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Introduction

In the last few years very important results have been reached in the study of neutrino and of
its proprieties. The discovery of oscillations and of the non zero neutrino mass show finally
a reasonably complete picture of this elusive particle. Nevertheless, while precision measure-
ments on the oscillation parameters are planned for the near future, there are still two important
missing pieces in the neutrino puzzle: the understanding of its nature (Dirac or Majorana) and
the measurement of the absolute mass scale.

Neutrinoless Double Beta Decay (0νDBD ) is a unique tool to discriminate the neutrino
nature and eventually to measure its absolute mass. Many different experiments have been pro-
posed and realized in these years to measure the 0νDBD looking towards the Quasi Degenerate
neutrino mass region. A second generation of detectors is now rising up with the claim to look
inside the Inverted Hierarchy mass region. The bolometric TeO2 detectors for the search of the
0νDBD of 130Te , play a leading role in this new generation of detectors.

This Ph.D. work had been performed in the framework of the CUORE (Cryogenic Un-
derground Observatory for Rare Events) experiment, a TeO2 array of 988 bolometric detectors,
which aims to reach a sensitivity on the neutrino mass better than 50 meV. My research regarded
mainly the R&D activity on the detectors performance and on background reduction. This work
was performed in collaboration with Universidad de Zaragoza (Spain), while the experimental
tests were performed in Laboratoi Nazionali del Gran Sasso (LNGS) of INFN.

My activity was focused on three fundamental R&D topics: the increase of the absorber
mass of the bolometer, the reduction of the background and the improvement of the performance
(resolution and reproducibility). Most of the knowledge necessary to carry on this activity came
from the experience gained with the CUORICINO experiment, a prototype of CUORE, built
with 62 TeO2 bolometers. CUORICINO is the most sensitive 0νDBD experiment presently
running and is located in the LNGS underground site. All this three activities are mainly related
to the possibility of increasing the sensitivity to the Majorana mass.

The challenge to increase the absorber mass is originated by the necessity of increasing the
number of active nuclei under control and reducing as much as possible the number of detectors
in order to reduce the technical problems of handling a big number of channels. This activity
lead to a cold test with two detectors 6×6×6 cm3 of about 1.3 kg each. This detectors, the most
massive bolometers ever built, showed a very good performance but came out to be too fragile
for a large scale application.

The background reduction is the most important development in view of CUORE. Back-
ground is in fact the only parameter that can be tuned by orders of magnitude thus allowing a
sizeable improvement of the experimental sensitivity. The CUORE background reduction pro-
gram foresees a reduction from the present CUORICINO level of 0.18 counts/keV/kg/y to about
0.01 counts/keV/kg/y. The project and realization of two cold tests of 8 detectors each was an

1
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important part of this work. The first test was devoted to a reduction of the surface radioactive
contaminations of the detector main components: copper holder and TeO2 crystals. This con-
taminations, due to the degraded alpha particle contributions, are believed to be at the origin of
the continuous background in the 0νDBD region. The results of this test showed a reduction
by a factor 4 for the crystal surface contribution, reaching the CUORE milestone for this mate-
rial. Unfortunately only a less relevant improvement was obtained for the copper. The second
test was performed to exclude radioactive contributions from sources different from copper and
TeO2 : PTFE, gold and Si. All these materials were excluded as possible background sources.

Finally I designed a new detector holder and setup to improve the detector resolution. This
setup was tested with a 12 detector array showing a higher uniformity of resolution with respect
to CUORICINO, reducing the deviation from the mean resolution from 40% to 14%.



Chapter 1

Neutrinoless double beta decay

In 1930 W.Pauli postulated the existence of the neutrino in order to reconcile the data on the
radioactive decay of nuclei with energy conservation. Since in those years many experiments
have been performed, big improvements have been made in the comprehension of neutrinos
and their strange behavior. In 1934, E. Fermi published the first theory on beta decay; further
progress was made in the ’50s, thanks to Lee and Yang’s hypothesis on the P–parity violation,
experimentally proved in 1956 by Wu. In 1959 F. Reines and C. Cowan performed the first direct
observation of the electron antineutrino corrfrom a nuclear reactor. In 1962 muon neutrinos
were discovered by L. Lederman, M. Schwartz, J. Steinberger and colleagues at the Brookhaven
National Laboratories and it was confirmed that they are different from electron neutrinos.

