the
allowed values for mββ are plotted as a function of the lightest neutrino mass.

The green band represents the allowed parameter space in the case of inverted mass
hierarchy, while the red band corresponds to the case of normal mass hierarchy. The
two bands overlap in the zone of degenerate mass hierarchy (where the mass of the
lightest neutrino is >∼ 10−2eV ). Double beta decay experiments with better sensitivity
are able to probe smaller values of mββ. As can be seen from fig. 1.4, observation of
double beta decay would not only imply that neutrinos are Majorana particles: it would
also provide information on the neutrino mass hierarchy and on the absolute scale of
neutrino mass. If instead this process is not observed, it cannot be concluded that
neutrinos are Dirac particles: the presence of the vertical dip in the normal hierarchy
band (which correspond to a particular combination of the two Majorana phases)
represent the fact that mββ could vanish, even if neutrinos are Majorana particles.
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Figure 1.4: Allowed values for the effective Majorana mass as a function of the mass of the lightest
neutrino. The green band represents the allowed value in the case of inverted neutrino mass hierarchy,
while the red band is for the normal hierarchy case. The darker bands represent the allowed regions that
would be obtained if the parameters from oscillation experiments were measured with infinite precision.
The gray regions represent the parameter space that is excluded by double current double beta decay
experiments and by cosmological observations. Picture taken from [19].

1.5 Double beta decay

Double beta decay is a rare spontaneous process in which a nucleus changes its atomic
number by two units:

(A,Z) → (A,Z ± 2). (1.32)

Its existence was first proposed in 1935 by M. Goeppert-Mayer [20]: using the the
new Fermi theory for β-decay, she estimated that the half-life for this process had to
be bigger than 1017 years.

Being a second order process, double beta decay has a very slow rate and can occur
only in nuclei where single β-decay is forbidden. The parent nucleus (A,Z) must
be less bound than the final one (A,Z ± 2) but more bound than the intermediate
nucleus (A,Z ± 1). This condition is verified in nature for several nuclei with an even
number of protons and neutrons (see fig. 1.5), as a consequence of the “pairing term”

in the nuclear binding energy [21], that favors energetically the even-even nuclei with
respect to the odd-odd ones.

If accompanied by the emission of two neutrinos (see fig. 1.6(a)), double beta decay is
a second order process allowed in the Standard Model (2νββ). Indeed, it was detected
for the first time in 82Se in 1987 [22] and is now observed on several other nuclei



1.5 Double beta decay 17

Z
Z+2Z-2

E

EE EE

�

��

�
E

Suppressed ~1021

Z-1 Z+2

Odd Mass 
Number

Atomic Number

N
uc

le
ar

 M
as

s

EE
�

EE
�

N,Z even

N,Z odd

Z
Z+2Z-2 Z-1 Z+2

Even Mass 
Number

Atomic Number
N

uc
le

ar
 M

as
s

Figure 1.5: Atomic mass as a function of the atomic number Z in the case of a isobar multiplet with A
even (left) and A odd (right).
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Figure 1.6: Double beta decay diagrams for the 2νββ mode (left) and the 0νββ mode (right). The 0νββ
diagram assumes that the process is mediated by the exchange of a Majorana neutrino (see the text).

(half-lives range from ∼ 1018 to ∼ 1022 years).
This decay conserves lepton number, cannot discriminate between Dirac and Majo-

rana neutrinos and does not depend significantly on neutrino masses.
There is also the possibility for double beta decay to occur without emission of

neutrinos. This decay mode is forbidden in the Standard Model, as it violates the
lepton number by two units. Neutrinoless double beta decay can proceed through
many different mechanisms: almost any physics that violates the total lepton number
can generate it [23]. However, no matter which particular mechanism holds, this decay
would imply the existence of a Majorana neutrino mass term [24]. This is shown in
fig. 1.7: the 0νββ decay can be inverted to produce a νe going into a νe or, in other
words, a Majorana mass term.

The simplest way to obtain neutrinoless double beta decay is by the exchange of a
massive Majorana neutrino (see fig. 1.6(b)). The rate of this process can be written
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Figure 1.7: Conversion from νe to νe by a 0νββ interaction. This diagram proves that the existence of
0νββ-decay would imply a Majorana mass for neutrino, no matter what is the mechanism that gives rise
to the transition.

as [25]

[

T 0ν
1/2

]−1
= G0ν |M0ν |2 〈mββ〉2 (1.33)

where G0ν and M0ν are respectively the phase space factor and the nuclear ma-
trix element for the 0νββ transition, and mββ is the effective Majorana mass already
discussed in sec. 1.4.3.

Apart for a controversial claim (which will be discussed later), neutrinoless double
beta decay has never been observed. The experimental lower limits for the half-lives
are reported for a set of commonly studied isotopes in tab. 1.2.

Parent Isotope T 0ν
1/2(y) Reference

48Ca > 1.4 × 1022 [26]
76Ge > 1.9 × 1025 [27]
76Ge 1.19 × 1025 [28]
82Se > 1 × 1023 [29]
96Zr > 1.0 × 1021 [30]

100Mo > 4.6 × 1023 [29]
116Cd > 1.7 × 1023 [31]
130Te > 3.0 × 1024 [32]
136Xe > 1.2 × 1024 [33]
150Nd > 1.8 × 1022 [34]

Table 1.2: Commonly studied double beta decay isotopes and best lower limits for the 0νββ half lives.
The claim of observation in 76Ge will be discussed later.

1.5.1 Nuclear matrix elements

It has been discussed in sec. 1.5 that without making any assumption on the mechanism
that generates neutrinoless double beta decay, the existence of this process implies that
neutrinos are Majorana particles. However, in order to extract informations on the
neutrino mass hierarchy and the absolute mass scale, some assumptions must be made
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on the mechanism that is responsible for this process. The simplest possibility is to
assume that the 0νββ-decay occurs by the exchange of a light Majorana neutrino. It
is clear from eq. (1.33) that, even under this assumption, the phase space factor G0ν

and the nuclear matrix element (NME) M0ν must be known in order to extract the
value of mββ. Moreover, a strong evidence of neutrinoless double beta decay can be
obtained only if a positive signal is seen in several isotopes. This condition is necessary
to rule out the possibility that the observed signal is produced by some other unknown
rare process able to mimic the 0νββ experimental signature. However, since different
isotopes have different values for G0ν and M0ν , these quantities must be known in order
to compare experiments. While the phase space factor can be evaluated exactly, NME
represents the biggest source of theoretical uncertainty in the evaluation of mββ.

Nuclear matrix elements depend on the structure of the parent and daughter nuclei,
as well as the intermediate one. Since a many bodies problem must be solved, the
calculation cannot be carried out analytically, but requires numerical computations in
which several approximations are introduced. There are two basic approaches for the
evaluation of nuclear matrix elements, the quasi-particle random phase approximation
(QRPA) and the nuclear shell model (NSM).

In NSM interactions are described by an effective Hamiltonian which is diagonalized
over all configurations of a chosen subset of valence single-particle states. In principle
NSM calculations are more reliable, as they require few approximations. However
such calculations are computationally intensive, which places a practical limit on the
number of single-particle valence states that can be considered. For this reason the
QRPA approach is usually preferred. QRPA calculations use a larger valence space
with respect to NSM, but the interaction strengths are parameterized, and only a
subset of the possible configurations are taken into account. In QRPA particle-particle
interactions are fixed by a parameter, gpp, which is derived in various ways by different
authors and lead in the past to a significant spread in the results.

Recently, thanks to improvements in the treatment of short-range correlations in
the nucleon-nucleon interactions, and to the use of 2νββ NME to constraint some
parameters in the 0νββ NME calculations, the spread in the results of different research
groups was significantly reduced, and now the NSM and the various QRPA calculations
lie within a factor of two to each other. Figure 1.8 shows the nuclear matrix element
calculations for various 0νββ isotopes using the QRPA and the NSM approach.
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Figure 1.8: Nuclear matrix element calculations for several 0νββ isotopes using QRPA (black and blue
bars) and NSM (red dots). The bars represent the spread introduced in QRPA calculations by the different
choices for the coupling constant gA. Picture taken from [35].



Chapter 2

Experimental search for double

beta decay

2.1 Introduction

Being a very rare process, observation of double beta decay is a challenging task from an
experimental perspective. By all means the main problem to be faced is the reduction
of the background, even if double beta decay experiments need also huge masses and
excellent energy resolutions.

In this chapter the experimental approaches to the search of double beta decay will
be discussed. After an overview of the fundamental features common to all double
beta decay experiments, the main experimental techniques are reviewed and the most
important past, present and future experiments are presented. In the last part of this
chapter the experimental approach used in the CUORE experiment, the bolometric
technique, is presented.

2.2 Fundamentals of 0νββ experiments

The amount of energy released in double beta decay, usually called Q-value, is given
by the mass difference between the parent and the daughter nucleus, subtracted by the
masses of the two emitted electrons:

Qββ = Mp − Md − 2me . (2.1)

In the 2νββ decay mode the two neutrinos carry away part of the energy, giving
rise to a continuous spectrum for the sum energy of the two electrons that extends up
to the Q-value of the decay. In the 0νββ decay mode, since no neutrinos are emitted,
the sum energy of the two electrons is fixed, and is equal to the Q-value of the decay.
Therefore, at least in principle, the signature of neutrinoless double beta decay is very
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clear: a sharp peak is produced in the energy spectrum, and the two emitted electrons
point to the same interaction vertex.

In spite of such characteristic imprint, the rate of double beta decay is so slow that
its identification is made very difficult. The signal must be disentangled from the
background produced by natural an cosmogenic-induced activity, which can deposit
energy in the detector in the same region of the spectrum where the double beta
decay signal is expected. In order to maximize the signal to background ratio, two
complementary approaches are adopted in double beta decay experiments: on one side
much effort is spent in the understanding and the reduction of background, while on
the other side the amount of the isotope that is put under observation is made as big
as possible, so that the chance for the decay to occur is maximized.

Energy resolution is another important feature in double beta decay experiments:
since background events usually produce a continuum in the energy spectrum, the
possibility to shrink the energy window in which the 0νββ signal is expected leads
to an increase of the signal to background ratio. Concerning this point, it is worth
noticing that even in the best condition of a “zero background” experiment, there is an
irreducible source of background that comes from the tail of the 2νββ decay channel.
As depicted in fig. 2.1, which shows the sum energy spectrum for the two emitted
electrons, an experiment with poor energy resolution would not be able to disentangle
the end point of the 2νββ decay mode from the monochromatic line produced by the
0νββ decay mode.

The sensitivity of an experiment is defined as the half life corresponding to the
minimum number of signal events observable above background at a given confidence
level. For experiments in which the number of background counts scales as the total
mass of the detector, it can be expressed as [25]

S0ν (nσ) =
ln 2

nσ

ǫNa
η

A

√

M · t
b · ∆E . (2.2)

Equation (2.2) can be easily obtained in the assumption of Poisson statistics, starting
from the consideration that a positive signal is found if the number of observed events
in the region of the 0νββ peak differs by more than nσ standard deviations from
the number of background events in the same region. In eq. (2.2) ǫ is the detection
efficiency, Na is the Avogadro number, η is the isotopic abundance of the studied
nucleus, A is its atomic mass number, M is the total detector mass, t is the live time
of the experiment, ∆E is the energy resolution and b is the background, expressed in
terms of counts/(keV · kg · years).

The detector sensitivity assumes a different form if no background is present (or at
least the number of background counts is negligible over the life of an experiment):

S0ν ∼ ǫ · η ·M · t . (2.3)

Thus, in contrast to the previous case, in which the sensitivity scales as the squared
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Figure 2.1: Illustration of the spectra of the sum of the electron kinetic energies Ke (Q is the endpoint)
for the 2νββ (dotted curve) and 0νββ decays (solid curve). The spectra are convolved with an energy
resolution of 5%. The small insert shows how a poor energy resolution can lead to the confusion of the
0νββ peak with the tail of the 2νββ spectrum.

root of the mass M and of the measurement time t, in a ”zero background” experiment
the dependence on these two parameters is linear.

In the previous chapter the expression for neutrinoless double beta decay was dis-
cussed. Equation (1.33) can be inverted to find the effective Majorana mass mββ

corresponding to certain values for the phase space factor G0ν , the nuclear matrix
element M0ν and the half life T 0ν

1/2:

〈mββ〉 =
1

√

T 0ν
1/2G0ν |M0ν |2

(2.4)

By replacing the half life with the experimental sensitivity in eq. (2.4), it can be
seen that the sensitivity on mββ scales as the fourth root of (M · t)/(b · ∆E) in an
experiment with non negligible background and it scales as the squared root of (M · t)
in a “zero background” experiment. In other words, if all other parameters remain fixed,
improving the sensitivity on mββ by an order of magnitude requires a mass increase by
a factor of 104 in the first case, and by a factor of 100 in the second case.

In order to compare the sensitivity of experiments that search for double beta decay
using different isotopes, it is possible to define the nuclear factor of merit FN :

FN = m2
eG0ν |M0ν |2 , (2.5)



24 Experimental search for double beta decay

where me is the electron mass and FN has dimensions of time−1. Using the nuclear
factor of merit, eq. (2.4) becomes

〈mββ〉 =
me√

S0ν · FN

. (2.6)

Thus different experiments can be compared using the quantity S0ν · FN , where
the former factor accounts for the experimental features, while the latter describes the
0νββ isotope candidate.

Table 2.1 reports the nuclear factor of merit, the isotopic abundance and the Q-
value for several commonly used double beta decay isotopes. It is clear from eq. (2.2)
that high isotopic abundances are preferable, as they correspond to an increase of the
number of 0νββ nuclei that are put under observation. Despite being rather expensive,
isotopic enrichment is often a forced choice for those candidate nuclei that have low
natural abundances.

Parent Isotope FN [y−1] Qββ [keV] η [%]

48Ca 0.54 · 10−13 4271 0.19
76Ge 0.73 · 10−13 2039 7.4
82Se 1.7 · 10−13 2995 8.7

100Mo 5.0 · 10−13 3034 9.6
116Cd 1.3 · 10−13 2902 7.5
130Te 4.2 · 10−13 2530 34.
136Xe 0.28 · 10−13 2479 8.9
150Nd 57. · 10−13 3367 5.6

Table 2.1: Nuclear factor of merit, Q-value and natural abundance (η) for several double beta decay
isotopes. The values of FN are from [36].

Isotopes with high Q-value are also a better choice, for several reasons. First, the
background from natural radioactivity decreases with increasing Q. A marking point
is represented by the 2615 keV line from 208Tl, the highest energy γ-line from natural
radioactivity. Isotopes with Q-values above this energy benefit from a much lower
background level. Other reasons to prefer big Q-values are represented by the fact
that the phase space factor that appears in the formula for the decay rate scales as
G0ν ∼ Q5 [23], and that the fraction F of the 2νββ counts in the region of the 0νββ
peak scales as F ∼ 1/Q5 [37].

2.3 Double beta decay experiments

Early double beta decay experiments used an indirect approach, based on the iden-
tification of an excess of concentration of the daughter nuclei in a sample containing
the parent isotope. Now that two neutrino double beta decay has been measured for
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several isotopes, the indirect approach is no longer of great interest, as it is not able to
distinguish between the 2νββ and the 0νββ decay modes. Current experiments exploit
instead a direct approach, based on the detection of the two electrons emitted in the
decay.

Experiments using the direct approach can be divided in two groups: those in which
the isotope under study is contained within the active mass of the detector, and those
in which the detector and the decaying nucleus are separated. The most representative
detectors of the two groups are respectively calorimeters and tracking devices. The
two approaches have different advantages.

Calorimeters have usually excellent energy resolution and almost 100% efficiency.
Moreover the experimental sensitivity can be improved rather easily by increasing the
detector mass. The disadvantage of this kind of devices is that they are not able to
identify the two electrons, as they can only measure the total released energy.

Tracking detectors, which instead have the possibility to identify separately the two
electrons, can reach very low background levels. The main drawback of this kind of
detectors is an intrinsically poor energy resolution. In order for the two electron to
be detected, they must escape from the material where they are produced. In doing
so, a small part of their energy is released within the passive material containing the
0νββ isotopes, thus producing a degradation of the resolution. This problem is usually
overcome by using source materials in the form of thin foils, but this introduces non
trivial problems when increasing the mass of the 0νββ source.

2.3.1 Past and present experiments

Past and running double beta decay experiments have typical sensitivities that allow
to span the effective Majorana mass corresponding to the degenerate neutrino mass
hierarchy pattern (see fig. 1.4).

The best half life limit for 0νββ decay (a complete list is in tab. 1.2) has been
obtained so far in 76Ge by the Heidelberg-Moscow collaboration, using semiconduc-
tor detectors. Similar results were also achieved in the IGEX experiment [38]. The
big advantage of semiconductor detectors is their excellent energy resolution (about
4 keV at 2 MeV). Even if these devices can only measure the sum energy of the two
electrons emitted in 0νββ decay, some background reduction can be obtained by ex-
ploiting pulse shape analysis. High purity Germanium detectors (HPGe) are a typical
example of the source = detector approach: the investigated nucleus is 76Ge, having a
Q-value of 2039 keV. The Heidelberg-Moscow experiment took data in the period 1999-
2003 in the Laboratori Nazionali del Gran Sasso (LNGS) using five HPGe detectors.
The total detector mass was 11 kg, enriched to about 86% in 76Ge. A background
of 0.12 counts/(keV · kg · y) was obtained around the Q-value of the decay. With a
statistics of 35.5 kg · y in 76Ge the half life limit obtained by the Heidelberg-Moscow
collaboration is T 0ν

1/2 > 1.9× 1025y at 90% C.L. [27]. Using NME calculations from [39]
this corresponds to a limit for the effective Majorana mass of mββ < 0.35 eV . In 2001 a
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subgroup of the collaboration found a small peak at the expected position [40, 28] (see
fig. 2.2) and reported an evidence for neutrinoless double beta decay in 76Ge with an
half life in the range 0.7 ÷ 4.2 × 1025y (3 σ). Using NME from [39], this result would
convert into a value for mββ in the range 0.2 ÷ 0.6 eV. However, the discussion con-
cerning the possible evidence is quite controversial, mainly because the understanding
of the background in the region of the peak is not so clear. Further discussion on this
point is reported in chapter 3, where the results of the CUORICINO experiment are
presented.
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Figure 2.2: Energy spectrum measured by the Heidelberg-Moscow experiment around the Q-value of 76Ge
(2039 keV). Picture taken from [28].

The CUORICINO experiment [32] will be widely discussed in the following chapters.
It uses TeO2 bolometers operating at ∼ 10 mK to search for neutrinoless double beta
decay in 130Te. The detector is located at LNGS, under a 3400 m w.e. rock shield. With
a background level in the region of the 0νββ peak of 0.2 counts/(keV · kg · y), an energy
resolution of ∼7 keV at 2.6 MeV and a statistics of 11.83 kg · y, CUORICINO obtained
a limit on the 130Te 0νββ half life of T 0ν

1/2 > 3.0 × 1024y. Using NME from [41] this
translates into a limit on the effective Majorana mass of mββ < 0.2 ÷ 0.68eV .

Other competitive limits on neutrinoless double beta decay come from the Neu-
trino Ettore Majorana Observatory (NEMO 3 [42]). Being a tracking experiment,
NEMO 3 is not only able to measure the total released energy, but also the energy
of the single electrons, their angular distribution and the position where they are pro-
duced. NEMO 3 is located in the Frejus Underground Laboratory (France) under a
4800 m w.e. rock shield. The detector has a cylindrical structure composed by 20
identical sectors. In each sector a thin foil 0νββ source (30-60 g/cm2) is surrounded by
a He-filled tracking detector consisting in drift cells operating in Geiger mode. A mag-
netic field facilitates identification of the background produced by electron-positron
pairs. The tracking chambers are surrounded by plastic scintillators to measure the
energy of the two electrons. Thanks to the easy way in which the source foils can be
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replaced in the detector, NEMO 3 can be used to study any kind of 0νββ isotope.
Its great background rejection capabilities make this detector an ideal tool to study
the two neutrino double beta decay mode. At present seven isotopes have been inves-
tigated, 100Mo, 82Se, 116Cd, 150Nd, 96Zr, 130Te and 48Ca, but the source mass (about
10 kg) is fairly dominated by 100Mo (about 7 kg) and 82Se (about 1 kg). Figure 2.3
gives an idea of the background rejection capabilities of this experiment. It repre-
sent the measured 2νββ spectra for 100Mo and 82Se. The corresponding values for
the 2νββ half lives are T 2ν

1/2 = [7.11 ± 0.02(stat) ± 0.54(syst)] × 1018 y for 100Mo and

[9.6 ± 0.3(stat) ± 1.0(syst)] × 1019 y for 82Se. Limits on the 0νββ decay channel have
also been obtained by NEMO 3: T 0ν

1/2 > 4.6 × 1023 y (100Mo) and T 0ν
1/2 > 1.0 × 1023 y

(82Se). The corresponding upper limits for the effective Majorana mass range from 0.7
to 2.8 eV for 100Mo and from 1.7 to 4.9 eV for 82Se (see references in [29] for the NME
used to obtain these limits).
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Figure 2.3: Two neutrino double beta decay spectra after background subtraction for 100Mo (left) and
82Se (right) measured by NEMO 3. The black dots represent the data, the solid line is the 2νββ spectrum
expected from simulations and the shaded histogram is the subtracted background. Picture taken from [29].

2.3.2 Future experiments

In this section a brief description of the experiments that will start in the next years
is presented (see tab. 2.2). Next generation experiments aim at the investigation of
the effective neutrino Majorana mass in the range corresponding to the inverted mass
hierarchy region. Given the present limits, this corresponds to an increase of about one
order of magnitude in the mββ sensitivity. The projected sensitivity will be achieved
mainly by an increase of the detector mass and by a strong reduction of the background.

Gerda [43] (GERmanium Detector Array) is one of the two planned experiments
devoted to the study of 0νββ decay of 76Ge. The detector, which will be operated at
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Experiment Technique Isotope Mass [kg] T 0ν
1/2 [y] mββ [eV] Status

Gerda HPGe 76Ge 40 2 · 1026 0.07 ÷ 0.3 in progress
Gerda 1000 6 · 1027 0.01 ÷ 0.04 R&D

Majorana HPGe 76Ge 40 2 · 1026 0.07 ÷ 0.3 R&D
Majorana 1000 6 · 1027 0.01 ÷ 0.04 R&D
CUORE bolometers 130Te 200 2 · 1026 0.02 ÷ 0.09 in progress

EXO TPC 136Xe 200 6 · 1025 0.1 ÷ 0.2 in progress
EXO 1000 2 · 1027 0.02 ÷ 0.03 R&D

Super-NEMO tracking 82Se 200 2 · 1026 0.05 ÷ 0.1 R&D

Table 2.2: Experimental technique, isotope under investigation, source mass, expected half life sensitivity,
mββ sensitivity and current status are reported for the most sensitive next generation 0νββ experiments.
Expected sensitivities are those predicted by the authors (see references in the text).

LNGS, will be composed by bare HPGe semiconductor detectors immersed in liquid
Argon. This cryogenic liquid will serve both as cooling medium for detector operation
and as passive and active shield. The liquid Argon cryostat and its content will be
protected from environmental radioactivity by a 3 m thick layer of highly purified
water. Thanks to these shielding and to pulse shape analysis, the Gerda collaboration
plan to reach a background as low as 10−4 counts/(keV · kg · y) in the 0νββ region.
The experiment will be divided in two phases of increasing mass. In the first phase,
which will start data taking in 2009, the detectors previously operated by the IGEX
and Heidelberg-Moscow experiments will be redeployed. With a total detector mass
of ∼ 18 kg enriched in 76Ge at 86%, the first phase of Gerda is foreseen to reach a
sensitivity of 3 × 1025 y after one year of data taking, thus being able to confirm or
reject the claim of observation in 76Ge. In the second phase, when the total detector
mass will be of the order of 40 kg, a sensitivity of 2 × 1026 y (corresponding to mββ in
the range 0.07÷0.3 eV) will be reached in three years of data taking. Depending on
the results that will be achieved in the first two phases, a third phase with a mass of
the order of one ton could be supported.

MAJORANA [44, 45] will search for neutrinoless double beta decay of 76Ge using
semiconductor detectors. The ultimate goal of this experiment is to deploy an array of
segmented HPGe detectors enriched at 86% in 76Ge for a total mass of the order of one
ton. The detectors will be installed in several separate cryostats that will be hosted in
the Deep Underground Science and Engineering Laboratories (DUSEL, 4200 m w.e.)
in South Dakota. The MAJORANA collaboration plan to reach background level
smaller than 10−3 counts/(keV · kg · y) in the 0νββ region. The expected sensitivity
after ten years of data taking is 6 × 1027 y (mββ < 0.01 ÷ 0.04 eV ). A demonstrator
experiment with a total mass of 60 kg will be operated in three cryostats starting from
2010. About 50% of the detectors will be enriched at 86% in Ge while the remaining
part will have natural abundance and will be used for background studies. Despite its
main purpose is the R&D for the ton scale detector, with a sensitivity of ∼ 1026 y the
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MAJORANA demonstrator will be able in three years to confirm or reject the 76Ge
claim of observation.

With the same technique used in CUORICINO, the CUORE experiment [46, 47] will
operate an array of 988 TeO2 bolometers with a total mass of 760 kg (204 kg in 130Te).
In the assumption of a background level of 10−2 counts/(keV · kg · y) a sensitivity of
2 × 1026 y in five years of data taking is expected (mββ < 0.02 ÷ 0.1 eV ). CUORE is
expected to start data taking in 2012.

SuperNEMO [48] is a proposed upgrade of NEMO 3. It is currently in the R&D
phase. Main efforts are being spent to achieve a source mass of ∼100 kg of 82Se, but
an equivalent mass of other isotopes, such as 150Nd, could be investigated as well. The
projected sensitivity for the half life is of ∼ 2 × 1026 y, corresponding to an upper
limit on the effective Majorana mass in the range 0.05 ÷ 0.1 eV . Compared to other
experiments, SuperNEMO has the unique capability to accommodate several different
0νββ isotopes in the detector and to change the source foils rather easily. This feature
could be of great importance to check for a possible positive signal seen by other
experiments.

EXO [49] (Enriched Xenon Observatory) will search for double beta decay in 136Xe
using an approach that is rather different from other experiments [50]. The detector will
consist of a time projection chamber filled with liquid Xe enriched at 80% in 136Xe, able
to detect both ionization and scintillation light produced by the two electrons emitted in
double beta decay. In addition to energy measurement and position reconstruction the
EXO collaboration plan to identify the daughter ion produced in the decay (136Ba++),
which would reduce the background to a negligible level. Once a 0νββ candidate event
is identified, the ion is extracted from the detector and is put into a trap where it is
identified by laser spectroscopy. In the first phase of the experiment a 200 kg detector
prototype will be operated without ion tagging (EXO-200). The expected sensitivity
in this phase will be of ∼ 6 × 1025 y (mββ < 0.1 ÷ 0.2eV ). With a total mass of 1 ton,
the final EXO detector will reach a sensitivity of 2 × 1027 y (mββ < 0.02 ÷ 0.03 eV).

2.4 The bolometric technique

Bolometers are calorimeters operating at low temperature, in which the energy de-
posited by a particle is converted into phonons and is detected as a temperature vari-
ation.

Usually particle detectors are sensitive to a single energy release mechanism. For
example scintillators can measure the light emitted by atomic deexcitations, while
ionization detectors are sensitive to the electron-ion pairs that are produced in them.
In any case the main consequence is that only a small fraction of the total released
energy can be detected in these devices. Due to statistical fluctuations, this results
in an intrinsic limit in the energy resolution. In contrast bolometric detectors have a
much smaller intrinsic energy resolution, as almost all the released energy is eventually
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converted into heat, which is the physical quantity that these devices can measure.

The first proposal to use bolometers as particle detectors dates back to more than 70
years ago [51]. Since then these devices have been used in many research fields (X-ray
spectroscopy, material contamination analysis, dark matter search and others). Use of
big mass bolometers for rare events physics was proposed by Fiorini and Niinikoski in
1983 [52]. Nowadays the bolometric technique represents one of the most promising
approaches to the search of neutrinoless double beta decay. In the following the basic
operation principles of bolometers and a description of the various components of these
detectors are presented.

2.4.1 Working Principles

A bolometer can be essentially sketched as a two components object (see fig. 2.4): an
energy absorber and a sensor that converts thermal excitations into a readable signal.
The absorber must be coupled to a constant temperature bath by a weak thermal
conductance, which serves as heat discharger.

Denoting by C the heat capacity of the bolometer, the temperature variation induced
by an energy release E can be written as

∆T =
E

C
. (2.7)

The accumulated heat flows then to the heat sink through the thermal link and the
absorber returns to the base temperature with a time constant τ = C/G, where G is
the thermal conductance of the link:

∆T (t) =
∆E

C
exp

(

− t

τ

)

. (2.8)

In order to obtain a measurable temperature rise the heat capacity of the absorber
must be very small: this is the main reason why bolometers need to be operated at
cryogenic temperatures (of the order of 10 ÷ 100 mK).

heat sink

weak thermal

coupling

absorber

energy

release

sensor

Figure 2.4: Schematic repre-
sentation of a bolometric detec-
tor: an absorber is connected to
a heat sink through a weak ther-
mal coupling; a sensor for signal
readout is attached to the ab-
sorber.
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Thermal sensors used for signal readout are usually resistive elements with a steep
dependence of the resistance on the temperature. Two common choices are semi-
conductor thermistors and superconducting films kept at the transition edge, named
usually transition edge sensors (TES). TES have a rather fast time response (∼ µs)
but can be operated in a very narrow range of temperatures. In contrast semiconduc-
tor thermistors have a much slower time response (∼ms) but guarantee an adequate
sensitivity in a wider range of temperatures.

2.4.2 Energy Absorber

The specific heat of a material at low temperature is given by the sum of two contri-
butions, one coming from the thermal excitation of the lattice and the other related to
the conduction electrons:

c(T ) = cr(T ) + ce(T ) , cr ∼ T 3, ce ∼ T (2.9)

where ce and cr are respectively the electronic and lattice contributions. Due to the
different temperature dependence, the electronic specific heat is the dominant contri-
bution at sufficiently low temperatures. Therefore, to achieve a sufficiently low heat
capacity, the energy absorber of a bolometer is usually built of dielectric and diamag-
netic materials, in which the electronic contribution is not present. However this is not
a severe restriction, as it is satisfied by a wide range of materials.

The lattice specific heat can be written as [53]

cr(T ) =
12π4

5
Na kB

(

T

ΘD

)3

(2.10)

where Na, kB and ΘD are respectively the Avogadro number, the Boltzmann con-
stant and the Debye temperature. Thus another parameter that can influence the
choice of the material to build the energy absorber is the Debye temperature, as a
bigger value of ΘD results in a smaller specific heat.

In a very simplified model in which all primary phonons undergo the thermalization
process, an evaluation of the energy resolution can be obtained. Under this assumption
the energy resolution of the detector is only limited by the thermodynamic fluctuations
in the number of thermal phonons exchanged with the heat sink, which produces
random fluctuations in the energy content of the absorber. The internal energy E
of the absorber can be written as

E = C(T ) · T (2.11)

or, in terms of number of phonons

E = N · ǫ , (2.12)
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where N is the number of phonons and ǫ = kB · T is the average phonon energy.
Assuming that the number of phonons obeys to Poisson statistics the corresponding
energy fluctuations can be derived from the previous two equations:

∆E = ∆N · ǫ =
√

kB C(T )T 2 (2.13)

In practice a dimensionless factor ξ must be introduced in eq. (2.13) to account
for the details of the experimental configuration, but this factor can be made of the
order of unity with proper optimizations. It should be stressed however that at least
in the case of the CUORE bolometers, thermodynamic fluctuations give a negligible
contribution to the overall energy resolution. It is easy to evaluate from eq. (2.13) that
for the typical values of CUORE (C ≃ 10−9 J/K and T ≃ 10 mK) the thermodynamic
fluctuations would result in an energy resolution of ∼ 10 eV , which is well below the
actual resolution of CUORE (few keV).

2.4.2.1 Thermalization of deposited energy

Upon the arrival of a particle, the energy release process that eventually lead to de-
tectable thermal phonons can occur through interactions with the lattice (nuclear chan-
nel) or with the electrons in the absorber material (electronic channel) [54].

The nuclear channel is relevant for α and β particles, but not for electromagnetic
radiation. When the thermalization process occurs via this channel there is the pos-
sibility that a fraction of the released energy remains trapped in structural defects of
the absorber, thus causing a degradation in the energy resolution. The fraction of lost
energy depends on the incident particle: it is negligible for electron and photons, but
it can worsen the resolution to few hundreds eV for an α particle with an energy of
some MeV.

In the case of electronic channel the interacting particle produces electron-hole pairs
in the absorber material. These charge carriers, initially produced in the vicinity of the
interaction point, spread very quickly in the detector and interact to each other until a
quasi-equilibrium condition is reached. Afterwards they undergo interactions with the
lattice sites. In this step a large fraction of the initial energy is transferred to the lattice
as vibrational excitations (phonons), but it is possible for part of the energy to leave
the crystal or to be stored in stable or meta-stable states. Radiative recombinations of
electron-hole pairs with the escape of the emitted photon, non radiative recombinations
that take too much time compared to signal development, trapping of electrons and
holes in impurity sites or lattice defects can cause a worsening of the energy resolution.

Electron-hole pairs recombinations and scattering on lattice impurities produce high
energy and low momentum phonons in the optical branch, which in turn decay in a
very short time (of the order of 100 ps) in longitudinal acoustic branch (LA) phonons
(see fig. 2.5).

As the decay obeys to energy and momentum conservation, each phonon from the
optical branch typically produces two LA phonons with opposite momentum and energy
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Figure 2.5: Mono-dimensional representation of the phonon dispersion curve.

of the order of kBΘD. However this energy is still much higher than the average
phonon energy in thermal equilibrium. The thermalization proceeds then through
phonon-phonon interactions, scattering on impurities and on crystal surfaces. The first
mechanism is possible thanks to the anharmonicity of the lattice potential, and leads to
the production of phonons in the transverse acoustic branch. Since energy degradation
through phonon-phonon interactions becomes less effective as long as the phonon energy
is approaching the equilibrium temperature, in the last stage of thermalization the
dominant process becomes scattering on impurities and crystal surfaces.

2.4.3 Sensor

The phonon sensor is basically a device able to convert thermal excitations into an
electrical signal. Two kind of sensors are commonly used: semiconductor thermistors
(ST) and transition edge sensors (TES). In both cases the working principle is based
on the steep dependence of their resistivity on the temperature, even if the physical
origin for this behavior is rather different in the two devices.

Thermal sensors are characterized by their logarithmic sensitivity, given by the
expression

A =

∣

∣

∣

∣

d logR(T )

d log T

∣

∣

∣

∣

. (2.14)

It follows from the previous definition that
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Figure 2.6: Representation of the hopping conduction mechanism

dR

R
= A

dT

T
. (2.15)

Typical values of A are of the order of 10 for ST and roughly 100 for TES. TES
are made of semiconducting films operating close to the critical temperature. Besides
having a much higher sensitivity compared to ST, these devices are intrinsically fast,
and are able to detect athermal phonons. However given the physical principle on
which TES are based, their sensitivity is limited to a sharp temperature range.

In the following the attention will be focused on semiconductor thermistors, as
CUORICINO and CUORE use this kind of devices. ST are semiconductors containing a
doping concentration slightly below the metal-insulator transition (MIT) [55].

In a doped semiconductor the conduction is dominated at sufficiently low temper-
ature (∼ 10K) by the migration of charge carriers between impurity sites. If the
doping concentration is high enough, the wave functions of the external electrons of
neighbor impurity sites overlap. In this situation the electrons are not localized and
the conduction occurs without using the conduction band (hopping mechanism). As
schematically depicted in fig. 2.6, this effect is due to quantum-mechanical tunneling
through the potential barrier that separates the two dopant sites and is activated by
phonons.

At even lower temperature, the energy of the phonons that are responsible for the
conduction mechanism is low, and charge carriers migrate also on spatially far impurity
sites with free energy levels that are close to the Fermi energy. In this conduction
regime, called variable range hopping [56] (VRH), the concentration of minority charge
carriers plays a crucial role, as it determines the density of the states in the vicinity
of the Fermi level. In the VRH conduction regime the resistivity of the sensor has a
steep dependence on the temperature:
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ρ(T ) = ρ0 exp

(

T0

T

)γ

, (2.16)

where ρ0, T0 and γ are parameters that depend on the doping level. From eq. (2.16)
the logarithmic sensitivity for semiconductor thermistors can be easily derived:

A = γ

(

T0

T

)γ

. (2.17)

By replacing in the previous expression the typical values for γ and T0 (1/2 and few
K respectively) it can be seen that for a sensor operating at 10 mK the logarithmic
sensitivity is roughly 10.

2.4.4 Detector operation

In order to convert the resistance variation into a readable voltage signal, the sensor is
polarized by the simple circuit shown in fig. 2.7(a). A bias current IB is produced by a
voltage generator closed on a load resistance that is put in series with the thermistor.
The load resistance RL is set much bigger than the sensor resistance R(T ), so that
the bias current can be assumed to be constant. In these conditions a voltage drop
V (T ) = I · R(T ) appears across the thermistor, causing on it a power dissipation
P = I · V . This in turn produces an increase of the sensor temperature and therefore
its resistance is decreased. There is therefore an equilibrium condition when the power
dissipated on the sensor equals the heat dissipation versus the thermal bath. Denoting
by T0 the detector base temperature and by G the thermal conductance versus the
bath, the equilibrium temperature of the sensor is given by the expression

Tbol = T0 +
P

G
. (2.18)

The dependence of the sensor resistance on the dissipated power is depicted in
fig. 2.7(b).

Because of the dependence of the resistance on the bias current, the characteristic
I − V curve of the detectors deviates from linearity, giving rise to the non-ohmic
behavior represented in fig. 2.8(a). For small values of the bias current the temperature
rise produced by power dissipation can be neglected and the I−V curve is almost linear.
For bigger values of IB the slope of the I−V curve starts to increase, until an inversion
point is reached, where a further increase of the bias current causes a decrease of the
sensor voltage. As represented in fig. 2.8(a) the working point of the detector can be
found by the intersection of the load curve with the load line imposed by the bias
circuit: IB = (VB + Vbol) /RL, where VB is the bias voltage. It is chosen to maximize
the signal amplitude or more precisely the signal to noise ratio. As represented in
fig. 2.8(b) this usually correspond to a bias current at halfway between the end linear
range and the inversion point.
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Figure 2.7: 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
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The signal amplitude produced by an energy release E can be estimated as follows.
In static conditions the voltage over the sensor is given by

Vbol = VB
Rbol

RL +Rbol

, (2.19)

where VB is the bias voltage of the polarization circuit. The voltage pulse produced
by an energy release can be written as
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∆Vbol = VB
RL

(RL +Rbol)
2 ≃ E

C Tbol

A
√

P Rbol , (2.20)

where eq. (2.7) and eq. (2.14) have been used. The signal amplitude in eq. (2.20)
vanishes for both P → 0 and P → ∞, as for big power dissipation the logarithmic
sensitivity and sensor resistance approach rapidly to small values.

A typical pulse produced by a particle interacting in a bolometers is represented in
fig. 2.9. Using some numbers relative to the CUORE bolometers it is possible to have
an idea of the magnitude of the produced signal. A typical value for the absorber heat
capacity is C ≃ 10−9J/K at 10 mK, thus an energy release of 1MeV would result in
a temperature rise of ∼ 0.1mK. Since the typical voltage drop across the sensor is of
few mV in static conditions, the pulse height produced by the energy release of 1 MeV
is given by ∆V/V ∼ ∆R/R ∼ A∆T/T ∼ 100µV .
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Figure 2.9: Typical pulse shape produced by a particle interacting in a bolometric detector.





Chapter 3

The CUORICINO experiment

3.1 Introduction

The use of bolometric detectors for the search of neutrinoless double beta decay was
proposed by Fiorini in 1984 [52]. Since more than twenty years his research group has
been developing cryogenic detectors of increasing mass. The successful operation of
a 340 g Tellurium dioxide crystal [57] was followed by the construction of a detector
array composed by 20 crystals, for a total mass of 6.8 kg of TeO2 (MiDBD [58]).

A further mass increase was obtained with the recently completed CUORICINO ex-
periment [32, 59, 60]. Operated in the Laboratori Nazionali del Gran Sasso in the years
2003-2008, CUORICINO was composed by a tower of 62 TeO2 bolometers, with a total
mass of ∼41 kg. The experiment was able to set a lower limit of 3.0 × 1024 y for the
0νββ half life of 130Te (mββ < 0.2 ÷ 0.68 eV ). At present the CUORICINO results rep-
resent one of the most competitive limits for the effective Majorana mass, comparable
with the ones obtained with Germanium detectors [27, 38]. Furthermore, it has been
a unique test bench for the next generation CUORE experiment, which is currently in
the construction phase. The excellent performance obtained with CUORICINO demon-
strates the feasibility of a ton scale bolometric experiment aiming at the investigation
of mββ in the inverted mass hierarchy range.

In this chapter the experimental set-up, the analysis procedures, the detector per-
formance and the physics results obtained by CUORICINO will be presented.

3.2 Experimental setup

CUORICINO is an array of 62 TeO2 bolometers arranged in a tower of 13 floors (fig. 3.1(a)).
Eleven floors are made of four 5 × 5 × 5 cm3 crystals each (fig. 3.1(b)), while the two
remaining floors are composed by nine 3 × 3 × 6 cm3 crystals each (fig. 3.1(c)). All
crystals have natural abundance of 130Te (34%), apart for four 3 × 3 × 6 cm3 crystals:
two of them are enriched in 130Te (82%) and the other two are enriched in 128Te (75%).
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The mass of the big crystals is of about 790 g, while the mass of the small crystals is
330 g. The total detector mass is 40.8 kg (11.8 kg in 130Te).

The experiment is located in the Hall A of the Laboratori Nazionali del Gran Sasso,
under a mountain that provides a ∼3400 m w.e. shield against cosmic rays. In the
underground laboratories the muon flux is reduced to ∼ 3 × 10−8 µ cm−2s−1 [61] and
the neutron flux to ∼ 10−6 n cm−2 s−1 [62]. The mechanical structure of the tower is
made of OFHC Copper, and the crystals are fixed to it by mean of Teflon supports.
The thermal pulses are read by neutron transmutation doped (NTD) thermistors (see
sec. 3.4), thermally coupled to each energy absorber. Since thermal drifts would induce
variations in the response of the detectors, the tower is maintained at a constant
temperature by a feedback stabilization circuit, fed by the signal of a thermometer
that is attached on the mechanical structure of the detector [63]. Fine gain drift
corrections are applied offline by exploiting the fixed energy thermal pulses that are
injected every few minutes in the crystals [64]. These stabilization signals are generated
by dissipating an electrical pulse of fixed energy on a Si resistor attached to each energy
absorber. They have a time duration much shorter than the typical thermal response
of the detector, and the produced signals have a shape that is almost indistinguishable
from the ones produced by particle interactions. These signals, usually called heater
pulses, are flagged by the data acquisition system and are used offline to correct gain
fluctuations induced by temperature drifts.

(a)

(b)

(c)

50 mm

50 mm

50 mm

(d)

Figure 3.1: On the left the entire
CUORICINO tower is shown. The top
right picture shows one of the eleven
floors composed by four crystals, while
the bottom left picture shows one of the
two nine crystals floors. The picture over
the caption shows a 5 × 5 × 5 cm3 TeO2

crystal.
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About once per month a few days energy calibration is performed by inserting 232Th
sources between the cryostat and the external lead shields. Typical energy spectra
obtained in calibration measurements are reported in fig. 3.2.

Figure 3.2: Typical energy spectra obtained in a few days calibration in CUORICINO. The top figure
represents the spectrum for the 5 × 5 × 5 cm3 crystals while the bottom one is for the 3 × 3 × 6 cm3

crystals.

All the materials used to construct the CUORICINO tower were selected after rigor-
ous radioactivity checks and dedicated procedures were developed to clean them. The
crystals were grown using previously tested low radioactivity powders by the Shanghai
Institute of Ceramics (SICCAS) and were shipped to Italy by boat and stored under-
ground to minimize activation by cosmic ray interactions. The cleaning procedures, as
well as the detector assembly, were performed in a N2 atmosphere using glove boxes
to minimize surface recontaminations.

The CUORICINO tower is hosted in a dilution refrigerator that allows to operate the
detectors at a temperature of ∼ 8 mK (see fig. 3.3). To avoid heating due to vibrations
the tower is mechanically decoupled from the cryogenic apparatus using a stainless
steel spring.

Several shields are used to minimize the background. The tower is surrounded by
a 1.2 cm low activity Roman lead layer (210Pb activity < 4mBq/Kg [65]) maintained
at 600 mK to avoid the radioactive background coming from the cryostat radiation
shields. The thickness of the Roman lead layer is increased to 10 cm on top of the
detector in order to protect it from contaminations in the dilution unit. The cryostat is
surrounded externally by two 10 cm thick lead shields. The internal one has an activity
of 16 ± 4 Bq/kg in 210Pb while the external one is made of standard commercial lead.
The background due to environmental neutrons is reduced by a 10 cm thick borated
polyethylene shield. The cryostat is also surrounded by a box continuously flushed
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Figure 3.3: Sketch of the CUORI-
CINO apparatus showing the tower hang-
ing from the mixing chamber of the dilu-
tion refrigerator and the detector shield-
ings.

with clean N2 to reduce Radon contaminations, and it is enclosed in a Faraday cage to
avoid electromagnetic interference.