In the 60’s the interest on neutrino was renewed by the possibility of using this particle to
study astrophysical sources. In those years, neutrinos produced in the sun and in the atmosphere
were observed. In 1987, neutrinos from a supernova in the Large Magellanic Cloud were also
detected.

The unexpected behavior of the neutrinos from the sun (discrepancy between the measured
flux and the expected one) turned again the interest of the Scientific Community at the fun-
damental proprieties of this particle. The mass of the neutrino has become a crucial topic in
particle physic.

In the last years, Neutrinoless Double Beta Decay (0νDBD) came out to be a crucial phe-
nomenon in understanding the nature of neutrino and for measuring the absolute mass scale of
neutrinos.

In this chapter a brief introduction to neutrino mass theory, from the Standard Model (SM)
to neutrino oscillation is reported. The importance of 0νDBD and the present experimental
scenario are overviewed.

1.1 The role of neutrino mass in particle physics and cosmology

The Standard Model (SM) of electroweak interactions describes neutrinos as left-handed mass-
less partners of the charged leptons. The experimental identification of the third generation of
quarks and leptons completed the model, incorporating also a description of CP violation. The
invisible width of the Z boson, caused by its decay into unobservable channels and measured
in the e+-e− annihilation experiments, showed clearly that there are just three active neutrinos
with masses of less than MZ/2.

3



4 Neutrinoless double beta decay

author WMAP CMBhi−l SDSS 2dF other data
∑

mν [eV]
Bar’03 x x x x h(HST) < 0.75
Teg’03 x x x SNIa < 1.7
ASB’03 x x x XLF = 0.36 − 1.03
WMAP x x x Lyα, h(HST) < 0.7
Bla’03 x x Ωm = 1 = 2.4
Han’03 x x x h(HST) , SNIa < 1.01
Han’03 x x x < 1.2
Han’03 x x < 2.12

Table 1.1: Cosmological determination of the neutrino mass according to different authors and
on the basis of different data set and assumptions. The systematic spread in the limits/values is
apparent.

Efforts to unify the strong and electroweak interactions led to the development of Grand
Unified Theories (GUTs), which provide a natural framework for determining neutrino masses.
In the context of GUTs it is possible to develop predictive models for the fermion masses in gen-
eral and for the neutrino masses in particular. The smallness of the neutrino masses is explained
by means of the seesaw mechanism, which is often incorporated in GUTs in various forms. In
this context, neutrino is naturally a Majorana particle. Therefore, the experimental determina-
tions of the neutrino mass scale, pattern and nature are crucial bench tests for predictive GUTs
and for the improvement of our understanding of the basic theory of fundamental interactions.

In parallel, the understanding of Big-Bang Nucleosynthesis and the features of the Cosmic
Microwave Background (CMB) illustrate the important role of neutrinos in the history of the
early universe. Neutrino flavor oscillations and other bounds tell us that the heaviest neutrino
mass is in the range 0.04 - 0.6 eV. Therefore, neutrinos are a component of dark matter, but their
total mass, although it outweighs the stars, gives only a minor contribution to invisible matter
density. Neutrinos are so light and they had streamed freely away from developing aggregations
of matter until quite recently (in cosmological terms), when they eventually cooled and their
speed has decreased to significantly less than the speed of light. What is then the neutrino role
in shaping the universe? Do neutrinos allow to understand the matter-antimatter asymmetry of
the universe, via leptogenesis? The answer to these questions requires the precise knowledge of
the neutrino mass values.

It is clear, therefore, that the neutrino mass scale is crucial over two fronts: progress in the
comprehension of elementary particles and solution of hot astroparticle problems. The studies
of neutrinoless double beta (0ν-ββ) decay are essential and unique in their potential to fix the
neutrino masses and to answer key-questions beyond neutrino physics itself.