3.3 Energy absorber: the choice of TeO2

The use of TeO2 crystals as absorbers for the bolometric search of neutrinoless double
beta decay has undergone exhaustive and convincing validations in CUORICINO and
its predecessor experiments. It is motivated by various reasons, some of them related
to the 0νββ candidate isotope (130Te) and others related to the cryogenic properties of
this material. Double beta decay of 130Te occurs through the transition

130Te → 130Xe + 2e− (+2ν) . (3.1)

The most striking feature of 130Te compared to other 0νββ isotopes is the high
natural abundance (see fig. 3.4). In contrast to other materials, which usually need
to be enriched to obtain a sufficient sensitivity in a reasonable detector mass, the
abundance of 130Te allows to build an experiment with natural Tellurium. This is a big
advantage both in terms of costs and material cleanliness, as enrichment procedures
often introduce radioactive contaminations.

In addition 130Te has a reasonably high transition energy (Qββ = 2530.3±2.0 keV [66]).
This corresponds to an high phase space factor (G0ν ∼ Q5) and a low contribution to
the background from 2νββ decay (the fraction of 2νββ counts in the region of the 0νββ
peak scales as 1/Q5). It has been discussed in sec. 2.2 that experiments using isotopes
with Q-values above 2615 keV are affected by a much lower radioactivity background.
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Figure 3.4: Graphical representation of natural abundances and Q-values for several commonly used 0νββ
isotopes. The dashed line at 2615 keV represents the highest energy natural radioactivity γ. Isotopes with
Q-values above this energy benefit of a much lower background.

Even if 130Te does not satisfy this condition, its Q-value is in a quite favorable posi-
tion, as it lies between the Compton edge and the photoelectric peak from 208Tl, in an
energy window characterized by low natural radioactivity.

The possibility to use pure Te crystals as bolometer absorbers was taken into ac-
count, but it was ruled out mainly because of the poor mechanical properties of this
material at low temperature. Stress caused by the differential thermal contractions
occurring between the various materials constituting the detector, as well as the effect
of repeated thermal cycles revealed to produce excessive damage on pure Te crystals.
However this does not have a great impact in terms of detector sensitivity, as the Tel-
lurium mass content of TeO2 is still quite high (80%). Moreover TeO2 has a higher
Debye temperature compared to pure Te: this implies lower specific heat and thus
higher thermal pulses.

3.4 The thermal sensor

In CUORICINO the thermal pulses produced in the absorber are converted into electri-
cal signals by mean of neutron transmutation doped (NTD) Germanium thermistors
operating in the VRH regime. As already explained in sec. 2.4.3 the resistance of these
devices has a strong dependence on the temperature:
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R(T ) = R0 exp

(

T0

T

)γ

. (3.2)

Typical values for R0 and T0 are 2 Ω and 3K respectively, while γ = 1/2. In order
to obtain uniform values for the working resistance and for the logarithmic sensitivity
a great control is needed on the uniformity and the concentrations of the dopants. This
is obtained by exposing Ge wafers to a neutron flux from a nuclear reactor, where the
following reactions occur:

{

70Ge(a.i. = 21%) + n→ 71Ge + γ (σT = 3.43 ± 0.17b, σR = 1.5b)
71Ge + e− → 71Ga + νe (τ1/2 = 11.4d)

{

74Ge(a.i. = 36%) + n→ 75Ge + γ (σT = 0.51 ± 0.08b, σR = 1 ± 0.2b)
75Ge → 75As + e− + ν̄e (τ1/2 = 83min)







76Ge(a.i. = 7.4%) + n→ 77Ge + γ (σ = 0.160 ± 0.0014b, σR = 2.0 ± 0.35b)
77Ge → 77As + e− + ν̄e (τ1/2 = 11.3h)
77As → 77Se + e− + ν̄e (τ1/2 = 38.8h)

(3.3)
In eq. (3.3) σT and σR refer to the thermal and resonance neutron capture cross

sections respectively. The first reaction produces an acceptor (71Ga), the second one
produces a donor (75As) while the last one produces a double donor (77Se). Natu-
ral abundances of Germanium are such that this doping technique allows to obtain
the right net dopant concentration (given by the difference between the acceptor and
donor concentrations), which is a key quantity in the determination of the sensor per-
formances.

To obtain the correct doping concentrations it is important to have a stable neutron
flux and the neutrons energy distribution must be kept under control: an excess of
fast neutrons (E > 5 MeV) would produce radioactive contaminants such as 3H, 65Zn
or 68Ge that would result in an increase of the background.

In order to measure the performance of the doped thermistors it is necessary to
wait for the decay of the activation product 71Ge (τ = 11.4d). Given the high neutron
flux to which the Germanium wafers are exposed it is necessary to wait at least few
months before the sensor can undergo a thermal performance test. Therefore, to have
at least a rapid indication of the doping concentrations, Germanium wafers are exposed
to the neutron flux together with several metal foils. By measuring the concentration
of the long lived isotopes produced in these metal foils after the neutron irradiation it
is possible to extract the neutron fluxes and thus the corresponding doping levels in
the Ge wafers.

After the decay of 71Ge the wafers are treated with heat to repair the crystal struc-
ture and are cut in 3×3×1mm3 strips. The characteristic parameters of each thermistor
are then measured at cryogenic temperatures as described in [67].
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3.5 The single module

The CUORICINO detector has a modular structure, where the basic element is repre-
sented by a single floor (see fig. 3.1). The design of the single module must satisfy
stringent requirements concerning mechanical properties, thermal performances and
radioactivity constraints. Thermal coupling between the crystals and the heat sink, as
well as the ones with the NTD sensors, must guarantee a good performance of the de-
tector. At the same time the geometry of the various parts of the single module must be
properly designed, preventing the differential thermal contractions from breaking the
crystals or leaving them too loose. All these requirements have to be met by using only
those materials that were measured to have low enough radioactive contaminations.

A detail of the CUORICINO single module is shown in fig. 3.5. It is composed by
four 5 × 5 × 5 cm3 (or nine 3 × 3 × 6 cm3) crystals enclosed in a pair of OFHC copper
frames which serve both as mechanical supports and thermal bath for the detectors.
The two frames are connected to each other by four small columns, also made of copper.

Figure 3.5: Detail of the CUORI-
CINO single module. The crystal is hold
by OFHC copper frames which also rep-
resent the thermal bath for the detectors.
In the picture the Teflon holders and the
NTD sensor are also visible.

The crystals are connected to the copper frames by small Teflon supports that
represent the weak thermal conductance versus the heat sink and compensate the
different thermal contractions of TeO2 and copper.

The NTD sensors are attached to the crystals using Araldit Rapid, Ciba Geigy
epoxy glue. Since a flat glue deposition would cause the sensor to detach from the
crystal surface because of differential thermal contractions, the glue is deposited in
nine separate spots, with a diameter of 0.7 mm each. The thermal conductance of the
glue spots was measured experimentally and the phenomenological relation revealed to
be G ≃ 2.6 × 10−4T 3 [W/K/spot] [68], where T is in K. The same gluing technique
is used to apply on each detector the Si resistor used to feed the crystal with heater
pulses. Electrical connections for both the NTD sensor and the Si resistor are made
with two 50µm diameter gold wires, bonded to metalized surface of the two chips.
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The wires are crimped on the opposite side into copper pins that pass through the
mechanical structure of the single module (see fig. 3.5).

3.6 Signal readout

The electrical connection of the bolometric signals from 10 mK to room temperature
is divided in two parts. After coming out from the single module, the signal runs along
the CUORICINO tower over a twisted pair of low radioactivity Constantan wires, until
it reaches the mixing chamber. From this point on, the signal is delivered over a pair
of twisted coaxial cables made of a core of superconductive NbTi alloy surrounded by
a CuNi low resistance alloy. Passing through several thermalization stages these wires
reach the front end electronics boards that are located at room temperature.

The CUORICINO readout chain is designed keeping in mind the characteristics of
the signals to be recorded. First of all it should give a negligible noise contribution
in the frequency band of the detector signal (∼ 1 Hz to few tens of Hz); this is true
mainly for the first part of the readout chain (biasing circuit and preamplifier), as the
signals to be read have small amplitudes at this stage (typical voltage signals across the
thermistors have an amplitude of ∼ 100µV). In addition It should be able to account
for the wide spread in the dynamic response of different detectors; compared to other
kind of detectors bolometers are particularly demanding in this regard. Signals must
be acquired in DC, as the amplitude of thermal pulses depends not only on the amount
of released energy, but also on the base temperature of the detectors; as a consequence
the voltage drift introduced by the readout system must be negligible over long time
measurements. Moreover, since bolometers are much sensitive to vibrational noise,
the design of the readout system should provide remote programmability to avoid
mechanical interventions in the vicinity of the bolometers during data taking.

The analog part of the readout system performs mainly three operations: thermistor
biasing, signal amplification and signal filtering. All the programmable parameters for
the front end electronics and for the biasing circuit can be selected remotely using a
I2C bus, allowing a channel by channel detector optimization.

The basic concepts of the biasing circuit are explained in sec. 2.4.4. Thermistor
biasing is accomplished by applying a programmable voltage across a series combination
of the thermistor and two load resistors, as shown in fig. 3.6. The load resistors must
be big compared to the sensor resistance, so that the bias current can be assumed to
be constant even in presence of signals. Since the typical sensor resistance is of the
order of 100 MΩ at 10 mK, the load resistor are chosen to be 27 GΩ each.

In order to account for the spread in the static resistance of different detectors a
programmable offset voltage is added to the thermistor signals before the amplification
stage. This offset allows to obtain a signal, at the end of the readout chain, that is
suitable for the range of the ADC boards (0÷10V).

The amplification stage consist of a first low noise differential voltage sensitive
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Figure 3.6: Schematic of the thermistor biasing system. The dashed box represent the part of the detector
that is located at low temperature.

preamplifier with fixed gain (G=218) followed by a second programmable gain am-
plifier [69]. The total gain of the readout chain can be set to values in the range
448÷10000 V/V. The differential configuration has been adopted to minimize cross
talk and microphonic noise coming from the wires inside the cryostat, where the signal
amplitude is still of the order of ∼100µV. In order to investigate the contribution of
these noise sources to the overall energy resolution, for several readout channels the
preamplifier stage, as well as the load resistors, were housed inside the cryostat, at a
temperature of ∼110 K. For channels using this configuration the length of the wires
running from the NTD sensors to the preamplifier was reduced from 5 m to 1 m.

The noise reduction provided by cold electronics does not improve the detector sen-
sitivity for double beta decay search, since other factors dominate the resolution at high
energy. The noise coming from readout chain over the signal bandwidth is dominated
by the Johnson noise of the load resistors and from the preamplifier stage. The total
contribution is of ∼90 nVFWHM , which is negligible compared to the ∼1 µVFWHM ob-
served on the best performing bolometers at 2.5 MeV. However a noise reduction could
be important for the study low energy part of the spectrum, where a better energy
resolution is achieved. This could be useful for example for dark matter search.

After the amplification stage the signal goes through an anti aliasing 6 poles Bessel
low-pass filter with an attenuation of 120 dB/decade and programmable cutoff fre-
quency (in the range 8-20 Hz). Signals are then acquired by commercial 16 bit digi-
tizing boards operating in the range 0÷10 V. Given the low event rate and the small
bandwidth of the signals it was possible to implement a software trigger algorithm.
Signals are shaped by a digital filter to remove the DC component and are saved if
their amplitude exceeds the threshold for a given amount of time. Trigger parameters
can be set independently for different channels. When a trigger is found, the signal
is recorded in a window of ∼4 s, with a sampling period of 8 ms (125 Hz). In order
to have an estimate of the detector temperature at the time of the pulse, about one
second of detector baseline preceding the trigger is recorded too. Selected events are
then written to disk for offline processing.
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3.7 First level analysis

The CUORICINO data analysis proceeds through two steps. First level analysis aims
at determining the energy and several pulse shape parameters associated to each raw
pulse waveform recorded by the data acquisition system. Starting from these quantities,
second level analysis allows to extract the physical informations that are relevant for
the scientific goals of the CUORICINO experiment. In this section the first level analysis
procedures will be discussed.

The first operation to be performed in offline analysis is the association of an ampli-
tude to each recorded waveform. Since thermal pulses are superimposed to stochastic
noise, a simple maximum-minimum algorithm would not give optimal results. Instead
the optimum filter (OF) technique is used. Based on the approach described in [70],
this algorithm has proven to provide the best estimate of the pulse amplitude and, as
a consequence, the best energy resolution. The basic concept is to build a filter that,
when applied to the raw waveform, produces a pulse as output with the best signal
to noise ratio. The filtered pulse is then used to evaluate signal amplitude. It can be
proven that in the frequency domain the OF transfer function H(ω) is given by

H(ω) = K
S∗(ω)

N (ω)
e−jωtM , (3.4)

where S(ω) is the Fourier transform of the ideal thermal signal (without noise), N (ω)
is the noise power spectrum, tM is the arrival time of the pulse and K is an arbitrary
constant that is fixed when the pulse amplitudes are converted into the corresponding
energy values. The role of the optimum filter is to weight the frequency components
of the signal in order to suppress those frequencies that are more affected by noise.
It can be seen from eq. (3.4) that, in order to build the filter, the ideal shape of
the pulse and the noise power spectrum must be known for each bolometer. The
ideal detector response is usually estimated by averaging a large number of recorded
raw pulses, so that the noise associated to each of them averages to zero. N (ω)
is obtained by acquiring many detector baselines in absence of thermal pulses and
averaging the corresponding noise power spectra. In addition to the best estimate of the
pulse amplitude, several pulse shape parameters can be obtained from the comparison
of the real and ideal filtered pulses. These parameters are used to reject spurious signals
produced by microphonic and electronic noise.

After that the pulse amplitude has been evaluated using the OF technique, gain
instability corrections are applied to data. It has been previously discussed that because
of the dependence of the detector response on the working temperature, the same
amount of released energy can produce thermal pulses of different amplitudes. Gain
instabilities are corrected exploiting the fixed energy reference thermal pulses produced
every few minutes on each bolometer by mean of the Si heater resistor attached on them
(see sec. 3.2). A typical trend for the reference pulse amplitude as a function of the
detector baseline (which is in turn a function of the detector base temperature) before
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and after gain instability corrections is shown in fig. 3.7.

Figure 3.7: Heater pulse amplitude as a function of the detector baseline before (left) and after (right)
gain instability corrections. Stabilized heater amplitudes are usually reported to the nominal amplitude of
5000. This arbitrary scaling factor is eliminated when pulse amplitudes are converted into energy values.

The relation ∆V (VB) between the heater pulse amplitude and the baseline value is
found by a fit on the left plot in fig. 3.7. The gain correction factor is then obtained as

α(VB) =
∆V ref

∆V (VB)
(3.5)

where ∆V ref ≡ ∆V (V ref
B ) and V ref

B can be arbitrarily chosen. Assuming that the
gain correction factor α(VB) is the same for all energies, it can be used to adjust the
amplitudes of all pulses. The effect of gain instability corrections is visible in fig. 3.8.

The final step of first level analysis is the conversion of the stabilized OF amplitudes
into the corresponding energy values. As explained in sec. 3.2 detector energy calibra-
tion is performed about once per month by inserting a 232Th source in the vicinity of
the detector. Pulse amplitude spectra from calibration measurements show several γ
peaks that are not visible in standard background measurements, because of the low
radioactivity content of the detector materials. A polynomial fit is applied to these
peaks to obtain a E(∆V) conversion curve that is then applied to background measure-
ments to obtain the corresponding energy spectra. Background measurements between
two consecutive calibrations are usually grouped into a data set. A check is performed
to ensure that the energy conversion curves E(∆V) obtained from the two calibrations
performed before and after each data set are compatible with each other.

3.8 CUORICINO background and 0νββ results

Second level analysis can proceed through different steps, depending on the physics
goal of the analysis being performed. One could search for events contained in a single
crystal, using all other detectors as active veto, or could search for coincident events in
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Figure 3.8: Comparison between energy spectra before (dashed line) and after (continuous line) gain
instability corrections. The two visible lines in the stabilized spectrum are due to γs from the 232Th
calibration source.

neighbor crystals; relative intensities of different γ peaks, or continuum counting rate
in a given energy window can be studied to characterize different background sources.
Here the attention will be focused on the search of neutrinoless double beta decay and
the study of the background in the energy range where the signal is expected.

3.8.1 Data taking and detector performance

CUORICINO data taking started in march 2003. Several wiring connection broke during
the detector cool down procedure, so that only signals from 32 over 44 5 × 5 × 5 cm3

crystals and 17 over 18 3 × 3 × 6 cm3 crystals could be acquired. Since the active
mass was anyway quite large (∼30 kg of TeO2) and the detector performance was
satisfactory, data taking continued for few months. In November 2003 the tower was
warmed up at room temperature to perform maintenance operations and to recover
lost connections. Data taking restarted in may 2004 with the full operation of all
detectors. This interruption set a marking point dividing the data taking in Run1
(prior to November 2003) and Run2 (from April 2004 to June 2008).

The performance of the detectors in the two runs was excellent. The average energy
resolution was 7 keV for the big crystals and 9 keV for the small ones. The best
detectors had a resolution of 5 keV. Energy resolution was evaluated as the FWHM
of the 2615 keV 208Tl gamma peak observed in calibration measurements. Similar
energy resolution was obtained from the 208Tl line that was visible also in background
measurements summed over long time periods. Excluding the interruptions for the
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maintenance of the cryogenic apparatus, the live time of the experiment was evaluated
to be ∼70%.

3.8.2 Background analysis

The background observed by CUORICINO can be grouped in two categories, depending
on whether it comes from outside the detector (external background) or from the
detector itself and the passive materials that surround it (internal background).

External background is produced by neutrons, muons, and natural radioactivity in
the underground laboratories. It can be reduced to a negligible level by proper detector
shielding, as already discussed in sec. 3.2.

Internal background comes from the radioactive contaminations in the cryostat radi-
ation shields, the mechanical structure of the tower and the crystals themselves. Apart
for the most external cryostat radiation shields, from which the crystals are protected
by a low radioactivity Roman lead layer (see sec. 3.2), there is no way to protect the
detector from the internal background sources. The only available solution is to elimi-
nate them by proper material selection and cleaning. As will be discussed in chapter 5,
this is one of the guidelines of the R&D activity for the CUORE experiment.

Figure 3.9 shows the background measured by the 5 × 5 × 5 cm3 crystals in CUORI-

CINO. It was obtained by summing the single crystal energy spectra over the whole
data taking of the experiment. The three histograms represent the single hit, double
hit and total energy spectra. Single hit spectrum was obtained using the detector array
as a veto, thus selecting events in which only one crystal was hit within a coincidence
time window of ∼100 ms. Double hit spectrum was obtained from the requirement
that two crystals were hit in the same coincidence time window.

The 0νββ detection efficiency has been evaluated using Monte Carlo simulations: in
86% of the cases the two emitted electrons are fully contained in the crystal where the
decay occur. Therefore the 0νββ signal should appear as a peak at ∼2530 keV in the
single hit spectrum. Thus, the capability of operating the detectors in anti-coincidence
allows to reduce the background. Due to the way in which the crystals are arranged,
this reduction is not much effective for CUORICINO, but it will play a fundamental
role in the tight-packed structure of CUORE. Even in CUORICINO, by studying the
differences between coincidence and anti-coincidence spectra it is possible to extract
important informations concerning the nature and the location of background sources.

Source 208Tl 0νββ 3-4 MeV

TeO2
238U and 232Th surf. cont. - 10±5% 20±10%

Cu 238U and 232Th surf. cont. 15% 50±20% 80±10%
232Th cont. in cryostat Cu shields 85% 30±10% -

Table 3.1: Main contributions to the CUORICINO background. The values refer to the background in
the 0νββ region, in the 208Tl peak and in the region between 3 and 4 MeV.
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Figure 3.9: CUORICINO background. The black histogram represents the total energy spectrum; the
orange filled histogram is the anti-coincidence spectrum (a single hit in a coincidence window of ∼100 ms)
and the blue filled histogram is the double hit spectrum (two events occurred in the same ∼100 ms time
window).

CUORICINO has a background of 0.18 counts/(keV·kg·y) in the 0νββ region, the
main contributions coming from the sources reported in tab. 3.1. As shown in fig. 3.10
the background differs by about 30% on the two side of the 2615 keV 208Tl line. This
line, from the 232Th decay chain, is the highest γ line produced by environmental
contaminations and is the only possible γ contribution (through Compton events) to
the 0νββ background. The other two peaks appearing in the spectrum shown in
fig. 3.10 are the 2448 keV line from 214Bi, and the 2505 keV sum line produced by the
interaction in the same crystal of the two γs emitted in 60Co β decay. Given the good
energy resolution, events from these two peaks produce a negligible contribution to the
0νββ background.

By comparing the intensities of the 208Tl gamma line with other lower energy γs
from the 232Th chain it is possible to evince that the contamination is located relatively
far from the detector, probably in some external cryostat thermal shield. Based on
this guess on the source position, the contribution from the 208Tl line to the 0νββ
background reported in tab. 3.1 was extrapolated using Monte Carlo simulations.

The background counts measured by CUORICINO on the right hand side of the 208Tl
peak are produced mainly by degraded α particles from U and Th contaminations that
are presumably located on the crystals and on the passive materials surrounding them.
They produce a continuum in the energy spectrum that extends below the 208Tl peak
and thus contributes to the background in the 0νββ region. As shown in fig. 3.11,
α peaks can be easily identified in the CUORICINO energy spectrum. From the study
of their position and shape it is possible to extract informations on the location of the
radioactive contaminants (see fig. 3.12).

If the source is located within the crystals, both the α particle and the associated
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Figure 3.10: CUORICINO background in the 0νββ region. The black histogram is the single hit spectrum,
while the blue filled histogram is the double hit spectrum. The 0νββ signal should appear as a peak at
2530 keV.

nuclear recoil release their energy inside the crystal and a sharp Gaussian peak is
produced in the spectrum. In case the contamination is located on a very thin layer in
the vicinity of the surface of the crystals or the passive materials, the α particle can
escape retaining almost all its energy and can hit another crystal. Even in this case
a Gaussian peak is produced, whose position is given by the energy of the α particle
only (no recoil). If instead the surface contaminations are deep enough, even a part of
the α energy is released in the material where the radioactive decay occurs. In case
it is a crystal, a peak with an asymmetric long energy tail is produced. If instead the
decay occurs on a passive material, only a flat continuum will appear in the energy
spectrum. Besides the analysis of spectral shapes, further informations on the location
of the contaminants can be extracted from the study of coincident events. In case they
are located on crystal surfaces, there is a non negligible probability that the escaped α
particle is detected by a neighbor crystal. This would result in two detectors recording
a signal at the same time and whose sum energy is equal to the total transition energy
of the decay (α + recoil). Obviously this feature is not present if the contaminant is
located in the passive materials, as the fraction of energy that has been released in
them cannot be detected. Examples of the characteristic features resulting from the
different location of the contamination are shown in fig. 3.12.