1.1.1 Dirac neutrinos and Majorana neutrinos

The distinction between particle and antiparticle is related to the presence of a conserved quan-
tity (charge). This happens for all charged particles, were the antiparticles have opposite electric
charge. But any other charge can distinguish particles from antiparticles in the same way (e.g.,
neutron or the Λ◦ differ from their antiparticles since they have opposite baryon number). The
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Figure 1.1: Transformations among neutrinos: Dirac neutrinos (left); Majorana neutrinos
(right).

possibility that a particle do not differ from its antiparticle was first suggested by Majorana in
1937 [4]. The neutrinos came out to be the best candidate to be a Majorana particle.

In the framework of the Standard Model, massive Dirac neutrinos consist of four different
states, assuming a neutrino with negative helicity (left handed) νL; if CPT theorem holds, then
there will be the corresponding CPT-transformed state, i.e. an antineutrino with positive helicity
(right handed), ν̄R. If the neutrino has a mass then will exist a Lorentz boost that permits the
helicity flip. Thus if the neutrino has a charge (lepton number) and a mass, it consists of four
different states called a Dirac neutrino. If, on the contrary, the neutrino do not have a charge,
only the two helicity states are defined; this is called a Majorana neutrino (see fig. 1.1). Due to
the V–A structure of the Standard Model the right handed neutrinos are sterile. Thus only two
neutrinos are able to interact, as in the Majorana case. The difference is that in the Standard
Model their interaction follows from their charge conservation while in the Majorana case the
interaction is governed by the helicity.

From a theoretical point of view, the possibility that neutrinos are Majorana particles is
particularly appealing. The fact that the neutrinos and charged leptons, belonging to the same
weak doublet, have an extremely different mass (at least a factor 105) cannot be explained in
the Dirac theory. Such an “anomaly” can, on the contrary, be explained in a “natural” way
(without adding any exotic symmetry or propriety) through the “see-saw” mechanism [5]: in
the Majorana case, the mass of the neutrino naturally satisfies the relation

Mν M ≈ M2
q,`,

where Mq,` represent the mass of a lepton or a quark, and M represents a mass scale.
Due to their tiny mass, the Dirac neutrinos are practically produced in nature, always left-

handed, while anti-neutrinos are right handed. It is therefore impossible to discriminate whether
they interact due to the lepton charge or due to their helicity. Different characteristics arise from
the CPT transformation rules: it can be demonstrated [6] that if CPT is a conserved symmetry,
then the Majorana neutrino cannot have an electric dipole or magnetic dipole moment. The
magnetic moment of a Dirac neutrino can be evaluated [7] as 3.2 ·10−19 mν µB (µB is the Bohr
magneton and mν is expressed in eV). The present experimental limits are at least six orders
of magnitude far away from the predicted value. There are other possibilities in order to search
for lepton number non-conservation as in the case of pions and mesons decays [8]; the expected
sensitivity, however, is very small compared to double beta decay. Thus the most favorable way
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to discriminate between Dirac and Majorana neutrino turns out to be the neutrinoless double
beta decay (0νDBD).

After the discovery of neutrino oscillation, implying neutrino masses, the introduction of a
mixing matrix between flavor eigenstates and mass eigenstates is straightforward.

Neutrino oscillations can take place since the neutrinos of definite flavor (νe, νµ, ντ ) are not
necessarily states of a definite mass (ν1, ν2, ν3). On the contrary, they are generally coherent
superpositions of such states:

|νl〉 =
∑

i

Uli|νi〉 (1.1)

When the standard model is extended to include neutrino mass, the mixing matrix U is uni-
tary. As a consequence the neutrino flavor is no longer a conserved quantity and for neutrinos
propagating in vacuum the amplitude of the process νl → νl′ is not vanishing.

The probability of the flavor change is the square of this amplitude. Due to the unitarity of U
there is no flavor change if all masses vanish or are exactly degenerate. The idea of oscillations
was discussed earlier on by Pontecorvo, and by Maki, Nakagawa and Sakata [9, 10, 11]. Hence,
the mixing matrix U , analogous of the CKM matrix of the quark sector, is often associated with
these names and the notation UPMNS is used. The flavor eigenstates can then be written as
να =

∑

i Uαiνi . Uαi are the elements of the UPMNS matrix, and are related to the observable
mixing angles in the base where the charged lepton masses are diagonal. For Majorana neutrinos
there is an additional matrix that takes into account the fact that in this case there are 2 more
complex phases. Using the Chau and Keung [12] parameterization of the PMNS matrix, we
have:





νe

νµ

ντ



 = UV





ν1

ν2

ν3



 =





c12c13 s12c13 s13e
−iδ

−s12c23 − c12s23s13e
iδ c12c23 − s12s23s13e

iδ s23c13

s12s23 − c12c23s13e
iδ −c12s23 − s12c23s13e

iδ c23c13



×

×





1 0 0

0 eiφ2/2 0

0 0 ei(φ3/2+δ)









ν1

ν2

ν3





(1.2)

where cij ≡ cos θij and sij ≡ sin θij; θij are the mixing angles measured with the neutrino
oscillations; δ is the Dirac CP phase. V is a diagonal matrix containing the Majorana CP phases
(φ2 end φ3) that do not exist in the case of Dirac neutrinos and that, in any case, cancel in
neutrino oscillations.

1.2 Double Beta Decay

The two-neutrino double beta decay mode (2νDBD) is expected to occur in the Standard Model
as a second order effect of the well known beta decay Hamiltonian [13], and it imposes no
special requirements on the properties of the neutrino. It will occur irrespective of whether the
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Figure 1.2: Schematic picture of the atomic mass as a function of Z for isobar multiplets with
even A.

neutrino is a Majorana or a Dirac particle and irrespective of whether it has a mass or not. The
possible 2ν decay modes are:

(A, Z)→ (A, Z + 2) + 2e + 2ν̄e ββ−

(A, Z)→ (A, Z − 2) + 2e+ + 2νe ββ+

(A, Z)+2e− → (A, Z − 2) + 2νe ECEC
(A, Z)+e− → (A, Z − 2) + e+ + 2νe ECβ+

(1.3)

Nuclear transitions accompanied by positron emission or electron capture processes are, how-
ever, characterized by poorer experimental sensitivities and will not be discussed in the follow-
ing. The first process of Eq. 1.3 represents the analogue of the single beta decay mediated by
the weak current in which a d quark transforms into an u with the emission of an e− and an ν̄;
even if mediated by the same weak interaction, DBD is a second order transition, resulting in an
extremely slow decay rate, namely the slowest process ever observed in nature. Using simple
dimensional arguments it is straightforward to demonstrate that, as a first approximation, the
2νDBD is ∼ 1021 times slower with respect to the single beta decay, resulting in half lives of
the order of 1018 – 1022 years. The experimental observation of 2νDBD is therefore possible
only if the single beta decay is forbidden by energy conservation or, at least, strongly hindered
by small transition energy and/or by large change of angular momentum.

This happens with several nuclei in nature and is due to the “pairing” interaction [14] (see
fig. 1.2). The first “direct” observation of the 2νDBD was obtained in 1987 [15] and is now
observed in more than ten nuclei [16, 17].

More interesting is the neutrinoless double beta decay (0νDBD), first proposed by Furry [18]
in 1939. In this case there is the maximum lepton number violation (∆L=2) and the decay is,
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therefore, not allowed by the Standard Model. The 0νDBD can occur only if two requirements
are satisfied:

• the neutrino has to be a Majorana particle,

• the neutrino has to have a mass and/or the neutral current has to have a right handed
(V+A) component.

The second condition is needed because of the helicity of the neutrino. Due to the V-A nature of
the weak interaction, the neutrino emitted in the first vertex (see fig. 1.3) is right handed, while
in order to be absorbed in the second one, it needs to change its helicity. Thanks to the finite
mass this is possible, with a probability ∝ mν /Eν ; from here it turns out that the amplitude
of the decay is proportional to mν . Disregarding more unconventional contributions (SUSY or
left-right symmetric models), the 0νDBD rate is usually expressed as:

[T 0ν
1/2]

−1 = G0ν |M0ν |2 |〈mν〉|2
m2

e

(1.4)

where G0ν is the (exactly calculable) phase space integral ∝ Q5
ββ (Qββ represents the Q-value

of the decay), |M 0ν |2 is the specific nuclear matrix element of the nucleus undergoing the
decay and |〈mν〉| (effective electron neutrino mass, often called |mee|) is the neutrino relevant
parameter measured in 0νDBD. In this situation, one possibility is to consider the spread of the
theoretical values of the nuclear matrix elements as a measure of their uncertainty. In tab. 1.2.1
a list of values of FN = G0ν