In CUORICINO most of the α peaks in the region above 4 MeV are produced by U
and Th surface contamination of the crystals: these peaks are visible in both single and
double hit spectra, and they have a large low energy tail that excludes the possibility
of internal contaminations. There are however few exceptions:

• the α peak at 3200 keV is produced by an internal 190Pt contamination of the
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Figure 3.11: CUORICINO background in the α region: single hit (black) and double hit spectrum (blue
filled).

crystals: the shape of the peak is Gaussian and no peak appears in the coincidence
spectrum. The contamination is probably due to inclusions of fragments of the
Pt crucible used in the crystal growth procedure;

• the α peak at 4080 keV, growing on the low energy tail of the 4270 peak, is
attributed to a bulk contamination in Th, as was demonstrated by dedicated
tests aiming at the reduction of the crystal surface contaminations;

• the α peak at 5300 keV could be produced either by a contamination in 210Pb
or 210Po. While 210Po has a rather short half life (τ ≃ 138 days), the half life
of 210Pb is much longer (τ ≃ 22 years). Therefore, since a decrease of the peak
intensity was not observed in few years, this peak was attributed to 210Pb. The
position of the peak (it is centered at the energy of the α, and not α+recoil)
indicates that the contamination has to be on a very thin layer either on the
crystal surface or on the passive materials surface. From the coincidence spectra
and scatter plots it is then possible to conclude that at least part of the peak is
produced by a contamination of the crystal surfaces.

• the α peak at 5400 keV was observed to decrease with time, in agreement with
210Po half-life. Usually observed in recently grown TeO2 crystals, this peak is
produced by bulk contaminations, as it produces no events in the double hit
spectrum. However part of the peak is a consequence of the U and 210Pb surface
contamination discussed above: when CUORICINO was started this peak was by
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far dominated by the bulk 210Po contaminations, while now the peak has a much
reduced intensity and the surface contamination seems to dominate.
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Figure 3.12: Alpha contaminations in CUORICINO. The top picture shows the Monte Carlo simulation of
the single hit spectrum produced in CUORICINO by 238U contaminations in the crystal bulk (black line),
crystal surfaces (orange filled) and copper mounting surfaces (blue filled). Surface contaminations have
been simulated with an exponentially decaying density profile and 1µm thickness. The bottom left picture
shows the possible α patterns in CUORICINO. The bottom right picture shows a scatter plot of coincident
events for the crystal surface contaminations.

While the origin of the α peaks is rather understood, it is quite a complex task
to characterize the continuous background that extends down to the 0νββ region. It
is difficult to associate it to a particular α peak and to identify the corresponding
contaminant. Based on measurements made before the construction of CUORICINO,
and on several dedicated tests performed on the R&D apparatus, major contributions
from neutrons and from the small parts of the detector can be excluded (see sec. 5.5).
Therefore most of the flat background measured by CUORICINO between 3 and 4 MeV
should come from crystal and copper surfaces contaminations. Given the amount of
events in the double hit spectrum in the 3-4 MeV range, it is possible to conclude that
a non negligible fraction of the flat continuum has its source outside the crystals.
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3.8.3 CUORICINO 0νββ results

The single hit energy spectrum collected by CUORICINO in the 0νββ region is shown
in fig. 3.13. It was obtained by summing the spectra from all detectors during the
whole data taking period and corresponds to a total statistics of 11.83 kg · y in 130Te.
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Figure 3.13: Single hit background spectrum summed over all detectors. The peak at 2505 keV is
produced by the two γs emitted in the β decay of 60Co. It is about 7 σ away from the position where the
0νββ peak is expected and its contribution to the background is negligible. The red lines represent best
fit, 68% and 90% C.L. on the number of events under the 0νββ peak.

In order to evaluate the half-life limit, the peaks and the continuum in the 0νββ
region were analyzed using a maximum likelihood method [71, 72]. The six spectra from
the two runs and from the three different kind of crystals (5 × 5 × 5 cm3, 3 × 3 × 6 cm3

natural and 3 × 3 × 6 cm3 enriched) were combined allowing a different background
level, and a different intensity of the 2505 keV 60Co peak. Other free parameters are
the position of the 60Co peak and the number of counts under the 0νββ peak. The
response function for each spectrum was assumed to be a sum of symmetric Gaussian
functions, each having the typical energy resolution of one of the detectors summed
in that spectrum. Assuming a flat background, the fit in the region between 2575
and 2665 keV yields a negative number of counts under the 0νββ peak (−13.9 ± 8.7).
The resulting upper bound for the number of candidate events under the peak is n =
10.7 at 90% C.L. This limit is then assumed to come from the sum spectrum of the
entire statistical data set in which each of the six spectra is weighted based on the
corresponding live time t, geometric efficiency ǫ, and number of 130Te nuclei (N). In
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terms of these parameters the number of expected counts can be written as

n = ln 2
1

T 0ν
1/2

6
∑

j=1

Nj ǫj tj (3.6)

The resulting lower limit on the half-life of 130Te is:

T 0ν
1/2

(

130Te
)

≥ 3.0 × 1024y (90%CL) (3.7)

Systematic uncertainties in the evaluation of the half life limit come from the live
time, Q-value, and background spectral shape. For example, changing from 0 to 2 the
degree of the polynomial curve used to describe the background, or the energy window
used in the fit, the bound varies in the range 2.5 ÷ 3.3 × 1024 y.

3.9 Limits on the effective Majorana mass and test

of the claim of discovery

Extracting the effective Majorana mass of the electron neutrino from the half-life re-
quires the calculation of the nuclear matrix elements. As already discussed in chapter 1
this is a quite complex task, as 0νββ isotopes are usually heavy nuclei and many nucle-
ons are involved in the calculations. Since a reliable calculation using the shell model
approach would require too much computational power, it is often preferred to use
QRPA models. However, since these calculations depend on the selection of a number
of parameters, the results from different authors give a significant spread, even for the
same nucleus.

Table 3.2 shows several values of mββ corresponding to T 0ν
1/2 (130Te) = 3.0 × 1024 y

evaluated from the theoretical calculations of different authors. Apart for the value
from ref. [73], which has been obtained from NSM calculations, all other values are
based on QRPA. The different results lie within a factor of 3 to each other.

Ref. mββ Ref. mββ Ref. mββ

[eV] [eV] [eV]
[41] 0.46 [74] 0.42 [75] 0.60
[76] 0.19 [77] 0.33 [78] 0.55
[79] 0.52 [80] 0.68 [81] 0.29
[82] 0.47 [83] 0.64 [84] 0.41
[85] 0.42 [86] 0.39 [73] 0.58

Table 3.2: Various values of mββ corresponding to T 0ν
1/2

(

130Te
)

= 3.0 × 1024 y obtained by different
theoretical calculations of the nuclear matrix elements. All calculations are based on QRPA approach,
apart for the last one [73], which is based on Nuclear Shell Model.
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Using the best and the worst case, the CUORICINO lower limit on the 0νββ half life
of 130Te corresponds to

mββ < 0.19 ÷ 0.68 eV. (3.8)

At present CUORICINO is the only 0νββ-decay experiment with a sufficient sensitiv-
ity to probe the range of effective Majorana mass implied by the claim of observation
in 76Ge [40, 28]. It is easy to see from eq. (2.6) that the 0νββ half life for 130Te can be
written in terms of the half life of 76Ge as

T 0ν
1/2

(

130Te
)

= T 0ν
1/2

(

76Ge
) FN (76Ge)

FN (130Te)
, (3.9)

where FN ≡ G0ν · |M0ν |2 is the nuclear factor of merit discussed in chapter 2. The
3σ range for the 0νββ half life of 76Ge quoted in [28] is

T 0ν
1/2

(

76Ge
)

= (0.69 ÷ 4.18) × 1025 y (3σ) (3.10)

In order to find the the corresponding half life for 130Te and compare it with the
CUORICINO limit, some nuclear factor of merit must be chosen. Using for this scope the
values of FN obtained from recent QRPA ([41, 85]) and shell model ([73]) calculations,
it is possible to obtain the results shown in fig. 3.14. The corresponding numerical
values are reported in tab. 3.3. Figure 3.14 shows that CUORICINO has explored part
of the range of mββ allowed by the claim of discovery in 76Ge, but does not have enough
sensitivity to refute it.

Ref. FN (76Ge) FN (130Te) T 0ν
1/2 (130Te)

[10−13 y−1] [10−13 y−1] [1024 y]

[41] 1.22 4.84 1.7÷10.5
[85] 0.70 5.13 0.9÷5.7
[73] 0.43 2.57 1.2÷7.0

Table 3.3: 0νββ half life of 130Te extrapolated from the claim of observation in 76Ge using nuclear matrix
element calculations from three different authors.
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Figure 3.14: CUORICINO 0νββ limit (horizontal green line) compared with the claim of observation.
The blue bars represent the 3σ range in which a signal should be seen in 130Te experiments. The left,
center and right bars are obtained using the NME calculations from [41], [85] and [73] respectively.





Chapter 4

Search for double beta decay to

excited states with CUORICINO

4.1 Introduction

Even if the main scientific goal of CUORE and CUORICINO is the search for neutrinoless
double beta decay of 130Te, there are several other studies that can be carried out with
these low background detectors. These include for example the search of dark matter,
rare nuclear processes or double beta decay modes other than 0νββ to the ground
state.

In this chapter an analysis of 130Te double beta decay to excited states carried out
on a data set acquired by CUORICINO will be presented. In particular the attention
was focused on the 2νββ decay mode of 130Te to the excited state 0+

1 of the daughter
nucleus 130Xe.

Because of the lower available phase space, neutrinoless double beta decay to excited
states is not the best process for the investigation of the Majorana nature of neutrinos.
As discussed in chapter 2, a smaller phase space corresponds to a lower decay prob-
ability and to a higher background level. However, since the decay to excited states
is accompanied by the simultaneous emission of one or more photons, their detection
could lead to a clear signature and to a strong reduction of the background.

Moreover in the nuclear matrix elements calculations based on QRPA, the depen-
dence on the parameter gpp is completely different for transitions to the ground and
to excited states [87, 88]. Therefore the investigation of double beta decay to excited
states could provide useful constraints for these calculations.

4.2 Double beta decay to excited states

The first investigation of double beta decay to excited states was performed by E. Fior-
ini in 1977 [89] as a side study in an experiment whose main purpose was the search
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of 0νββ decay to the ground state in 76Ge. The first dedicated search was done in
1982 [90], while the first positive signal was obtained in 1995 for the 2νββ decay mode
of 100Mo to the excited state 0+ of 100Ru [91].

Besides the decay to the ground state of the daughter nucleus, both 0νββ and 2νββ
decays can occur through the 0+ and the 2+ excited states:

• 2νββ decay to excited state 2+: present experimental limits and theoretical
predictions for the half life of this decay mode are reported in tab. 4.1. It is
strongly suppressed and practically inaccessible to detection. There are however
encouraging theoretical predictions for several nuclei (96Zr, 100Mo, 130Te) that
open the possibility to search for this decay mode in next generation experiments.

• 2νββ decay to excited state 0+: this is the most promising decay mode from
an experimental perspective and indeed it has been observed in 100Mo and 150Nd.
The measured half lives for 100Mo and 150Nd and lower limits for other isotopes
are reported in tab. 4.2.

• 0νββ decay to excited state 2+: this decay mode is considered to be possible
because of the contribution of right handed currents. However it is strongly
suppressed and is not much sensitive to the neutrino mass contribution. The
best experimental limits are reported in tab. 4.3.

• 0νββ decay to excited state 0+: this decay mode provides a clear signature,
as two photons are emitted together with the two electrons whose sum energy is
fixed. In an experiment with high geometric efficiency this signature would allow
to reduce the background level to nearly zero. The best experimental limits are
reported in tab. 4.4.

Isotope Qββ T1/2 exp. T1/2 theor. [92] T1/2 theor. [93, 88]
[keV] [y] [y] [y]

48Ca 3288.5 > 1.8 × 1020 [94] 1.7 × 1024 -
76Ge 1480 > 1.1 × 1021 [95] 5.8 × 1028 7.8 ÷ 10 × 1025

82Se 2218.5 > 1.4 × 1021 [96] - 2.8 × 1023 ÷ 3.3 × 1026

96Zr 2572.2 > 7.9 × 1019 [97] 2.3 × 1025 3.8 ÷ 4.8 × 1021

100Mo 2494.5 > 1.6 × 1021 [91] 1.2 × 1025 3.4 × 1022

116Cd 1511.5 > 2.3 × 1021 [98] 3.4 × 1026 1.1 × 1024

130Te 1992.7 > 2.8 × 1021 [99] 6.9 × 1026 3.0 ÷ 27 × 1022

150Nd 3033.6 > 9.1 × 1019 [100] - -

Table 4.1: Experimental limits and theoretical evaluations for the half life of 2νββ decay to the excited
state 2+

1 . Experimental limits are at 90% C.L.
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Isotope Qββ T1/2 exp. T1/2 theor. [93, 88] T1/2 theor. [101]
[keV] [y] [y] [y]

48Ca 1274.8 > 1.5 × 1020 [94] - -
76Ge 916.7 > 6.2 × 1021 [102] 7.5 ÷ 310 × 1021 4.5 × 1021

82Se 1507.5 > 3.0 × 1021 [96] 1.5 ÷ 3.3 × 1021 -
96Zr 2202.5 > 6.8 × 1019 [97] 2.4 ÷ 2.7 × 1021 3.8 × 1021

100Mo 1903.7 = 6.2+0.9
−0.7 × 1020 [103, 104] 1.6 × 1021 2.1 × 1021

116Cd 1048.2 > 2.0 × 1021 [98] 1.1 × 1022 1.1 × 1021

130Te 735.3 > 2.3 × 1021 [105] 5.1 ÷ 14 × 1022 -
150Nd 2627.1 = 1.4+0.5

−0.4 × 1020 [106] - -

Table 4.2: Experimental measurements and theoretical evaluations for the half life of 2νββ decay to the
excited state 0+

1 . Experimental limits are at 90% C.L.

Isotope Qββ T1/2 exp. T1/2 theor. [107]
[keV] [y] [y]

76Ge 1480 > 8.2 × 1023 [108] 8.2 × 1031

82Se 2218.5 > 2.8 × 1021 [109] -
100Mo 2494.5 > 1.6 × 1023 [110] 6.8 × 1030

116Cd 1511.5 > 2.9 × 1022 [31] -
130Te 1992.7 > 1.4 × 1023 [58] -
136Xe 1649.4 > 6.5 × 1021 [111] -

Table 4.3: Experimental measurements and theoretical predictions (for mββ = 1 eV) for the half life of
0νββ decay to the excited state 2+

1 . Experimental limits are at 90% C.L.

Isotope Qββ T1/2 exp. T1/2 theor. [112, 113, 114, 115] T1/2 theor. [116]
[keV] [y] [y] [y]

76Ge 916.7 > 1.3 × 1022 [117] 4.9 × 1026 2.4 × 1026

48Ca 1274.8 > 1.5 × 1020 [94] - -
82Se 1507.5 > 3.0 × 1021 [96] 9.5 × 1026 4.5 × 1025

96Zr 2202.5 > 6.8 × 1019 [97] 2.4 × 1024 -
100Mo 1903.7 > 8.9 × 1022 [110] 2.6 × 1026 1.5 × 1025

116Cd 1048.2 > 1.4 × 1022 [31] 1.5 × 1027 -
130Te 735.3 > 3.1 × 1022 [58] 7.5 × 1025 -
150Nd 2627.1 > 1.0 × 1020 [100] - -

Table 4.4: Experimental measurements and theoretical predictions (for mββ = 1 eV) for the half life of
0νββ decay to the excited state 0+

1 . Experimental limits are at 90% C.L.
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4.3 2νββ decay of 130
Te to the excited state 0

+
1

The analysis presented in this chapter was focused on the search of the two neutrino
double beta decay of 130Te into the excited stated 0+

1 of 130Xe. The excitation levels
of 130Xe accessible in double beta decay of 130Te are shown in fig. 4.1. These levels are
valid for both the 0νββ and the 2νββ decay modes.
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Figure 4.1: Nuclear levels of the 130Te-130I-130Xe triplet.

In the case of 2νββ decay to the excited level 0+
1 the sum energy of the two emitted

electrons produces a continuous spectrum ranging from 0 to 736.5 keV, the upper limit
arising from the energy difference between the Q-value of 130Te ββ-decay (2530 keV)
and the excitation energy of the 0+

1 level of 130Xe (1793.5 keV). Three possible decay
schemes are allowed for the deexcitation of 130Xe:

1) in most cases (86%) the emission of the two electrons is accompanied by the
emission of a 1257 keV and a 536 keV photon;

2) there is also the possibility that three photons are emitted (the relative intensity
of this pattern is ∼12%): a 671 keV, a 586 keV and a 536 keV photon;

3) finally there is less than 2% probability that a 671 keV and a 1122 keV photon
are emitted.

Even if in principle any of these three patterns could be investigated, the attention
was concentrated in this analysis to the first one, in which the 536 keV and the 1257 keV
photons are emitted. Besides being the most probable one, this pattern allows to search
for a γ peak at higher energy, where the background is lower. Further background
reduction can be achieved by searching for events in which more than one crystal is
hit: for this kind of analysis the first of the three patterns results in an higher detection
efficiency, as γs with higher energy are more likely to escape from the crystal where
the decay occurs.
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4.4 Analysis approach

The data set used in this analysis corresponds to the CUORICINO data acquired in the
period between January and August 2007, resulting into a statistics of about 2.38 kg·y
in 130Te. The general approach was to search for the peak produced by the 1257 keV
photon emitted in the deexcitation of 130Xe, looking at the energy spectrum obtained
by selecting those events in which two crystals were hit.

In general the expected number of counts c produced in a detector by a physical
process with half life T1/2 can be expressed as

c =
ln 2

T1/2

·N · t · ǫ , (4.1)

where N is the number of decaying isotopes put under observation, t is the duration
of the observation and ǫ is the detection efficiency for a given decay pattern. Therefore
the half life corresponding to a certain number of observed counts is given by

T1/2 =
ln 2 ·N · t · ǫ

c
. (4.2)

However, in order to claim for a positive signal, the number of counts produced by the
studied physical process must be significantly higher than the possible fluctuations in
the number of background events. Assuming Poisson statistics, the previous statement
traduces in the requirement that c > nσ

√
b, where b is the number of background

counts and nσ is the number of standard deviations, which expresses the statistical
significance of the result. Therefore the half life sensitivity S1/2 for a given physical
process can be written as

S1/2 =
ln 2 ·N · t · ǫ

nσ

√
b

. (4.3)

Even if expressed in terms of other parameters, eq. (4.3) is the equivalent of eq. (2.2)
discussed in chapter 2.

Since in the present analysis all other parameters were fixed, the best sensitivity
could be obtained by maximizing the ratio ǫ/

√
b. While this was the basic reason

that lead to the choice of searching for the 1257 keV peak in the double hit energy
spectrum, several other criteria in the event selection could be considered to achieve
an even better sensitivity. For example it is possible to require that the sum energy of
the two hits in an event has to be lower than a certain threshold. This would allow
to reduce the background by rejecting all those events whose sum energy is higher
than the total energy available in the decay (Qββ = 2530 keV), without affecting the
detection efficiency.

Several other selection criteria have been investigated in this analysis, which will be
discussed in the following sections. However the general approach was to study, for
each set of event selection cuts, the resulting detection efficiency and the corresponding
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number of counts observed in the region of the energy spectrum where the 1257 keV
peak is expected.

In order to evaluate the detection efficiency a Monte Carlo simulation was used to
generate about 120000 events for the decay being investigated. With the program
Tower-4.8.2, based on GEANT4, the simultaneous emission of the two ββ electrons
(sum energy between 0 and 736 keV) and two photons (Eγ1 = 536.09 keV, Eγ2 =
1257.41 keV) was simulated within the crystals of the CUORICINO tower, with an
energy resolution of 5 keV (FWHM). The obtained energy spectrum, summed over all
the detectors, is shown in fig. 4.2. The γ peak at 536 keV, the one at 1257 keV, as well
as the sum peak at 1793 keV are clearly visible.
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Figure 4.2: Energy spectrum obtained from the Monte Carlo simulation of 120000 events of the 2νββ
decay to the excited state 0+

1 . The spectrum is the sum over all the CUORICINO detectors.

4.5 Description of the algorithms

The analysis presented in this chapter has been performed using Diana, the offline
data analysis framework developed for CUORE. Despite Diana allows to perform a
complete study of the data, starting from the raw pulses up to the final energy spectra,
in this analysis a data set was considered where the energy calibration had already
been applied, as well as all the quality cuts based on the single pulses used to remove
spurious events induced by instabilities in the cryogenic apparatus or other kind of
noise. Therefore the starting point was a set of events, each of them being characterized
by the following quantities:

• energy

• crystal where the energy release occurred
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• run number

• arrival time of the event referred to the beginning of the run

In order to deal with coincident events occurring at the same time on different
crystals a new package was developed within the Diana framework. After building
groups of events occurring within a given time window with respect to each other, this
package allows to restrict the analysis to a subset of such groups based on one or more
selection criteria. The following data filters were developed for the specific purpose of
this analysis:

• Multiplicity: this filter allows to select events based on the number of energy
releases in different detectors.

• Total energy: the purpose of this filter is to select events whose sum energy
over all the hits is contained within a certain range.

• Energy of single hit: this filter allows to select groups of coincident events
based on the energy of the single hits.

• Spatial distance: this filter allows to select coincident events occurring in two
or more crystals that are within a certain spatial distance to each others.

Since bolometers are intrinsically slow, energy deposits in different crystals that are
caused by the same physical process are expected to occur within a time window that
is much smaller than the typical response time of the thermal signals. However, due to
the spread in the pulse shape, the trigger algorithm introduces a non negligible jitter
in the time associated to the events belonging to different detectors. As a consequence,
the time window used in the definition of coincident events must account for this jitter,
that causes a spread in the arrival time associated to different energy releases.

In order to find the best window length for the definition of coincidences, the same
data set was processed using different values for this parameter. Figure 4.3 shows
the number of events with multiplicity 1 and 2 obtained for several durations of the
coincidence time window between 15 and 350 ms: in both the plots there is a clear
change in the slope at about 80 ms, separating the two regions dominated by physical
and accidental coincidences. After this check a 100 ms coincidence time window was
chosen for the analysis, slightly above the change in the trend of the two curves reported
in fig. 4.3. The choice of the coincidence time window obviously does not affect the
simulated data, as in that case coincident events occur by construction exactly at the
same time.
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Figure 4.3: Evaluation of the optimal time window for the definition of coincident events. The two plots
show number the of events with multiplicity 1 (left) and 2 (right) versus the length of time window used
to build the coincidences. The change in the slope at about 80 ms separates the two regions dominated
by physical and accidental coincidences.