∣

∣M0ν
∣

∣

2 calculated in the framework of different nuclear models
are summarized. By using Eq. (1.2) we have:

|〈mν〉| ≡ | |U11|2m1 + |U12|2m2e
iφ2 + |U13|2m3e

iφ3 | (1.5)

where eiφ2 and eiφ3 are the Majorana CP phases (=±1 in case of CP conservation), m1,2,3 the
mass eigenvalues and U1j the matrix elements of the PMNS matrix. The presence of the φk

phases implies that cancellations are, unfortunately, possible. Such cancellations are complete
for a Dirac neutrino, since it is equivalent to two degenerate Majorana neutrinos with opposite
CP phases. This stresses once more the fact that 0νDBD can occur only through the exchange
of Majorana neutrinos.
From a Particle Physics point of view, 0νDBD represents a unique tool in order to measure
the neutrino Majorana phases and to assess the absolute scale of the neutrino masses. As in
evidence from Eq. (1.4), the derivation of the crucial parameter 〈mν〉 from the experimental
results on 0νDBD lifetime requires a precise knowledge of the Nuclear Matrix Elements (NME)
of the transition. Unfortunately, this is not an easy job, and a definite knowledge of NME values
and uncertainties is still lacking in spite of the large attention attracted by this area of research.
Many, often conflicting, evaluations are available in the literature and it is unfortunately not
easy to judge their correctness or accuracy. Outstanding progress has been achieved over the
last few years mainly due to the application of the QRPA method and its extensions. Renewed
interest in Shell Model calculations has been boosted, on the other hand, by the fast develop-
ment of computer technologies. Comparison with experimental 2νDBD rates has often been
suggested as a possible way out (direct test of the calculation method). The evaluation methods
for the two decay modes show, however, relevant differences (e.g. the neutrino propagator), and
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Figure 1.3: Elementary scheme for 2νDBD (left) and 0νDBD (right).

the effectiveness of such a comparison is still controversial [2, 19, 20]. A popular but doubtful
attitude consists in considering the spread of the different evaluations as an estimate of their
uncertainties. In such a way one obtains a spread of about one order of magnitude in the ex-
pected half-lives (Table 1.2), corresponding to a factor of ∼ 3 in 〈mν〉. It is clear that a big
improvement in the calculation of NME or, at least, in the estimate of their uncertainties would
be welcomed. New calculation methods should be pursued while insisting on the comparison
with dedicated measurements coming from various areas of Nuclear Physics [21]. On the other
hand, an experimental effort to investigate as many ββ emitters as possible should be addressed.

Isotope [22] [23] [24] [2] [25] [26]
48Ca 8.83 - - - 2.5 -
76Ge 17.7 14.0 2.33 6.0 3.6 3.7
82Se 2.4 5.6 0.6 1.8 1.5 0.81
100Mo - 1.0 1.28 3.5 3.9 0.65
116Cd - - 0.48 2.4 4.7 0.39
130Te 5.8 0.7 0.5 3.0 0.85 0.52
136Xe 12.1 3.3 2.2 7.3 1.8 0.27
150Nd - - 0.025 > 0.3 - -

Table 1.2: Theoretically evaluated 0νDBD half-lives (units of 1028 years) for |〈mν〉| = 10 meV.
Only a few references are shown. The results of [2] are still considered by the authors as
preliminary.

1.2.1 Prediction on the Majorana mass

The input parameters in order to figure out the possible mass pattern of the Majorana neutrinos
are given by the neutrino oscillations. The most updated values [27, 28, 29, 30, 31, 32] are given
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in Table 1.3.

Oscillation parameter central value 99% CL range
Solar mass splitting ∆m2

12 = (8.0± 0.3) 10−5eV 2 (7.2–8.9) 10−5eV 2

Atmospheric mass splitting |∆m2
23| = (2.5± 0.3) 10−3eV2 (1.7–3.3) 10−3eV2

Solar mixing angle tan2 θ12 = 0.45± 0.05 30◦ < θ12 < 38◦

atmospheric mixing angle sin2 2θ23 = 1.02± 0.04 36◦ < θ23 < 54◦

‘CHOOZ’ mixing angle sin2 2θ13 = 0±0.05 θ13 < 10◦

Table 1.3: Summary of the present information on neutrino masses and mixings from oscillation
data. For a recent review see [1].