4.6 Evaluation of efficiency and live time

The evaluation of the live time and the detection efficiency were corrected to account
for possible time periods in which one or more detectors were not operative. For this
purpose the data acquired in the time period considered in this analysis was checked for
the presence of time holes, which are caused by noise in the cryogenic apparatus, or any
other kind problems in the readout chain. The procedure used to apply the time holes
to simulated data is shown in fig. 4.4. After discarding the time intervals in which
all the detectors were inactive (for example during the run stops due to cryogenics
maintenance), the length of each time hole was multiplied by a scale factor to account
for the different duration of the real and simulated measurements. The obtained “mask”

was then applied to simulated data to discard events occurring during time holes.
Time holes were defined as time intervals containing no events and whose duration

was longer than a certain threshold. This threshold was determined based on the event
rate of each channel, using the requirement that the probability of having no events
in a given time window had to be smaller than a certain level k. In this way it was
possible to take into account the different event rates of different detectors. Assuming
Poisson statistics for the event rate, the probability distribution for the time distance
t between two consecutive events is given by [118]

P (t) = re−rt , (4.4)

where r is the event rate for a given detector. Thus the threshold t0 for the time
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Figure 4.4: Procedure used for the evaluation of the detection inefficiency produced by the presence of
some inactive detectors during data taking. For each detector, possible periods of inactivity were checked
in the real data. These inactivity periods were then reported to simulated data after proper time rescaling
to account for the different duration of the real and simulated measurements.

holes was obtained from the requirement

P (t > t0) =

∫ ∞

t0

P (t)dt = e−rt0 < k ,→ t0 > − log(k)/r (4.5)

The event rates for different detectors, reported in fig. 4.5, were evaluated as the
number of counts divided by the total duration of the considered measurements. Using
eq. (4.5) the minimum duration for time holes was evaluated for several values of the
threshold probability k. The results are shown in fig. 4.6, while the corresponding dead
times obtained using such time hole thresholds on the real data are reported in fig. 4.7.
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Figure 4.5: Average event rate for different channel in the time period considered in this analysis. The
event rate was evaluated as the total number of events divided by the duration of the measurement.

The study of time holes was also used for the evaluation of the correct value for the
accumulated statistics. This quantity was evaluated as:
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Figure 4.6: Time holes minimum duration on the CUORICINO channels for various values of the threshold
probability (see eq. (4.5)).
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Figure 4.7: Dead time of the CUORICINO detectors for various values of the threshold probability used
for the definition of time holes.
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N · t = T
∑

i

Ni · ηi , (4.6)

where the sum runs over all the crystals in the tower, T is the total live time in
the considered data set and Ni and ηi are respectively the number of 130Te nuclei and
the relative live time of each detector. The resulting statistics are reported in tab. 4.5
for the various considered values for the threshold probability k. It can be seen that
the presence of inactive detectors produces a sensible reduction of the accumulated
statistics. However the systematic error introduced by the choice of different values for
the threshold probability k is rather small.

threshold probability [%] 0 0.0025 0.005 0.01 0.02 0.04
kg · y 2.381 2.318 2.317 2.315 2.312 2.309
N · y [1025y] 1.103 1.074 1.073 1.072 1.071 1.070

Table 4.5: Accumulated statistics corrected for the time holes obtained with different values of the
threshold probability k. k = 0 corresponds to the case in which time holes were not considered.

Once the time holes were applied to simulated data with the described procedure,
several event selection criteria were considered with the aim of maximizing the detection
sensitivity (see sec. 4.4). Using the selection algorithms described in sec. 4.5, one or
more of the following cuts were applied to the simulated data:

– Multiplicity:

Only events in which two crystals were hit were selected; as shown in fig. 4.8 the
number of events with multiplicity 2 is quite high in the simulated data, while
allowing a sensible reduction in the number of events of the real data.
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Figure 4.8: Multiplicity distribution of the simulated data (left) and real data (right).

– Total energy:

Only the events with sum energy between 400 keV and 2540 keV were taken into
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account. The lower limit was dictated by the energy threshold chosen for the
single detectors (200 keV), while the upper limit corresponds to the Q-value of
the considered process (Qββ = 2530keV ), plus a possible energy resolution spread
of 5 keV for each of the two crystals.

– Energy of single hit:

Since the signature searched in the present analysis is the 1257 keV peak pro-
duced by one of the photons emitted in the deexcitation of 130Xe, a constraint was
imposed on the energy of the single hits in the two crystals. This constraint cor-
responded to the requirement that one of the two crystals contained the 1257 keV
photon, and the other one contained the sum energy of the 536 keV photon and of
the two electrons. The chosen energy ranges were 1230÷1280 keV (for the high
energy photon) and 526÷1283 keV (for the 536 keV γ and the two electrons,
taking into account the spread produced by the finite energy resolution). It is
worth noticing however that this selection criterion does not match only the case
in which all the energy of the 536 keV γ is released within the crystal: the energy
spectrum shown in fig. 4.2 demonstrates that there is a non negligible probability
for this photon to escape from the crystal, and even in this case the two electrons
could have a sum energy higher than 526 keV.

– Spatial distance:

Figure 4.9 shows the distribution of the spatial distance between the the center
of the crystals in the double hit events. A cut at 107 mm was chosen, since
in the simulation more than 90% of the events have a distance lower than this
value. Given the size of the crystals (most of them have cubic shape with 50 mm
side) and the spacing between them (about 10 mm), the limit case allowed by
this cut corresponds to the two most far crystals on two consecutive floors of the
CUORICINO tower.

In order to simplify the identification of the cuts, short names were defined, as
reported in tab. 4.6.

No matter which cuts were applied, the detection efficiency was evaluated by fitting
the simulated spectrum with a Gaussian peak centered at 1257 keV summed to a flat
background introduced to account for the continuous spectrum produced by the two
electrons. In the fit the peak amplitude, the background level and the peak width were
left as free parameters, while the position of the peak was fixed to 1257.41 keV. The fit
results were then used to evaluate the number of counts under the Gaussian peak, and
the efficiency was evaluated by dividing the obtained number of events by the total
number of events generated in the simulation.

An example of the fitting procedure is shown in fig. 4.10, for the case in which the
cuts M2, TotE and Dist were applied. The same set of cuts was used to investigate the
efficiency dependence on the value of the threshold probability k used in the definition
of time holes. As for the evaluation of the live time, the result of this check, reported
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Figure 4.9: Distance between the crystals in the multiplicity 2 events for the simulated data (left) and
real data (right). When a cut based on the spatial distance was applied, a threshold value of 107 mm was
used, corresponding to about 93% of the events.

Cut name Description

M2 Two and only two crystals were hit
TotE The sum energy of the two hits was between 400 keV and 2540 keV
Dist The spatial distance between the two crystals was less than 107 mm
Eγ1 One of the two hits was between 1230 keV and 1280 keV
Eγ2 One of the two hits was between 526 keV and 1283 keV

Table 4.6: Description of the applied cuts. The M2 cuts corresponds to the selection of events in which
two and only two crystals were hit. The TotE cut corresponds to the selection of events whose summed
energy was less than 2540 keV (the threshold energy was chosen as Qββ plus 5 keV energy resolution for
each of the two crystals). The Dist cut corresponds to the selection of events in which the spatial distance
between the two crystals is less than 107 mm. The two cuts Eγ1 and Eγ2 correspond to the selection of
those events in which the energy of one of the two crystals was contained in a given range.

in tab. 4.7, shows that the presence of time holes introduces a sensible reduction in
the detection efficiency, but the particular choice of the threshold probability does not
affect too much the result. After this check the threshold probability k = 0.01% was
used in the rest of the analysis.

threshold probability [%] 0 0.0025 0.005 0.01 0.02 0.04
efficiency [%] 4.75 4.57 4.57 4.56 4.55 4.55

Table 4.7: Detection efficiency for different values of the threshold probability used in the determination
of time holes. The quoted efficiency are referred to the case in which the cuts M2, TotE and Dist were
applied.

Figure 4.11 shows the energy spectra obtained from simulated data for three different
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Figure 4.10: Example of the fitting procedure used to evaluate the detection efficiency. The plot shown
in this figure refers to the case in which the cuts M2, TotE and Dist were applied and the correction for
the time holes was applied using a threshold probability k=0.01%.

sets of applied cuts. In the green-filled histogram the events with multiplicity 2 were
selected (M2); in the blue-filled histogram further cuts were applied requiring that the
sum energy of the two events in a coincidence was smaller than 2540 keV (TotE), and
that the spatial distance between the two crystals was smaller than 107 mm (Dist). In
the orange histogram further constraints were imposed on the energy releases on the
two crystals of each event (Eγ1 and Eγ2). The resulting efficiencies, obtained with the
already described procedure, are reported in tab. 4.8.

Cuts Efficiency [%]

M2 4.98
M2 + TotE 4.98
M2 + TotE + Dist 4.56
M2 + TotE + Dist + Eγ1 + Eγ2 3.00

Table 4.8: Detection efficiency for different sets of applied cuts. The values reported in this table do not
include the additional 0.86 factor that should be introduced to account for the relative intensity of the
particular decay channel searched in the present analysis (see sec. 4.3).
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Figure 4.11: Example of the effect of the cuts on simulated data. The green-filled histogram shows the
energy spectrum for the events with multiplicity 2 (M2). The blue-filled histogram was obtained after
applying three concurrent cuts: M2, total energy in the two crystals less than 2540 keV (TotE) and spatial
distance between the two crystals less than 107 mm (Dist). The orange-filled histogram was obtained by
adding further requirements on the single energy of the two hit crystals: one hit between 1230 and 1280
keV (Eγ1) and the other between 526 and 1283 keV (Eγ2).

4.7 Analysis of the CUORICINO data

Figure 4.12 shows the single and double hit energy spectrum between 200 keV and
3000 keV measured by CUORICINO in the time period considered in the present anal-
ysis. As already discussed, the 1257 keV peak produced by the photon emitted in the
deexcitation of 130Xe was searched in the double hit spectrum, where the background
level is suppressed.

The same analysis procedure and the same event selection criteria used in the eval-
uation of the efficiency were replicated to the real data. The energy spectrum in the
range of interest for the search of the 1257 keV peak is shown in fig. 4.13 for three
different sets of cuts. It can be seen that, even if some reduction in the number of
counts is obtained by adding the cuts based on the total energy and on the spatial
distance between two crystals, the strongest background suppression is achieved by
constraining the energy of the single hits. However, while the other cuts are based
on general assumptions on the decay under investigation, the cuts based on the single
energy releases could be satisfied not only in the case in which the 536 keV photon is
completely absorbed in the crystal where the decay occurs, while the 1257 keV photon
is completely absorbed by a neighbor crystal. The same constraint could be satisfied
even in the case in which one of the two photons is not completely absorbed by the
sensitive parts of the detector.
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Figure 4.12: Comparison of the single and double hit spectra measured by CUORICINO during the data
taking period used in the present analysis.
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Figure 4.13: Energy spectrum obtained from the real data in the region of the 1257 keV peak after the
application of several selection cuts.

In fig. 4.13 a structure is present at about 1253 keV: it is visible in the spectra
obtained with the cuts M2 and M2+ TotE+ Dist, while it disappears in the case in
which also the cuts Eγ1 and Eγ2 are applied. This structure cannot be interpreted as
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the searched peak: its position is about 4 keV away from 1257.41 keV, while it will
be shown later that the energy calibration is accurate within less than 1 keV. In fact
this structure is likely to be caused by the single escape peak produced by the 1764.5
keV photon emitted in the β decay of 214Bi: it can make a e+ − e− pair, and one of
the two 511 keV γs emitted in the subsequent positron annihilation can escape from
the detector. Under this assumption the hits under the peak at 1253.5 keV should be
associated with hits around 511 keV in the other crystal. This would explain why the
peak disappears when the cuts Eγ1 and Eγ2 are applied: the 511 keV peak is excluded
in this case, as the Eγ2 cut only accepts events with energy greater than 526 keV (cfr.
tab. 4.6). This hypothesis is confirmed by the two following observations:

1) even in the spectrum obtained from the cuts M2+ TotE+ Dist+ Eγ1+ Eγ2 an
excess of events appears around 1253 keV if the lower bound of the Eγ2 cut is
set to 500 keV instead of 526 keV (see fig. 4.14(a)); in contrast, the number of
events remains almost unchanged in the other regions of the energy spectrum;

2) considering the spectrum obtained from the cut M2, it can be seen from fig. 4.14(b)
that part of the events around 1253 keV occurs in coincidence with events on an-
other crystal whose energy is between 500 keV and 520 keV.

Energy [keV]
1230 1240 1250 1260 1270 1280

co
un

ts
/k

eV

0

1
2

3

4

5

6

7

8

9
 < 1283 keV

2γ500 keV < E

 < 1283 keV
2γ526 keV < E

(a) Energy spectrum obtained from the cuts M2+
TotE+ Dist+ Eγ1+ Eγ2, for different values
of the lower bound for the cut Eγ2: 500 keV
(purple-filled) and 526 keV (orange-filled).
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Figure 4.14: Explanation of the excess of events around 1253 keV: it is due to the single escape peak
produced by the 1764 keV photon emitted in the β decay of 214Bi.

It was shown that, depending on the considered event selection criteria, the energy
spectrum around 1257 keV presents different features. For this reason two different
background models were considered to perform the fit on the data:
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1) for the spectra obtained from the cuts M2 and M2+ TotE+ Dist the data was
fit with a flat background summed to a Gaussian peak at 1253.5 keV (the single
escape peak discussed above) and a Gaussian peak centered at 1257.41 keV (the
searched signal);

2) for the spectrum obtained from the cuts M2+ TotE+ Dist+ Eγ1+ Eγ2 the data was
fit with a flat background summed to a Gaussian peak centered at 1257.41 keV,
since in this case the single escape peak is not present.

The fit was performed using a maximum likelihood method in the assumption of
Poisson statistics for the binned data, in which only the level of the flat background
and the amplitude of the two peaks were left as free. The likelihood function was
defined as

L =
∏

i

P (ni|λi) , (4.7)

where the product runs over all the bins considered in the fit, ni is the content of
the ith bin and λi is the expected number of counts in the ith bin. For the cuts M2 and
M2+ TotE+ Dist the signal + background model, λi, was parameterized as

λi = b + a · e
(Ei−E1257)

2

2σ2 + c · e
(Ei−E1253)

2

2σ2 . (4.8)

Similarly, for the case in which the 1253 keV peak was not considered (cuts M2+
TotE+ Dist+ Eγ1+ Eγ2), it was parameterized as

λi = b + a · e
(Ei−E1257)

2

2σ2 . (4.9)

In eq. (4.8) b is the background level, a and c are respectively the 1257 keV and
1253 keV peak amplitudes and Ei is the center of the ith bin in the energy spectrum.
The same definitions hold for eq. (4.9), apart for the fact that the 1253 keV peak was not
included in that case. The position of the two peaks were fixed to E1257=1257.41 keV
and E1253=1253.5 keV.

The energy resolution was evaluated from the two γ peaks that are visible in the
double hit spectrum at 1173.2 keV and 1332.5 keV (see fig. 4.15). As already discussed
in chapter 3, these two peaks are produced by 60Co contaminations in the cryostat
radiation shields. Since the two γs are produced simultaneously in 60Co β-decay, they
are present also in the double hit spectrum. Both these peaks were fitted with a
Gaussian summed to a flat background. The position of the peak, its amplitude, as
well as the peak width and the background level were left as free parameters in the fit.

Figure 4.16 shows the result of the fit on the two 60Co peaks. They have the expected
position within 0.2 keV: this validates the quality of the energy calibration procedure
and excludes the possibility that the peak at 1253 keV is produced by the process that
is being searched. Since the energy resolution is different in the two peaks (∼1.6 keV
for the 1173 keV peak and ∼2.1 keV for the 1332 keV peak), several different values
were considered when performing the fit in the 1257 keV region.
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Figure 4.15: Enlarged view of the double hit spectrum around 1257 keV. The two visible peaks at 1173 keV
and 1332 keV are produced by 60Co contaminations in the cryostat radiation shields (see chapter 3).
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Figure 4.16: Fit on the 1173.2 keV (left) and 1332.5 keV (right) γ lines from 60Co, used to evaluate
the energy resolution. The fit was performed on the data after applying the M2, TotE and Dist cuts (cfr.
tab. 4.6).

Figure 4.17 shows an example of the fit in the case in which the 1253 keV peak
was not considered in the background model. It was obtained from the energy spec-
trum in which the cuts M2+ TotE+ Dist+ Eγ1+ Eγ2 were applied, and a value of
σ = 1.8 keV was used for the energy resolution. The best fit yielded a background
level of 1.44 ± 0.18 counts/keV and a negative amplitude for the 1257 keV peak:
−0.50 ± 0.61 counts/keV. Since no evidence for a peak was found, a 90% C.L. up-
per limit was evaluated for the number of counts under the peak. After constraining
the two free parameters in the physical region (amplitude and background greater than
zero), the likelihood function was integrated over all the possible values of the back-
ground level and the upper limit for the peak amplitude was found by integrating over
this parameter up to the 90% of the total volume of the function. Denoting by a the
peak amplitude, and by b the background level (see eq. (4.9)) the 90% C.L. limit was
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found as

∫ ∞
0
db

∫ a(90%C.L.)

0
da L

∫ ∞
0
db

∫ ∞
0
da L = 0.9 (4.10)

The limit on the number of counts under the peak was then found by integrating
a Gaussian function with the same energy resolution used in the fit and with the
amplitude obtained with the procedure described in eq. (4.10).
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Figure 4.17: Example of fit for the case in which the 1253 keV peak was not included in the background
model. The fit shown in this figure was performed on the energy spectrum in which the cuts M2+ TotE+
Dist+ Eγ1+ Eγ2 were applied. An energy resolution of σ=1.8 keV was used in the fit. The left plot shows
the data, the best fit and the 90% C.L. limit. The right plot shows the likelihood function.

Figure 4.18 shows an example of the performed fit in the case in which the 1253 keV
peak was considered in the background model. It was obtained from the energy spec-
trum in which only the M2 cut was applied, and a value of σ = 1.8 keV was used
for the energy resolution. For the example shown in fig. 4.18 the best fit yielded a
background level of 5.94± 0.38 counts/keV while the amplitude of the two peaks were
5.3± 1.9 counts/keV (1253 keV peak) and 1.1± 1.6 counts/keV (1257 keV peak). The
90% C.L. limit on the number of counts under the 1257 keV peak was obtained in the
same way of the case in which the background was assumed to be flat (see eq. (4.10)),
apart for the fact that the likelihood function was also integrated over all possible
values of the amplitude of the 1253 keV peak.

The procedure described so far was repeated using different sets of selection cuts
and for different values of the energy resolution and of the energy window used in
the fit. The corresponding 90% C.L. upper limits for the number of counts under the
peak were evaluated for various values of σ (tab. 4.9) and for various values of the fit
range (tab. 4.10). Also the the position of the two peaks was moved to investigate the
effects on the upper limits (tab. 4.11 and tab. 4.12 for the 1257 keV and 1253 keV peak
respectively).
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Figure 4.18: Example of fit for the case in which the 1253 keV peak was included in the background
model. The fit shown in this figure was performed on the energy spectrum in which only the M2 cut was
applied. An energy resolution of σ=1.8 keV was used in the fit. The top left plot shows the data, the best
fit (violet dashed line), the 90% C.L. limit (green continuous line) and the peak amplitude corresponding
to the 90% C.L. limit (dashed-dotted blue line). The other three plots show the likelihood function in
which one of the three variables was integrated over all the possible values.
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Energy resolution σ = 1.6 keV σ = 1.8 keV σ = 2 keV
M2 16.8 16.5 16.2
M2 + TotE 18.1 18.2 18.2
M2 + TotE + Dist 18.3 18.4 18.6
M2 + TotE + Dist + Eγ1 + Eγ2 4.9 5.3 5.6

Table 4.9: Limit on the number of counts (90% C.L.) under the 1257 keV peak for various sets of cuts
and for various values of energy resolution. For all the combinations the fit was performed in the range
1230÷1280 keV.

Fit range 1240÷1280 keV 1230÷1280 keV 1230÷1270 keV
M2 18.7 16.5 14.9
M2 + TotE 20.6 18.2 16.3
M2 + TotE + Dist 20.7 18.4 16.3
M2 + TotE + Dist + Eγ1 + Eγ2 5.7 5.3 5.0

Table 4.10: Limit on the number of counts (90% C.L.) under the 1257 keV peak for various sets of cuts
and for various ranges used in the fit. For all the combinations the standard deviation in the fit was fixed
to σ=1.8 keV.

1257 keV peak position 1257.0 keV 1257.41 keV 1258.0 keV
M2 17.0 16.5 15.5
M2 + TotE 18.8 18.2 17.1
M2 + TotE + Dist 18.8 18.4 17.7
M2 + TotE + Dist + Eγ1 + Eγ2 5.3 5.3 5.2

Table 4.11: Limit on the number of counts (90% C.L.) under the 1257 keV peak for various sets of cuts
and for various values of the peak position. For all the combinations the standard deviation in the fit was
fixed to σ=1.8 keV and the fit was performed in the range 1230÷1280 keV.

1253 keV peak position 1253.0 keV 1253.5 keV 1254.0 keV
M2 17.8 16.5 15.2
M2 + TotE 19.4 18.2 16.9
M2 + TotE + Dist 19.7 18.4 17.1

Table 4.12: Limit on the number of counts (90% C.L.) under the 1257 keV peak for various sets of cuts
and for various values of the 1253 keV peak position. For all the combinations the standard deviation in
the fit was fixed to σ=1.8 keV, the position of the other peak was fixed to 1257.41 keV and the fit was
performed in the range 1230÷1280 keV.
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4.8 Results

The analysis presented in this chapter allows to set a lower limit for the half life of
2νββ decay mode of 130Te to the excited state 0+

1 of 130Xe. The accumulated statistics
is reported in tab. 4.5, while the detection efficiency for different event selection criteria
is reported in tab. 4.8. The best limit is obtained using the selection cuts that impose
separate constraints on the energy release of the two hits of an event. Using eq. (4.2),
with a statistics of 1.07× 1025 N(130Te)·y, a 3% detection efficiency and an upper limit
of 5.7 counts under the 1257 keV peak (tab. 4.10), the resulting limit on the half life is

T1/2 > 3.4 × 1022 y (90%C.L.). (4.11)

In eq. (4.11) the efficiency has been multiplied by a factor 0.86 to take into account
the relative intensity of the particular decay channel searched in the present analysis
(see sec. 4.3).

A more conservative limit is obtained if the event selection criteria are used where
no separate constraints are set on the two energy releases in each event. The most
conservative case is the one in which the cuts M2, TotE and Dist are used: the efficiency
for this pattern is 4.56% and the 90% C.L. limit on the number of counts under the
1257 keV peak is 20.7 (see tab. 4.10). The corresponding half life limit is

T1/2 > 1.4 × 1022 y (90%C.L.). (4.12)





Chapter 5

The CUORE experiment

5.1 Introduction

Next generation double beta decay experiments aim at exploring the range of the
effective neutrino Majorana mass corresponding to the inverted mass-hierarchy pattern.
This will require a sensitivity on mββ of few tens of meV, which is about one order of
magnitude better compared to best present experiments. This ambitious goal will be
achieved mainly by an increase of the 0νββ isotope mass and by a strong reduction of
the background level in the region of the energy spectrum where the signal is expected.

The CUORE experiment [46] will search for neutrinoless double beta decay in 130Te
using an array of 988 TeO2 bolometers, with a total mass of ∼740 kg. The feasi-
bility of a ton scale bolometric detector has been widely demonstrated by CUORI-

CINO and by its predecessor experiments. Compared to CUORICINO, the detector
mass will be increased by a factor of twenty and the background will be reduced by
about the same amount. The data taking of CUORE is foreseen to start in 2012: after
five years an half life sensitivity of the order of 1026 y is expected. Even if the mass
increase will require much effort, mainly due to technological issues concerning the
cryogenic apparatus, the biggest challenge will be the achievement of an adequately
low background level. The goal of the CUORE collaboration is to reach a background
of ∼ 10−2 counts/(keV · kg · y) in the 0νββ region: this corresponds to observing less
than 1 count per crystal over 10 years in an energy window of 10 keV centered at the
Q-value of the decay.

The working principles of bolometric detectors have been discussed in chapter 2 and
the CUORICINO experiment has been presented in chapter 3. In this chapter the major
changes that will be introduced in CUORE will be presented, with particular attention
to the issues concerning the reduction of the background.
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5.2 Overview

The CUORE experiment will be composed by an array of 988 TeO2 bolometers with
natural concentration of 130Te (34%). As for CUORICINO, the crystals will have a di-
mension of 5 × 5 × 5 cm3, and mass of ∼0.75 kg each: the total detector mass will be of
∼741 kg, corresponding to ∼ 9.4×1026 130Te nuclei. The geometry of the CUORE detec-
tor is shown in fig. 5.1. The 988 bolometers will be arranged in a cylindrical structure
organized into 19 towers. Each tower, very similar to CUORICINO, will be made 13
floors, each floor being composed by four crystals.

The closely packed structure of the CUORE array will take great advantage from the
high background rejection capability that can be obtained by operating the detectors
in anti-coincidence. Since there is a small probability for the two 0νββ electrons to
escape from the crystal where they are produced, a simultaneous hit in more than one
detector is an indication of a background event. In contrast to CUORICINO, most of
the crystals will be completely surrounded by other detectors, thus allowing an easier
identification of crystal surface contaminations.

Figure 5.1: CUORE detector array.

CUORE will be operated underground, in the Hall A of the Laboratori Nazionali del
Gran sasso (see fig. 5.2), where the 3400 m w.e. rock shield reduces the muon flux to
∼ 3 × 10−8 µ cm−2s−1 [61] and the neutron flux to ∼ 10−6 n cm−2 s−1 [62].

As for CUORICINO, the thermal signals will be read by NTD Germanium thermistors
developed at the Lawrence Berkeley National Laboratories (LNBL) and UC Berkeley
department of Material Science [119].
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Figure 5.2: Map of the Laboratori Nazionali del Gran Sasso.

The entire array, surrounded by a 6 cm thick lead shield, will be operated at about
10 mK in a 3He/4He dilution refrigerator. A further thickness of 25 cm of low activity
lead will be positioned on top of the detector array in order to shield it from the materi-
als in the dilution unit of the refrigerator and from the environmental radioactivity. A
borated polyethylene shield will protect the detector from neutrons and an anti Radon
air-tight cage will surround externally the cryostat.

Despite the biggest challenges of the CUORE experiment will be the mass increase
and the reduction of the background, several other aspects of the detector have been
revised in order to cope with the increased number of detectors.

For example the mechanical structure of the towers has been redesigned to allow
a simpler assembling procedure and to guarantee better energy resolution and more
uniformity in the response of different detectors.

Given the packed structure of CUORE, the energy calibration procedure had to
be revised as well. While in CUORICINO the calibration sources could be positioned
at room temperature, outside of the cryogenic apparatus, a uniform and fast enough
calibration of the CUORE array will require to periodically insert the sources inside
the cryostat, and therefore to cool them at 10 mK and warm them up again. The
calibration system will have to introduce thermal loads that can be afforded by the
cryogenic apparatus, and will have to guarantee a reliable operation during the whole
live time of the experiment (about 10 years). Moreover the position of the sources, as
well as their intensity will have to be optimized to reduce the loss in detector live time
due to the calibration.

The analog part of the readout chain will be almost identical to the CUORICINO one,
as it was already designed in the view of a bigger experiment. The main changes will
be related to an improved automation, remote control and diagnostic tools.

The data acquisition system, that will be discussed in chapter 6, has undergone a
complete redesign both in the hardware and the software. The main motivation for
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the upgrade is to obtain a system able to integrate all the subsystems of the detector
(cryogenics, electronics, signal digitization): this will simplify the online data quality
and detector monitoring, as well as the offline analysis procedures.

5.3 Shieldings and cryogenics

Including the detector support copper structure and the radioactivity lead shieldings,
the total mass to be cooled in CUORE will be of about 4 tons. Refrigerators with the re-
quired characteristics are technically feasible, as was demonstrated for example by the
gravitational wave antenna experiments. However, because of the stringent radioactiv-
ity constraints, the CUORE refrigerator will have to satisfy several requirements that
are rather uncommon in standard cryogenic devices.

The design must satisfy the following set of requirements:

• a base temperature lower than 10 mK must be reached for optimal detector
operation;

• given the size of the detector array, an experimental space at least 1 m high and
with an equal diameter is necessary;

• the cooling power of the refrigerator will have to account for the thermal load
produced by the ∼2600 wires running from 10 mK to room temperature;

• the vibrations transmitted to the detectors must be minimized, as they would
cause noise on the detectors and an increase in the average temperature of the
entire array;

• the experience acquired with CUORICINO shows that the experiment must be
properly shielded to reduce at a sufficiently low level the background coming
from the 232Th contaminations in the cryostat thermal shields;

• for the same reasons, only selected radio-pure materials can be used inside the
lead shielding;

• since CUORE is expected to collect data continuously for several years, further
requirements come from the need for a stable, service-free and high duty-cycle
apparatus.

The cryogenic apparatus is shown in fig. 5.3. The cryostat will be made of six nested
vessels. The Outer Vacuum Chamber (OVC), maintained at room temperature, and
the Inner Vacuum Chamber (IVC) maintained at about 4 K, will be separated by an
intermediate radiation shield that will operate at a temperature of ∼40 K. Additional
thermal radiation shielding will provided by 30 layers of Multilayer Insulation (MLI)
covering the 40 K shield and by 10 layers on the IVC shield, the amount of MLI being
limited by radioactivity constraints.
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The cooling of the IVC and of the 40 K radiation shield will be provided by five
Pulse Tubes mounted on the room temperature OVC top flange.

The detector will be cooled by a 3He/4He dilution refrigerator that is being espe-
cially designed for CUORE by Leiden Cryogenics. It is a DRS-2000 unit modified to run
without cryogenic liquids: a Joule-Thompson heat exchanger will replace the function-
alities usually provided by the 1 K pot. The expected cooling powers are >1.5 mW,
30 µW and 5 µW at 120 mK, 20 mK and 12 mK respectively.

Inside the IVC there will be three thermal shields connected respectively to the Still
(∼600 mK), to the Cold Plate (∼50 mK), and to the Mixing Chamber, which is the
coldest point of the apparatus (∼10 mK).
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Figure 5.3: CUORE cryostat and internal shieldings.

Inside the cryostat there will be three lead shields to protect the experiment from
environmental radioactivity and from contaminations in the building materials.

A 25 cm thick lead layer positioned outside the OVC will shield the detector from
the bottom and from the sides. An equivalent shielding from the top will be hosted
inside the cryostat, just above the detector. It will be placed between the mixing
chamber plate and the detector, but it will be thermally linked to the 50 mK radiation
shield (Cold Plate). With a thickness and a diameter of 30 cm and 90 cm respectively,
this shield will weight about 3300 kg. A lead ring-shaped shield placed on the Still
flange will close the gap between the lead disk above the detector and the outer room
temperature shields. An additional shielding of detector sides and bottom will be
provided by a 6 cm lead layer (m≃5400 kg) just outside the Still shield.

To accomplish the radio-purity requirements, the cryostat radiation shields are made
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of selected high purity copper that has been already stored underground to prevent
cosmic ray activation and will be brought to surface only for building the cryostat.

The cold lead disk above the detector and the detector itself are supported by two
independent mechanical structures. The lead is supported by three rods extending
from the OVC top plate. The detector suspension has been designed to minimize the
transmission of mechanical vibrations produced by seismic noise and by the operation
of cryocoolers and pumps. In the horizontal direction the structure acts as a pendulum
with a natural frequency of about 0.4 Hz, while in the vertical direction a two stages
frequency isolator serves as a low-pass filter with two poles at about 0.5 and 3.4 Hz.

5.4 From the single module to the CUORE array

The 988 bolometers composing the CUORE detector will be grouped into 19 towers
very similar to the CUORICINO one. Even if the CUORICINO structure has proved to
be reliable both from the mechanical and thermal point of view, several improvements
have been introduced in the design of the CUORE towers. These changes will produce
a simplification of the tower assembling procedures, as well as a more uniform response
of different detectors. Moreover a sensible reduction in the amount of copper used to
hold the crystals will be achieved with the new design.

The assembly of the single bolometer will benefit from the introduction of new gluing
and wiring procedures. As already discussed in chapter 3, the NTD sensors and the
Si heaters are coupled to the crystals by mean of a low radioactivity two components
epoxy glue. As shown in fig. 5.4 the glue must be deposited in nine separate spots
and a spacing of about 50 µm must be left between the crystal and the sensor to
avoid excessive stress caused by differential thermal contractions. In CUORICINO this
operation was performed manually: using a dedicated tool composed by an array of 9
pins, the glue spots were deposited on the NTD surfaces and afterwards the sensors
were coupled to the crystals using a spacer to obtain the 50 µm gap. However, since
this procedure revealed to be time consuming and not appropriate to deal with 1000
crystals, an automatic tool will be employed for the gluing of the CUORE bolometers.
Besides being faster and more reliable, the new approach will give the possibility to
glue the sensors after the entire tower has been assembled. This feature will allow
to easily recover possible broken wiring connections and unsuccessful gluings without
dismounting the whole tower.

In CUORICINO the NTDs could be glued on the crystals only after that the bonding
of the golden wires used for signal readout was performed. The order of these operations
was constrained by the position of the golden-pads that provide electrical contact to
the wires, deposited on the opposite faces of each thermistor. In CUORE a possible
simplification could be obtained if the gold pads will be deposited on the upper face
of the thermistors (see fig. 5.5). In this way, the order of the assembly procedure
can be inverted by making wire-bonding the last step. This could lead to a simpler,
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Figure 5.4: Sensor gluing on the TeO2 crystals. The glue is deposited on the sensor in nine separate
spots in order to avoid excessive stress caused by differential thermal contractions between the crystals,
the NTD and the glue itself.

faster and more reliable wiring. Such thermistors, called Flat-pack NTDs, are currently
undergoing cryogenic performance tests.

Gold wires
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Figure 5.5: Different position of golden pads in the CUORICINO-like (left) and flat-pack (right) NTD
thermistors. In contrast to the CUORICINO case, the flat pack option allows to bond golden wires for
detector readout when the thermistors are already glued on the crystals.

In CUORICINO each group of four crystals was hold together by a pair of copper
frames, and this single module was replicated as many times as the number of floors
in the whole tower. As shown in fig. 5.6, in the new design the same copper frame will
serve both as a top frame for a given floor and as a bottom frame for the following
one. This simple modification not only facilitates the assembling procedure, but also
guarantees a reduction of about 50% in the amount of copper needed for the mechanical
structure: as discussed in sec. 3.8 copper contaminations are responsible for one of the
most important contributions to the CUORICINO background.

Other improvements in the mechanical structure of the tower are related to a mod-
ification in the shape of the Teflon supports used to hold the crystals. Compared to
CUORICINO, in the new design the vertical dimension of the supports has been in-
creased to compensate the differential thermal contractions between the crystals and
the copper structure, and the contact surface with the crystals has been increased to
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provide better reproducibility in the thermal contacts and thus a more uniform response
of different detectors.

Figure 5.6: Mechanical structure of the CUORE tower. On the left picture a single floor is shown together
with the different shapes of the Teflon support used to hold the crystals. The right side picture shows how
the multiple floors composing one CUORE tower will be assembled together.

In order to avoid material recontaminations, all the assembling procedures will be
performed in a nitrogen fluxed environment and using custom designed glove boxes that
will allow to avoid any direct contact with the detector materials. For this purpose a
dedicated clean room is being built within the CUORE hut, as well as a clean area to
store the materials in the time between their arrival at the LNGS and the assembly of
the towers. Because of the big number of crystals that will have to be assembled, great
care was also taken to define a procedure as much error-free as possible. It will involve
not only the construction of the single towers but also all the movimentations that will
take place from the the beginning of the assembly to the mounting of the completed
towers into the cryogenic apparatus.

5.5 Background Reduction for Cuore

It was discussed in chapter 3 that the main contributions to the CUORICINO back-
ground in the 0νββ region are produced by 232Th contaminations in the cryostat ra-
diation shields and by surface contaminations in the crystals and in the copper used
for the mechanical structure of the tower. While the background coming from 232Th
is rather understood and will be easily reduced by the 6 cm thick lead layer that will
be positioned outside the 600 mK radiation shield, the contaminations in crystal and
copper surfaces have a less clear signature and represent the main obstacle towards the
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achievement of the background level of 10−2counts/(keV · kg · y) foreseen for CUORE.
For these reasons much effort was spent within the CUORE collaboration to understand
such background sources and to find a way to eliminate them.

Great part of this work was done using the R&D facility in the Hall C of LNGS.
The experimental setup is composed by a cryogenic apparatus similar to the CUORI-

CINO one, but with a smaller space for the detectors: two or at most three CUORI-

CINO-like floors can fit into it in each test measurement. Even if proper shieldings are
present to reduce the background from environmental γs and muons, the Hall C appa-
ratus has a quite high 232Th contamination in the radiation shields. As a consequence
the background in the 0νββ region, which is on the left side of the 2615 keV 208Tl
peak from the 232Th chain, is rather high compared to CUORICINO. Nevertheless the
Hall C apparatus is well suited for the investigation of the continuous background in
the 3-4 MeV region, above the 208Tl line, which is the most interesting region to look
at.

5.5.1 The RAD Measurements

The Radioactivity Array Detector (RAD) is a small array composed by eight 5 × 5 × 5 cm3

TeO2 bolometers specifically constructed in 2004 to investigate the features of the back-
ground observed in CUORICINO (see fig. 5.7).

Figure 5.7: The RAD detector used for background investigations in the Hall C R&D apparatus.

The first RAD measurement (RAD1) was prepared in 2004: it had the main goal
to test a better crystal surface cleaning procedure. The radioactive content of all the
materials close to the detectors was previously measured using Inductively Coupled
Plasma Mass Spectrometer (ICPMS) and the High Purity Germanium (HPGe) detec-
tors available at LNGS. The crystals were etched with ultra-pure nitric acid to remove
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about 10 µm from the surfaces and were then polished with a SiO2 powder. The copper
structure was etched and subsequently treated with electro erosion, removing between
10 and 30 µm from the surfaces.

The RAD1 test was quite successful (see fig. 5.8). The extremely low background
allowed to disentangle the bulk and surface contaminations of the crystals: the disap-
pearance of the low energy tail in the α peaks, a typical feature of surface contamina-
tions (see the discussion in sec. 3.8.2), demonstrated that the crystal surface cleaning
procedure was effective. As a consequence the RAD1 measurement allowed to iden-
tify the bulk contaminations (the sharp Gaussian peaks) of the crystals much clearly
than CUORICINO: there is no evidence of Uranium in secular equilibrium, while there
is a contamination in Thorium. However no improvements were obtained in this test
for the 3-4 MeV continuous background, which resulted to be comparable to the one
observed in CUORICINO.
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Figure 5.8: Background spectrum in the RAD1 Hall C test (blue histogram) compared to CUORICINO (red
histogram).

The RAD2 test was dedicated to the investigation of radioactive contaminations of
the small parts facing the detectors. Even if the crystals and the copper structure
are by far the most important contributions in the total mass, some other materials
are present in the vicinity of the detectors: the NTD sensors, the Si heaters, the gold
wires used for signal readout and the Teflon supports. Possible contaminations in the
NTD sensors were excluded, because an energy release in their internal would produce
easily identifiable fast pulses, as a consequence of the fact that the thermalization
process does not have to go through the glue spots used to couple the sensors to the
crystals. In the RAD2 test an amount these small parts much bigger with respect to
CUORICINO was put close to the detectors in order to investigate their contribution
to the background. The amount Teflon, Si heaters and gold wires seen by RAD2 was
increased respectively by 6, 80 and 169 times with respect to CUORICINO. Since the
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event rate measured in the RAD2 test between 3 and 4 MeV was compatible with the
one measured by RAD1 and CUORICINO, it was possible to evince that the maximum
contribution from the small parts is 1% for the Si heaters, 3% the gold wires and 50%
for Teflon.

Since a sensitive reduction of the counting rate between 3 and 4 MeV was not
achieved in the first two RAD measurements, two possible explanations were taken in
consideration to explain the observed background: either it is produced by surface con-
taminations in the copper structure, or it is not caused by radioactive contaminations
in the materials close to the detectors, but it is due to some other process releasing
energy in the 3-4 MeV continuum.

The first possibility (copper surface contaminations) was investigated in the RAD3
measurement, in which the copper structure of the RAD detector was covered with a
60µm thick polyethylene layer. Since the polyethylene is so thin, there is no distinction
between bulk and surface contaminations. This feature allowed to perform fast and
reliable measurement of the contaminations in this material using the standard HPGe
detectors available at LNGS. The result of RAD3 was a strong reduction of the 5.3 MeV
peak, which became in this run compatible with the CUORICINO one, while the 5.4 MeV
peak remained almost unchanged with respect to the previous RAD tests. This proved
that the 5.3 MeV peak is produced by contaminations in the copper surfaces while the
5.4 MeV peak is due to 210Pb contaminations within the crystals.

Another test (RAD4) was performed with the same detector of RAD3, but a neutron
shield was introduced outside the cryostat. Since the results of RAD4 were compatible
with those of RAD3, it could be concluded that neutrons do not contribute significantly
to the background in the 3-4 MeV continuum.

Since the spectra of RAD3 and RAD4 were compatible to each other, they were
summed together to improve the statistics (see fig. 5.9). From the overall analysis of
these two runs it could be concluded that the polyethylene film yielded a background
reduction in the 3-4 MeV continuum by a factor of 2±0.4 with respect to CUORI-

CINO and RAD1.

Two radioactivity tests, RAD5 and RAD6, were devoted to the investigation of
possible exotic events produced by the Teflon supports holding the crystals. These
test were based on the hypothesis that, due to thermal contractions, some relaxation
process could occur within the structure of the Teflon supports that could produce heat
releases able to mimic the thermal pulses produced by particle interactions. For this
purpose in the RAD5 and RAD6 runs the Teflon supports were replaced by phosphorus-
bronze clamps, as shown in fig. 5.10. The choice of this particular alloy was dictated
by its elastic properties, which were needed to guarantee a good mechanical coupling
with the crystals. Since the RAD5 measurement showed that the phosphorus-bronze
clamps contained an excessive concentration of 210Pb, another measurement (RAD6)
was carried out in which a thin copper layer was deposited on the clamps surfaces.
In order to check for possible contaminations in the copper layer itself, two of the
RAD6 crystals were faced to a copper foil as thick as the deposition on the clamps
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Figure 5.9: Background spectrum in the RAD3+RAD4 Hall C tests.

(about 50 µm). The RAD6 measurement showed a lower contamination level with
respect to RAD5, but a higher background level if compared to the previous RAD
tests. Moreover, a comparison of the spectra of the crystals facing the copper foils
with the spectra of the other crystals, showed an excessive surface contamination in
the copper layer itself. As a consequence the RAD5 and RAD6 tests could not rule
out the possibility that part of the background between 3 and 4 MeV is produced by
non radioactive contributions due to thermal relaxations in the Teflon supports.

Figure 5.10: Comparison between the standard (left) and the Teflon-free (right) RAD detector.

With the RAD tests it was proved that surface contaminations in the copper struc-
ture play a relevant role in the background between 3 and 4 MeV. This conclusion
arises from the comparison of the RAD1 spectrum with the RAD3+RAD4 spectrum.
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In RAD1 the counting rate between 3 and 4 MeV was similar to CUORICINO, while
in RAD3+RAD4, where the only difference was the coverage of the copper structure
with the polyethylene foils, the background in the same region is reduced by about a
factor of two. Moreover an effective and reproducible crystal surface procedure was
obtained in these tests. This is proved by the disappearance in RAD1 of the low energy
tails in the α peaks with respect to CUORICINO. The RAD5+RAD6 tests could not
rule out possible contributions to the background from non-radioactive sources, but
demonstrated the good thermal performance of the detectors even when the Teflon
supports are replaced by metallic clamps.

5.5.2 Surface sensitive bolometers

Besides the optimization of surface cleaning procedures another complementary ap-
proach has been developed in parallel to better understand the CUORE and CUORI-

CINO background. It consists in the introduction of sensitive elements that cover the
whole surface of the of the crystals. In the assumption that the observed background
has its origin from outside the detectors, these devices should act as active shields,
both protecting the core bolometers and producing a measurable signal.

The working principles of Surface Sensitive bolometers [120] (SSB) is shown in
fig. 5.11. The thin slabs used as shields are thermally coupled to the main absorber by
mean of glue spots and are provided with a sensor for signal readout. Due to the small
thermal conductance between the slabs to the main absorber, pulses of different shapes
are produced depending on whether an energy release occurred in the main absorber
or in the surface elements.
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Figure 5.11: Principles of operation of surface sensitive bolometers (SSB).

Surface sensitive bolometers were operated in two different runs in the Hall C appa-
ratus. The SSB performance in the two tests is summarized in fig. 5.12. Figure 5.12(a)
shows the scatter plot of the signal amplitudes of the events observed in coincidence
by the slabs and by the main absorber. There is a clear separation between the inter-
nal and external events. The red dots, representing those events in which part of the
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energy was released within the slabs, could be easily recognized thanks to the different
pulse shape. As shown in fig. 5.12(b), by looking at the decay time of the event in the
main absorber it is possible to disentangle between surface and bulk events. This char-
acteristic permits to operate the SSB without the need to read the signals produced in
the slabs: besides reducing the complications in the assembling procedure, this feature
would allow a reduction in the number of wires and thermistors.

Despite the Hall C tests demonstrated the scientific potential of surface sensitive
bolometers, some technical problems arose during the measurements that did not allow
to gain further informations on the possible background sources that are responsible for
the continuous spectrum between 3 and 4 MeV observed in the previous radioactivity
tests. Moreover, it turned out from the Hall C tests that these devices still require
some development, therefore it is unlikely that they will be used in CUORE.
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Figure 5.12: Scatter plots illustrating the performance of surface sensitive bolometers. The left plot shows
the signal amplitude in the main absorber versus the signal amplitude in the surface elements. The red
dots represent those events in which part of the energy was directly released within the surface sensitive
elements. Such events could be easily distinguished because of the faster rise time of the pulses. The right
side plot shows the signal amplitude versus the decay time in the main absorber. Also in this case the red
dots represent the events in which part of the energy was directly released in the surface detectors. The
presence of separated bands for the decay time allows to distinguish surface events from bulk events by
looking at the pulse shape produced in the main absorber only.



Chapter 6

CUORE data acquisition system

6.1 Introduction

A relevant part of this PhD work was devoted to the development, testing and valida-
tion of the data acquisition system for the CUORE experiment. Even if the new system
will share several characteristics with the one of CUORICINO, many innovations will
be introduced to deal with the bigger number of detectors foreseen for CUORE. These
are mainly related to a better integration of the various subsystems of the apparatus,
as well as to the automation of the detector start-up procedures, that cannot carried
out manually on about 1000 channels.

In the first part of this chapter the general requirements to be satisfied by the new
system will be discussed. After a description of the new DAQ hardware components
and of the software developed to operate them, the discussion will be focused on the
validation measurements performed on real detectors, and on the upgrade of the DAQ
system of CUORICINO and of the Hall C R&D apparatus. In the last part of the chapter
the bolometric tests of an automatic procedure for the detectors characterization will
be presented.

6.2 DAQ system requirements

The core of the CUORE data acquisition system was designed keeping in mind the main
features of the signals to be recorded, which will be summarized in the following.

With a frequency bandwidth extending up to about 12 Hz, the typical rise time of
bolometric signals is of the order of few tens of ms, while decay time about one order of
magnitude bigger (see fig. 6.1). A sampling frequency of few hundreds of Hz is therefore
adequate to properly reconstruct the signals from all detectors (in CUORICINO the
typical value for this parameter was 125 Hz).

To minimize the common mode noise, mainly affecting the very first part of the
readout chain, the thermal pulses are acquired in a differential configuration, with the
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two poles of the signal, V+ and V−, symmetric with respect to the ground. Even if the
overall signal amplitude (V = V+ − V−) is in the range 0 V÷10 V during standard
measurements, the possibility to acquire signals in the symmetric range -10 V÷10 V
must be foreseen by the DAQ system, as this feature is necessary during the detector
characterization procedure (see sec. 6.7).
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Figure 6.1: Example of bolometric pulse at the input of the digitization stage.

The digitizing boards should have an adequate resolution to avoid any kind of deteri-
oration in the acquired signals. The energy resolution of the best CUORICINO detectors
in the 0νββ region is of 4 keV (FWHM), and an even better resolution is achieved at
low energy, less than 1 keV. In the conservative assumption of 20 MeV full scale energy
range, an ADC with at least 16 bit resolution must be used to guarantee an adequate
reconstruction of the digitized signals.

Bolometric pulses are subject to a rather wide spread in the shape and amplitude if
compared to signals from other detectors. As a consequence the electronics and data
acquisition system must foresee the possibility to select independent configuration pa-
rameters for each channel. Specifically concerning the last stages of the acquisition
chain, this corresponds to the possibility to select independently the sampling fre-
quency, the trigger thresholds and the duration of the saved time window upon the
arrival of a pulse. This last parameter must be long enough to allow the detector to
recover the base temperature after particle interactions, which is needed for proper
reconstruction of the relevant frequency components of the pulses, as required by the
application of the optimum filter technique (see chapter 3). The typical duration of
the acquired time window is of about five seconds, including one second of pre-trigger,
which is used to evaluate the detector temperature at the time when the pulse was
detected.
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6.3 Data acquisition hardware

After investigating the possibility of developing custom data acquisition boards [121],
the CUORE collaboration decided to adopt commercial devices provided by National
Instruments. This solution allowed to reduce the costs and to avoid all the complica-
tions related to the mass production of the custom data acquisition boards.

Several similar boards were taken in consideration, all of them belonging to the
family of M-series multifunctional DAQ. Such boards are characterized by a 18-bit
resolution analog to digital converter (ADC) and have a programmable sampling fre-
quency up to 500 kSamples/s. They have a calibration circuitry to correct gain and
offset errors: an internal reference signal ensures high accuracy and stability over time
and temperature changes. A multiplexer is exploited to digitize the signals from many
channels in parallel using a single ADC. An analog circuitry is present in the input
stage of the boards (see fig. 6.2): it allows to select between differential and single-
ended signals, select input ranges from -0.1 V ÷ 0.1 V up to -10 V ÷ 10 V, and toggle
the status of the anti-aliasing filter (cutoff frequency at 40 kHz or 750 kHz).
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Figure 6.2: Analog circuitry at the input stage of the National Instruments M-series DAQ boards.

Several analog output channels, as well as digital I/O lines are available, and a
variety of trigger signals can be imported or exported. The boards have an internal
clock with a base frequency of 80 MHz, but can also accept an external clock signal.
Various boards differ in the number of channels (analog input, analog output, digital
I/O). All the requirements discussed in the previous section, concerning the sampling
frequency, the resolution and the input range of the ADC are widely satisfied by the
National Instruments M-series DAQ boards. In addition the presence of the analog
output and digital I/O lines can reveal an useful resource for extending the basic
functionalities of the system.

The boards are hosted in a chassis implementing the PXI standard1. A back-pane
provides the possibility to route signals and to share a common clock source. Several
chassis of different sizes are available, able to host up to 14 boards. Different kinds of
boards can be mixed in the same chassis, thus providing the possibility to integrate in
the core DAQ the various subsystems of the apparatus, such as cryogenic parameters
monitoring and control.

The communication between the PXI chassis and the data acquisition computers is
provided by a controller interface (NI PXI-PCI8336) implementing a communication

1The specifications of the PXI standard can be found on the website http://www.pxisa.org/
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protocol over an optic fiber, which guarantees high data transfer rate and complete
electrical isolation between the experimental apparatus and the acquisition computers.

The exact board and chassis models that will be used in CUORE have not been
decided yet. The best devices will be chosen based on the optimal load balancing of
the system and on the required number of auxiliary analog output and digital I/O lines.
A reasonable guess can be made assuming boards with 16 channels hosted in chassis
with 8 free slots: a total amount of 8 chassis and an equal number of data acquisition
computers would be necessary to record the signals from 1000 channels.

At present two different boards have been tested, the NI PXI-6281 and the NI PXI-
6284, which were hosted in the 6 slots PXI-1036 chassis. The former has 8 differential
AI channels (or 16 single-ended), two analog output channels and 24 digital lines, while
the latter has 16 differential AI channels (or 32 single-ended) and 48 digital lines.

Preliminary tests were performed on these devices using standard laboratory instru-
ments. The ADC resolution was checked with a 1.5 V battery, used as input for a
differential AI channel. Using an input range for the ADC between -10 V and 10 V
and a sampling frequency of 1 kHz the distribution shown in fig. 6.3 was obtained for
the signal amplitude. The RMS of the distribution corresponds to less than 0.8 LSB,
thus validating the resolution of the ADC.
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Figure 6.3: Check of the ADC resolution using a 1.5 V battery. The ADC input range used in this
measurement was -10 V ÷ 10 V. The RMS value of the distribution corresponds to about 0.8 LSB.

Possible presence of cross talk between adjacent channels was checked by feeding
one of the AI channels in the board with a 80 Hz sinusoidal signal produced by an
arbitrary function generator. All other channels were closed on a 50 Ω resistance, and
were acquired with a sampling frequency of 500 Hz. As shown on the left plot in fig. 6.4,
an evident presence cross talk was found at a first glance. However this problem was
easily solved by a proper optimization of the DAQ boards programmable parameters.
The cross talk was caused by the analog signal conditioning circuitry that is present
in front of the ADC (see fig. 6.2). In order to perform an accurate measurement, this
circuitry requires some settling time when the multiplexer switches from one channel to
another. Moreover, the settling time is highly increased when the anti-aliasing lowpass
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filter is switched on (i.e. the cutoff frequency is set to 40 kHz). This is clearly visible
by comparing the left and right side plot in fig. 6.4: the only difference in the two
measurements was the status of the lowpass filter, which was switched on in the left
plot, and was switched off in the right plot. When the filter is switched off the settling
time is short enough to provide an accurate measurement, and the residual signal from
the channel connected to the arbitrary function generator is no more visible on adjacent
channels.
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Figure 6.4: Effect of the low-pass filter on the crosstalk of adjacent channels. A 80 Hz sinusoidal signal
was sent as input on channel 3 when all channels from 2 to 7 were acquired with a sampling frequency of
500 Hz. The two plots show the signal amplitudes in the frequency domain for all the acquired channels
when the low-pass filter was active (left) and inactive (right).

The cross talk problem was solved by maximizing the conversion period, namely the
time interval between two consecutive samplings on adjacent channels. By default the
National Instruments boards use a rather small value for this parameter, about 15 µs.
However the conversion time can be increased, provided that the total time necessary
to scan all acquired channels remains shorter than the sampling period, namely the
time interval between two consecutive samplings on the same channel. The maximum
allowed conversion period can be obtained by dividing the sampling period by the
number of acquired channels. This is shown in fig. 6.5, where the default operation
mode of the DAQ boards is compared to the operation mode in which the conversion
period is maximized (usually referred as round robin).

Figure 6.6 summarizes the cross talk measurements performed after the adoption of
the round robin operation mode. It shows, for several sampling frequencies between
1 kHz and 15 kHz, the ratio between the frequency domain signal amplitudes of two
channels, 3 and 4, when the former was connected to a sinusoidal signal, and the
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Figure 6.5: Illustration of the round robin sampling mode.

latter was closed on a 50 Ω resistance. In the case in which the lowpass filter was
switched off the cross talk is negligible for sampling frequencies up to 15 kHz, while
in the case in which it was switched on, accurate measurements could be performed
only with sampling frequencies up to 2 kHz. Since eight channels were acquired in
the measurements shown in fig. 6.6, it can be concluded that the minimum conversion
period which allows proper settling of the analog input circuitry is of about 60 µs when
the lowpass filter is active. Despite a maximum sampling frequency of 2 kHz (actually
1 kHz for the NI PXI-6284 boards, that have 16 channels) is fairly adequate for the
CUORE bolometers, higher sampling frequencies could be used as well, provided that
a lower number of channels is acquired from each DAQ board.
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Figure 6.6: The plot shows the ratio between the signal amplitudes of two adjacent channels for various
values of the sampling frequency when the low-pass filter was active (triangles) and inactive (dots). In the
measurements channel 3 was connected to a 80 Hz sinusoidal signal while all other channels (also channel
4) were closed on a 50 Ω resistance.
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6.4 Apollo: the data acquisition software

The CUORE data acquisition and slow control software, called Apollo, is designed with
an high level of modularity, to provide an easy way to scale the number of acquired
channels, and to allow smooth integration with the various subsystems of the experi-
mental apparatus.

Written in the C++ programming language, Apollo is almost completely a custom
software, the only exceptions being the National Instruments drivers used to interface
with the DAQ boards, and the ROOT2 software package, used for online data quality
monitoring and for data storage.

Apollo is composed by several processes distributed over different computers running
Scientific Linux, an operating system specifically developed at CERN and Fermilab for
scientific purposes. Communication and data transfer between different processes occur
via standard network connections. Besides providing flexibility and scalability, the
choice of using a distributed system was dictated by the possibility to exploit standard
and cheap computing resources.

All the Apollo processes can access the CUORE database, which is used to store the
geometric description of the apparatus, the mappings and the settings of the various
readout components, informations concerning the performed measurements, as well
as relevant quantities evaluated in the off-line analysis. The purpose of the database
is to provide a standard and unified interface where all the informations are stored
homogeneously and can be easily correlated to each other.

In the following a description of the processes composing the Apollo system will be
given. A sketch of its main components is shown in fig. 6.7.

DataReader

this is the basic process in the data acquisition chain. It continuously reads data
from the DAQ boards and writes it into shared memories. As shown in fig. 6.8,
shared memories can be accessed by other components of the Apollo system for
different purposes, such as applying trigger algorithms, dumping the continuous
data stream into files or looking at the data with a software oscilloscope. One
DataReader process, running on a separate computer, exists for each data ac-
quisition chassis. The DataReader is also responsible for applying triggering and
digital filtering. Since it is in charge of acquiring only a subset of the channels
in the whole apparatus, it cannot have an overall knowledge of the status of the
system. As a consequence, at this level the trigger algorithms only set a flag
into the data stream, and the event building is demanded to a separate process,
able to handle all the acquired channels in parallel. The DataReader also allows
to save on file the continuous data streams form each acquired channel. Given
the rather low sampling frequency necessary to record the signals from bolomet-
ric detectors, the additional required storage space can be easily afforded. This

2ROOT is a physics data analysis framework developed at CERN: http://root.cern.ch/
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Figure 6.7: Schematic representation of the data acquisition system architecture. The fundamental hard-
ware components are depicted as rectangular boxes, while the main software components are represented
as blue ellipses.



6.4 Apollo: the data acquisition software 107

feature can be used to reprocess the data offline for any kind of purpose, such
as investigating possible problems in the detector operation or searching for low
energy events with an arbitrarily sophisticated trigger algorithm.

event
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from DAQ
boards

write to
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oscilloscope
software

Figure 6.8: Sketch of the components accessing the shared memory containing the acquired data.
One of such shared memories exists for each acquired channel. In case one of the components resides
on a different computer the shared memory is mirrored over the network by mean of a couple of
DataSender/DataReceiver processes.

EventBuilder

this process reads the continuous data written in the shared memories by the
DataReader and searches for trigger flags. At this level cross channels informa-
tions are available, as signals from all channels are processed in parallel. By
accessing the database, the EventBuilder can identify group of channels based on
the spatial distance of the crystals they come from, on the particular front-end
board they belong to, or any other meaningful criterion. Using these informa-
tions, events are built as synchronous groups of waveforms coming from several
different detectors. The events are then stored on disk for offline processing us-
ing a customized ROOT file format. The EventBuilder process is actually an
instance of Diana, the CUORE offline analysis software, running with a particu-
lar configuration. Diana has an highly modular structure that allows to plug-in
specific analysis packages and event-based filters using a simple configuration
file. Therefore, besides the basic event building and data storage operations, the
EventBuilder has the possibility to perform a first level online analysis of the
acquired data, which allows a prompt monitoring of the detector conditions.

PulserController

this process is dedicated to the management of the pulser control system. As
discussed in chapter 3, the purpose of this subsystem is to send fixed energy
calibration pulses on the detectors to monitor their response on short time scales.
The PulserController periodically fires heater pulses on the bolometers and also
sends a synchronous signal to the DAQ boards that is used for flagging purposes
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in the event building phase. The pulser control subsystem will be discussed in
sec. 6.6.1.

DataSender and DataReceiver

these two optional processes are present in case the Builder and the DataReader
do not reside in the same host. This will happen as soon as more than one DAQ
chassis is present in the system. These processes are responsible to perform the
mirroring of the shared memories containing the acquired data over the network.
Despite their main purpose is to export the shared memories on the host where
the EventBuilder resides, they can be used for any other purpose, for example
for exporting the data on a remote machine where the detector timelines can be
watched almost in real time with a software oscilloscope.

MsgLogger

this process accepts messages from all the components of the Apollo system, and
writes them to log files. It also handles informations about the status of running
processes. A process can inform the message logger about its status or ask for
the status of any other running program.

DaqServer

this process has the control over the whole system. It performs all the operations
that are needed to start or stop a measurement, and monitors the overall system
status during data acquisition.

ApolloGUI

this is the Apollo graphical user interface. It communicates with the DaqServer
via network to perform standard operations such as starting or stopping a mea-
surement. It includes some basic monitoring tools, such as a software oscilloscope
to look at continuous signals on the bolometers, and a display window containing
several plots summarizing the status of the measurement.

SlowServer

this process is responsible for hiding the implementation details of the protocols
used to communicate with various hardware components of the system, such as
the front-end electronics, Bessel filters, power supplies and pulser control boards.
It provides a simple network interface that can be used by any other Apollo pro-
cess to query or modify the status of the electronics system. During standard
measurements the interaction with this process is limited to the pulser boards,
while it is massively involved in the measurements dedicated to the characteriza-
tion of the detectors (see sec. 6.7).
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6.4.1 The trigger

Given the low event rate and the slow sampling frequency of bolometric detectors, it
was decided to implement a software trigger, which reduces the costs of the system and
allows more customizable configurations. Because of the wide spread in the noise and
pulse shape of different detectors, an optimal threshold can be achieved at low energy
only if the trigger is tuned on the specific features of the signal of each bolometer.

The object-oriented architecture of the Apollo software allowed to build the trigger
engine in a modular structure that is transparent to the particular algorithm that is
implemented. This permits to easily plug-in different algorithms on different channels.
Four independent triggers can search for events at the same time on each channel. They
can be based on different algorithms, or even on the same algorithm run with different
parameters. This feature could be used for several purposes: for example one trigger
could be tuned for high energy 0νββ events, while another one could be optimized for
the search of low energy events.

At present two distinct algorithms have been implemented that are usually run in
parallel on each channel. The first one is a simple random trigger, which has the
purpose of acquiring the baseline samples that are used to produce the noise power
spectra required by the optimum filter technique, used for signal amplitude evaluation
(see sec. 3.7). The other algorithm has the purpose of triggering physical pulses. It is
based on the simple concept sketched in the left plot of fig. 6.9: the difference in the
signal amplitude of two samples at a fixed time distance (average) is compared with a
reference value (threshold); if this quantity is bigger than the threshold for at least a
given number of consecutive samplings, a trigger flag is set in the data stream on the
first sample that exceeded the threshold.
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Figure 6.9: Simple trigger algorithm implemented in Apollo. The left plot sketches the basic concept of
the trigger implementation: the difference in the amplitude of two samples at a fixed distance must be
bigger than a certain reference threshold for the trigger to fire. The right plot shows an example of the
achieved trigger threshold on a CUORICINO-like pulse obtained from a Monte Carlo simulation.
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A Monte Carlo simulation specifically developed by the CUORE collaboration to
reproduce the thermal pulses was used to check the performance of the trigger. As
shown in the right plot of fig. 6.9, a threshold as low as few mV (corresponding to less
than 50 keV) can be achieved with this simple algorithm.

Given the very naive approach of the trigger algorithm implemented so far, it is
likely that a more sophisticated one will be developed for CUORE. In fact the main aim
of this algorithm was to have the possibility to reproduce the whole data acquisition
chain in the validation measurements performed on real detectors that will be discussed
in the following sections. As will be shown, the implemented trigger revealed to be
fairly adequate for this purpose.

6.5 Upgrade of the DAQ system for the Hall C

R&D apparatus

A prototype of the Apollo system was installed in 2006 in the CUORE R&D apparatus
in the Hall C of LNGS. The installation had the double purpose to test the new data
acquisition system on real detectors, and to upgrade the old DAQ system after proper
validation of the new one.

The upgrade was motivated by the fact that the old setup, a system based on the
VXI standard formerly used for the acquisition of the MiDBD experiment, was provided
with insufficient computing resources, which caused frequent crashes when the number
of acquired channel or even the event rate were too high. Being an embedded system, it
was not possible to simply replace the computer used for the control of the acquisition.

The Apollo prototype installed in Hall C consisted in a single DAQ chassis hosting
three NI PXI-6284 boards, for a total amount of 48 channels. As a first step a single
computer with the core data acquisition components was installed, missing the control
over the heater pulses system and the front-end electronics. The old and new DAQ
systems were run in parallel to perform proper cross checks of the overall performance
of the new system. This was made possible thanks to the presence of a custom interface
(the patch panel) used to split the signals from the detectors and send them to the two
systems. It was positioned in the last step of the detectors readout chain, between the
Bessel filters and the two DAQ systems (see fig. 6.10). The patch panel also included
an interface to convert the differential signals from the detectors into unipolar ones.
The unipolar signals, exported to standard BNC connectors, could be used to look at
the analog signals using a standard oscilloscope.

The first test on real detectors was performed during the RAD5 measurement (see
sec. 5.5). It only lasted few days, but allowed to validate the basic functionalities of
the system and to identify several hardware configuration problems. These were re-
lated mainly to the presence of electro-magnetic interference, and to the contemporary
operation of the two DAQ systems. The first problem was easily solved by proper
shielding along all the path followed by the signals. The second problem, producing
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Figure 6.10: Schematic representation of the hardware upgrade of the DAQ system in Hall C. The dashed
boxes represent the new components introduced in the upgrade.

on the Apollo data the frequent and fast spikes visible in fig. 6.11, was due to the
concurrent operation of the two DAQ systems, as demonstrated by the fact that the
spikes disappeared when the old system was temporarily switched off. Despite the
presence of the spikes could not be completely avoided, it should be stressed that they
did not represent a real problem. First, since the high frequency components of the
signals have almost no weight when applying the Optimum Filter technique, the spikes
would have a negligible impact on the overall quality of the acquired data. Moreover,
the contemporary operation of two DAQ systems is only necessary for testing purposes
and will be abandoned after a complete validation of Apollo. Finally, it turned out that
such spikes could be avoided by decreasing the sampling frequency of the Apollo DAQ
boards: in order to check the system under stress conditions, the first measurements
were performed with a sampling frequency of 2 kHz. When the detectors were acquired
with a sampling frequency of 125 Hz, which is the usual value adopted in the standard
measurements, there was no presence of the fast spikes in the data.
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Figure 6.11: Example of waveform containing the high frequency spikes produced by the sudden change
of impedance of the hardware trigger input stage of the old DAQ system.
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Several other tests of increasing duration were performed on the Hall C apparatus,
in which Apollo proved to be reliable even in conditions of high event rates, when the
old DAQ system suffered of crashes due to excessive load. An example of the results
obtained from the Hall C tests is shown in fig. 6.12, where the amplitude spectrum
measured by Apollo and by the old DAQ system are compared for one of the acquired
channels. At present the two DAQ systems are regularly run in parallel for standard
radioactivity R&D measurements. Two independent analyses are usually performed
on the data acquired by Apollo and by the old DAQ system, to check for the presence
of possible anomalies.
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Figure 6.12: Comparison of the amplitude spectra between the old (dashed line) and new (continuous
line) DAQ system in Hall C. The signal amplitudes shown in this spectrum were evaluated with a simple
max-min algorithm.

6.6 Upgrade of the CUORICINO DAQ system

After the successful outcome of the Hall C tests, the CUORE collaboration decided
to upgrade the DAQ system of CUORICINO. The upgrade took place in the early
2008, during the last few months of data taking of the experiment. It was performed
contemporary to a test in which several plastic scintillators were positioned on top of
the cryogenic apparatus to study the possible influence of muon-induced events in the
background of CUORICINO.

The new system was very similar to the one installed in Hall C. Five NI PXI-
6284 data acquisition boards were hosted on a single chassis, for a total amount of 80
channels. Due to the limited experimental space, usually a small number of detectors
is operated in the Hall C apparatus. Therefore, even if the new system provided the
possibility to acquire up to 48 channels, in all the tests performed in Hall C no more
than 16 channels were acquired at the same time. In contrast, in in the case of the
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CUORICINO upgrade, most of the available channels were exploited, as 62 bolometers
were acquired together with two thermometers attached to the mechanical structure of
the tower. In order to operate the old and new data acquisition systems in parallel, an
interface for signal splitting, identical to the one deployed in the Hall C upgrade was
introduced (see fig. 6.10).

The new data acquisition system proved to be stable over the three months of con-
tinuous measurements. As in the case of Hall C, the amplitude spectrum measured
by Apollo was compared to the one obtained by the old system. The results, reported
in fig. 6.13, showed a good accordance between the two systems. The only signifi-
cant differences, visible in the bottom left plot in fig. 6.13, were due to the different
performance at low energy of the trigger algorithms implemented by the two systems.

A further confirmation of the good performance of the Apollo system was obtained
from the study of the noise power spectra (NPS) of several detectors. The spectra
shown in fig. 6.14 were obtained for each channel by averaging about 100 NPS ob-
tained from the baseline samplings acquired randomly during the measurements. The
top plots show, for two channels, the comparison of the NPS evaluated from the data
acquired by Apollo and the old system during the same time interval (about one day).
The various peaks, with different position and amplitude in the two displayed chan-
nels, are produced by microphonic noise in the wires connecting the detectors to the
preamplifier stage of the readout chain. Since the wiring of each detector follows an
independent path, different features are expected on each channel. The sudden drop
in the spectrum at about 12 Hz, common to all channels, is due to the Bessel filters
that precede the two data acquisition systems in the readout chain. At high frequency,
above 20 Hz, the Apollo noise is much lower compared to the one of the old system.
This is due to the different resolution of the two digitizers: Apollo uses a 18 bit ADC,
while a 16 bit ADC is used by the old system. At lower frequency there is a good ac-
cordance between the Apollo and VXI spectra. The small differences can be ascribed
to the fact that the detector baselines used for the evaluation of the average NPS were
not acquired exactly at the same time by the two systems. This is confirmed by the two
bottom plots in fig. 6.14, which show the noise power spectra evaluated from the old
DAQ system in different time periods. The discrepancies, even more evident than the
ones obtained by the comparison with Apollo, prove that the time dependence of the
detector noise is the main responsible for the differences at low frequency. In addition,
the fact that the two power spectra for the measurements 1051 and 1151 correspond
to data acquired before the upgrade of the CUORICINO DAQ system, demonstrates
that the modifications in the hardware set-up did not introduce significant noise in the
apparatus.

6.6.1 The pulser control subsystem

Besides representing the first measurement with a big number of channels, the upgrade
of the CUORICINO DAQ also included the integration in Apollo of the pulser control
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Figure 6.13: Comparison of the amplitude spectra between the old and new DAQ system in the Hall A
muon run. The top plot shows the whole amplitude spectrum acquired by a detector during about one
month of data taking. The bottom plots show an enlarged view of the low (left) and high (right) amplitude
range.

system. As widely discussed, the purpose of the pulser is to have a fixed energy reference
signal that can be used offline to correct the gain instabilities of the detectors [64].
Such signals are obtained by sending on the Si resistors attached to each bolometer a
rectangular shaped pulse whose amplitude and duration can be configured remotely by
mean of several registers. Since the duration of the electric signal is short compared
to the typical time response of the bolometers, the resulting thermal pulse is almost
indistinguishable from the ones produced by particle interactions. The pulser hardware
can operate in two modes: either it can fire immediately once the parameters are set
into the registers for a given channel (software trigger mode), or it can wait for a trigger
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Figure 6.14: Noise power spectra for signals acquired with the old and new DAQ systems. The top plots
show the noise power spectra comparison between the old DAQ system (VXI) and the new one (Apollo)
for two channels. The bottom plots show for the same channels the noise power spectra from other
measurements with the old DAQ system. They demonstrate that, at least at low frequency, the differences
between the power spectra are produced by varying conditions of the apparatus at different times.

signal to generate the pulse (hardware trigger mode). The preferred behavior can be
easily chosen by mean of a switch on the pulser boards.

The software trigger mode, used by the old data acquisition system, had several
drawbacks. Given the lack of real time synchronization between the DAQ and the
pulser hardware, the adopted approach consisted in flagging as heater pulses all the
triggered events that were detected within one second from when the settings were
applied to the pulser registers.

Given the low event rate of bolometric detectors, the large time window used to flag
heater events was not a major problem by itself: it is unlikely for a particle pulse to
occur within such time window, and in any case events containing more than one pulse
could be easily identified and discarded offline. However the heater pulses were saved
and flagged only in the case in which they were detected by the trigger algorithm. The
trigger efficiency is almost 100% for high energy pulses, but it tends to decrease when
approaching low energies. As a consequence it was not possible to use the flagging
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mechanism to study the performance of the detectors in the energy region close to the
trigger threshold.

Finally, a further problem was introduced by the concurrent operation of the two
DAQ systems: the software trigger mode did not allow to share the flagging mechanism
between Apollo and the old system.

Given the previous considerations it was decided to upgrade the pulser control sys-
tem adopting the hardware trigger operation mode. It allows to export the trigger
signal to an arbitrary number of systems and provides a better precision in the arrival
time of heater pulses, given by the sampling period of the data acquisition boards. In
addition it allows to record the detector waveforms without relying on the efficiency
of the trigger algorithm, thus opening the possibility to perform reliable studies of the
detector performances at low energy.

The architecture of the Apollo pulser control system is sketched in fig. 6.15. Each
heater pulse is generated by two consecutive steps:

1) the pulse parameters are written in the configuration registers; no pulse is gen-
erated in this step, since the boards are still waiting for the hardware trigger
signal;

2) a synchronous signal is sent in parallel to the pulser boards and the two data
acquisition systems; it causes the boards to fire and is used by the two DAQ
system to flag the corresponding events.

A dedicated process, the PulserController (see sec. 6.4), is responsible for this task.
It applies the configuration parameters (step 1) using the slow control interface, while
the trigger signal (step 2) is generated by a dedicated 24-bit digital I/O board. One
of the bits is used as trigger for the pulser boards, while the remaining ones, sent to
the two DAQ systems, are used to code the informations about the parameters of the
fired pulse.

An arbitrary sequence of pulses of different amplitudes can be fired independently
on each channel. When the PulserController is started, the sequences are read from
the database, and heater pulses with the corresponding configurations are periodically
fired on the detectors.

The Apollo pulser control system, introduced for the first time in the CUORICINO up-
grade, proved to be stable even over long time measurements. An example of its op-
eration is shown in fig. 6.16, where the signal amplitude for particle and heater pulses
is plotted versus the arrival time for one of the CUORICINO channels. In the measure-
ment shown in the figure heater pulses with three different amplitudes were being fired
on the detectors with a time interval of about 300 s. Every eight pulses of standard
amplitude (the ones used for offline gain corrections), one high energy pulse and one
low energy pulse were generated. A check was performed to ensure that the number of
recorded heater pulses corresponded to the expected one, and the result was successful
even for the low energy pulses.
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Figure 6.15: Sketch of the Apollo pulser control system architecture. Heater pulses are generated in two
steps: first the hardware boards are configured with the parameters of the pulse to be fired, and then a
synchronous trigger signal is sent in parallel to the pulser boards and to the DAQ system.
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Figure 6.16: Demonstration of the heater pulses flagging capability of Apollo. The plot shows the signal
amplitude versus time for the pulses acquired on one of the CUORICINO channels. The violet boxes are
the events flagged as heater pulses, while the red circular dots are standard particle pulses.

6.7 Detector characterization procedure

The upgrade of the Hall C and CUORICINO DAQ systems proved the good performance
and stability of the core components of Apollo, and additional improvements were
obtained with the introduction of the pulser control system. A further step towards
the complete implementation of Apollo was done in the summer of 2008, when the
automatic procedure for the characterization of the detectors was tested for the first
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time in the Hall C apparatus. Despite the main purpose of the tests was to obtain a
proof of concept for the correct functioning of the whole procedure, the characterization
of several detectors at two different temperatures could be obtained as well. Moreover
in these measurements the SlowServer, the Apollo process used to interface with the
electronics components of the apparatus was subject to intensive stress for the first time.
In contrast to the past tests, when the use of the slow control software was limited to
the interaction with the heater pulse boards, in the detector characterization procedure
all the features of this interface were exploited.

6.7.1 Overview

The two main goals of the load curves procedure are the measurement of the char-
acteristic I-V curve of the detectors, and the identification along such curves of the
working point corresponding the best signal to noise ratio. The I-V curve is obtained
by measuring the voltage drop across the bolometer sensors in static conditions (no
pulses) for different values of the bias current in the polarization circuit. Similarly, the
identification of the optimal working point requires the measurement of the amplitude
of fixed energy reference pulses for several values of the bias current.

+
VBIAS

RL/2

Rbol(T)Ibol Vbol(T)

RL/2

Figure 6.17: Sketch of the detector biasing circuit.

The bolometer current can be modified by changing the bias voltage of the polar-
ization circuit shown in fig. 6.17, while the quantity that can be measured to evaluate
the bolometer voltage (Vbol) is the amplitude of the signals at the end of the readout
chain (VOUT ). It is given by

VOUT = (VOFF + Vbol) ·G , (6.1)

where G is the gain introduced in the readout chain and VOFF is the offset summed
to the bolometer voltage before the preamplifier to make the resulting signal fit in the
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range of the ADC. Since it can be programmed by mean of dedicated configuration
registers, at least in principle its value can be known exactly. There could be however
some additional contributions to the offset coming for example from thermocouple
effects in the wires connecting the bolometers to the front end electronics [69]. In order
to eliminate such unknown contributions, the bolometer voltage is usually evaluated by
mean of two measurements performed with opposite values of the bias voltage polarity,
so that the offset component can be eliminated (or even estimated):

V ±
OUT = (VOFF ± Vbol) ·G , → Vbol =

V +
OUT − V −

OUT

2G
(6.2)

For a given bias voltage VB, the corresponding bolometer current Ibol is given by

Ibol =
VB − Vbol

RL

, (6.3)

where RL is the load resistance of the circuit shown in fig. 6.17. The whole load
curve is therefore drawn by repeating the described measurement procedure for different
values of the applied bias voltage, while the fixed energy reference pulses necessary for
the identification of the optimal working point can be easily obtained by exploiting the
pulser control system described in sec. 6.6.1.

In standard detector operation a static voltage drop of few mV is present across the
bolometers, and a much smaller signal variation is produced by particle interactions
(typically 100 µV per MeV of released energy). During the load curve procedure the
bolometer voltage is varied in a much wider range, roughly from zero to few tens
of mV. Moreover, in contrast to the case of standard measurements, where the signal
is usually maintained in the range between 0 V and 10 V, in the load curves procedure
the inversion of the bias voltage polarity makes the signal assume values in a range
almost symmetric around zero. For these reasons both the bias voltage and the gain
of the readout chain can assume during the detector characterization procedure some
values that are unusual in standard measurements.

In the past the load curves procedure was performed by changing manually the pa-
rameters of the polarization circuit, and measuring the resulting signals with a standard
oscilloscope. This was imposed mainly by the lack of a real integration between the
slow control and the data acquisition system, and by the fact that the old DAQ boards
could only accept signals in the positive range 0÷10 V. However the manual approach,
rather annoying even in the case of the small number of detectors used in the Hall C
measurements, cannot be extended to the case of CUORE, when the characterization
of about 1000 bolometers will have to be performed. Besides requiring a much smaller
effort compared to the manual approach, the presence of an automatic procedure per-
mits to obtain faster and more precise measurements, resulting in a better control over
the performance of the detectors.
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6.7.2 Implementation

It follows from the discussion presented in the previous section that several require-
ments must be satisfied by the implementation of the automatic load curves procedure:

• possibility to modify the electronics parameters at runtime;

• possibility to identify in the acquired data the time periods corresponding to
different configuration of the electronics parameters;

• possibility to perform measurements in parallel on several channels, with the
purpose of speeding up the whole procedure;

• possibility to perform an online analysis of the results, in order to optimize the
density of points in different zones of the load curve;

• possibility to reprocess all the data offline for cross check and fine optimization.

The front-end electronics of CUORICINO and of the Hall C apparatus was designed
keeping in mind the possibility to perform the detector characterization procedure.
For this reason almost no change was needed in the hardware configuration of the
system. The only exception was the introduction of an external power supply used
to apply the bias voltage to the detectors. The internal power supply of the front-
end electronics allows to apply 32 different values equally distributed in the range
0 V ÷ 10 V. While this provides good versatility in standard measurements, it is not
well suited for the load curves procedure, because both the low granularity and the
maximum value of applicable bias voltage could be insufficient to accommodate the
response of all the detectors. The communication with the external power supply was
completely demanded to the slow control server, therefore its presence was completely
transparent to the other components of the system.

From the software point of view, the load curves procedure was implemented using
the same components involved in standard data acquisition. The detector baselines
samples required the evaluation of the I-V curve were obtained by mean of a random
trigger, while the pulses used for the evaluation of the optimal working point were
obtained with the pulser system described in sec. 6.6.1. For both the I-V and the pulse
amplitude curves, each point was obtained as an average of several measurements.
The software tools specifically developed for the load curves procedure were limited to
the process responsible for event building. As discussed in sec. 6.4, the EventBuilder
is actually a particular instance of Diana, the CUORE offline data analysis software.
Since the changes in the electronics configuration can be applied only after that all
the necessary measurements for a given point of the load curve have been performed,
the process responsible for the overall control on the flow of the procedure must be
capable of performing some basic analysis on the acquired data: the EventBuilder was
the natural choice for this purpose. Given its plug-in based structure, it was possible
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to divide the overall analysis and control procedure in several simple subtasks. The
following modules were implemented for this purpose:

• a filter to skip the events acquired in the transients in which modifications were
being applied to front end electronics;

• a filter to skip the events in which the detector baseline was not sufficiently stable:
this can happen during the recovery after changes in the electronics settings, but
also on the tail of particle or heater pulses;

• a filter to skip the events in which one or more physical pulse were present;
such events are not interesting during the load curves procedure, since the DC
characterization of the detectors requires samples without pulses, while the mea-
surement of the pulse amplitude curve requires pulses of fixed energy that are
obtained by the heater pulses system;

• a module that is responsible for load curves analysis: it is a simple handler of
load curves objects, one for each channel; every time a valid event is detected,
it is stored in the load curve for that particular channel; each load curve object
is a collection of measurements containing all the relevant informations for the
evaluation of the parameters needed to draw the I-V curve.

• a module responsible for the communication with the slow control server; using a
network interface, this module can apply changes to the electronics configuration
every time that all the measurements for all the channels are completed for a
given configuration.

Instead of performing consecutively the two measurements of opposite polarity in
each point of the curve, a different approach was preferred in which the measurements
with negative bias polarity for all the points were performed, followed by an equal
number of measurements with positive bias polarity. This choice was dictated by
the reduced number of interactions with the front-end electronics, which produce non
negligible transient noise on the detectors. In contrast, changes in the absolute value
of the bias polarity, obtained using the external power supply, do not produce such
noise. While in the first approach the bias polarity must be inverted as many times as
the number of points in the load curves, in the second one a single polarity inversion
is required.

A sketch of the load curves procedure is depicted in fig. 6.18. The left plot shows
the continuous timeline of one of the acquired detectors during the characterization
procedure for a simple case in which only five points of the load curve were drawn. The
steps visible in the plot correspond to the change in the bias voltage of the detector
polarization circuit. The first half part of the measurement is performed with a given
bias polarity, while the remaining part is performed with the opposite polarity. At the
end of the procedure the measurements with opposite polarity and with the same bias
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voltage are correlated and the corresponding values for the I-V curve are evaluated
using eq. (6.2) and eq. (6.3), as shown in the left plot of fig. 6.18.

point 5
point 4point 3

point 2point 1

 a
m

pl
itu

de
 [V

]

0 100 200 300 400
 time [s]

500 600 700 800 900

Run 362 − Ch 02

−4

−3

−2

−1

0

1

2

3

4

V [mV]
0 1 2 3 4 5

I [
nA

]

0

0.02

0.04

0.06

0.08

0.1

Ch: 2 − Run: 362

Figure 6.18: Example of measurement for the determination of the load curve. The left plot shows the
continuous timeline of a detector during the measurement. The changes in the thermistor biasing voltage
are clearly visible, as well as the polarity inversion at about 500 s. The I-V curve points depicted in the
right plot are evaluated from each couple of measurements with equal bias voltage and opposite polarity.

6.7.3 Tests in Hall C

The detector characterization procedure was tested in Hall C in the summer of 2008,
at the end of a run dedicated to the study of the flat-pack thermistors (see chapter 5).
In this run eight detectors were operated, each of them being provided with a flat-
pack thermistor and a standard one. The load curves were measured manually before
the beginning of the run, and the measurements were repeated with the automatic
procedure at the end of the run. Even if the main purpose of this test was to obtain a
proof of concept of the automatic control over the system and the validation of proper
synchronization between the different components of the slow control and DAQ system,
a satisfactory measurement of the load curves for several channels was obtained at two
different temperatures. Figure 6.19 shows for two channels the load curves obtained in
two runs performed at different temperature, compared to the manual curve measured
(at an even different temperature) at the beginning of the run. The curves are shown
either in the I-V plane and in the R-P plane (sensor resistance versus dissipated power).

The curves are in the correct position, as expected from the different temperature
in the three measurements. Also the curves from the same detector present a similar
shape, and in particular there is a good agreement between the manual curve and the
automatic one that was measured at a slightly different temperature. The manual load
curves extend up to higher values of the bolometer current, since a wider range was used
in that measurement for the bias voltage. However mainly from the R-P plots, where
there is a better separation between the curves measured at different temperature, it
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can be seen that the automatic measurements were performed with a much higher
granularity.
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Figure 6.19: Comparison of the load curves from two channels measured with the manual (violet squares)
and automatic procedure (red circles and green triangles). The curves are drawn in the I-V plane (the two
top plots) as well as in the R-P plane (the two bottom plots). The curves correspond to three different
values of the detector base temperature.

In one of the runs the heater pulse control system was switched on and the pulse
amplitude curve was measured together with the load curve (see fig. 6.20). The curves
present the expected shape, apart for the presence of the discontinuity visible on both
the detectors slightly below the position of the maximum pulse amplitude. This prob-
lem was not realized during the measurements, therefore it was not possible to inves-
tigate it in detail. However the most probable reason for such discontinuities was an
interference between the detector stabilization circuit and the external power supply
used to apply the bias voltage to the detectors. As discussed in chapter 3 a feedback
circuit, controlled by a thermometer attached on the mechanical structure of the tower,
is used to maintain the detectors at a constant temperature. If some unknown offset
is added to the stabilization signal, a variation in the temperature of the apparatus
is produced, leading to inconsistent results in the detector characterization measure-
ments. The signal from the stabilization circuit, as well as the bias voltage produced by
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the power supply were continuously monitored during the measurements, and a strong
correlation was found between these two signals (see fig. 6.21).
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Figure 6.20: Pulse amplitude (blue) and load curves (black) measured on two detectors. The pulse
amplitude was evaluated with a simple max-min algorithm, it does not represent the signal to noise ratio.
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Figure 6.21: Explanation of the discontinuities observed in the heater pulse curves. For some reason which
was not clearly understood the signal from the temperature stabilization feedback circuit (left) suffered
from a strong correlation with the amplitude of the bias voltage produced by the power supply (right). The
rectangular steps visible in the monitor signal from the power supply are the changes in the bias voltage
corresponding to different points in the load curve.

Apart for the problem with the stabilization circuit, which was probably due to
wrong shieldings or cable connections, the first tests of the automatic detector charac-
terization procedure can be considered rather successful. The I-V curves, as well as the
pulse amplitude curves, were measured for several detectors, presenting the expected
behavior even at different temperatures. Also the duration of the characterization pro-
cedure was quite reasonable: in the measurements performed without heater pulses
about 32 points were acquired in parallel on eight channels in about one hour. Even if
several optimizations can be introduced to speed-up the procedure and to improve the
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quality of the measurements, the basic functionalities of the automatic characterization
system obtained a substantial validation in the Hall C test.





Conclusion

The two central topics of this PhD thesis were the development and validation of the
data acquisition system for the CUORE experiment, and an analysis of double beta
decay to excited states carried out on the data acquired by CUORICINO.

A completely new data acquisition and slow control system is foreseen for the
CUORE experiment. Besides providing the core functionalities required to acquire the
signals from about 1000 bolometers, the new system will guarantee a strong integra-
tion with all the components of the experimental apparatus. Apart for possible minor
modifications, the hardware configuration is now defined, and most of the software
has been written. Two prototypes were installed in CUORICINO and in the Hall C
R&D apparatus, with the double purpose of testing the new system and upgrading
the pre-existing ones. Apart for the reduced number of channels, these two system are
very similar to the final one that will be used in CUORE. After the successful overcome
of numerous tests, performed both in the Hall C apparatus and in CUORICINO, the
CUORE collaboration decided to regularly use the new data acquisition systems for
standard physics measurements.

The other argument of this PhD thesis was an analysis of the CUORICINO data
focused on the search of two neutrino double beta decay of 130Te to the excited state
0+ of the daughter nucleus 130Xe. This decay mode is accompanied by the emission
of two photons from the deexcitation of 130Xe. This clear signature allows to search
for events in which two detectors are hit at the same time, thus producing a strong
reduction of the background. The basic approach adopted in the analysis was to search
in the double hit energy spectrum for the photoelectric peak produced by one of the
two deexcitation photons. Several event selection criteria were considered, leading to
different values for the detection efficiency and the background level in the region of
the peak. No presence of such peak was found in the data and the most conservative
limit obtained for the half life of the searched process is T1/2 > 1.4 × 1022 y (90%
C.L.).
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