Given the two ∆m2 measured with the oscillations, and given the assumption of three neu-
trinos, the absolute mass scale is still missing. Nevertheless, three scenarios are possible, as
shown in fig. 1.4. The previously quoted values can be accommodated in the framework of
three neutrinos mixing, which describes the three flavour neutrinos (νe, νµ and ντ ) as unitary
linear combinations of the three massive neutrinos (ν1, ν2 and ν3) having masses m1, m2, and
m3, respectively. The experimental measurements are compatible with three mass schemes:

1. Normal hierarchy: m1 < m2 < m3, i.e. ∆m2
23 > 0

∆m2
12 ' ∆m2

sun ' m2
2 ∆m2

23 ' |∆m2
atm| ' m2

3 (1.6)

2. Inverted hierarchy: m3 < m1 < m2, i.e. ∆m2
23 < 0

∆m2
12 ' ∆m2

sun ∆m2
23 ' −|∆m2

atm| ' − m2
1 (1.7)

3. Degenerate case: the values of ∆m2
ij are small when compared to each mass values. In

this case the hierarchies are undistinguishable:

|∆m2
ij | � m2

1 ' m2
2 ' m2

3 (1.8)

In order to extract the correct prediction, however, one has to use Eq. (1.5); the steps are:

• use the matrix elements given by Eq. (1.2) with the evaluated neutrino parameter from
Table 1.3,

• parameterize m2 =
√

m2
1 + ∆m2

sun and
m3 =

√

m2
2 + |∆m2

atm| for normal hierarchy,

• parametrize m1 =
√

m2
3 + |∆m2

atm| and
m2 =

√

m2
1 + ∆m2

sun for inverted hierarchy.

With this procedure the effective Majorana mass can be written as a function of the lightest
neutrino mass (mlight ≡ m1 for normal hierarchy, mlight ≡ m3 for inverted hierarchy):

|〈mν〉| ≡ |mee| = f(mlight, φ1, φ2, observables) (1.9)



1.3 Experimental Techniques 11

ν2

ν1

ν3

∆ 2m
sun

∆ 2m
atm

∆ 2m
sun

ν3

∆ 2m
atm

ν ν νe µ τ

ν2

ν1

Mass  [meV]

Normal hierarchy Inverted hierarchy

Degenerate

Solar

Solar

Atmosferic

Atmosferic

~ 100−500 meV

Figure 1.4: Neutrino mass pattern based on the experimental relation ∆m2
sun � ∆m2

atm.

where observables are all the experimental data from neutrino oscillations. The plot of |〈mν〉| ≡
|mee| is shown in fig. 1.5. The two disfavoured regions are given by the present limits on DBD
experiments (see Table 1.5) and by cosmological (Large Scale Structures and anisotropies in the
Cosmic Microwave Background) bounds [33, 34, 35].

The DBD-Experiments developed up to now, often called First Generation Experiments,
were designed to explore only the degenerate mass scenario. The proposed Second Generation
Experiments are designed to explore the inverted hierarchy scenario, with an expected sensitivity
on |mee| of the order of 10–50 meV.

1.3 Experimental Techniques

The experimental signatures of the nuclear double beta decays are in principle very clear: in the
case of the 0νDBD, one should expect a peak (at the Qββ value) in the two-electrons summed
energy spectrum, whereas a continuous spectrum (with a well-defined shape) will feature the
2νDBD.

In spite of such characteristic imprints, the rarity of the processes under consideration makes
their identification very difficult. Such remotely probable signals have to be disentangled from
a background due to natural radioactive decay chains, cosmogenic-induced activity, and man-
made radioactivity, which deposit energy in the same region as the DBD, but at a faster rate.
Consequently, the main task in 0νDBD searches is to diminish the background by using the
state-of-the-art ultra-low background techniques and, hopefully, identifying the signal. There
are many experiments searching for DBD. They can be subdivided into three categories:

• geochemical determination of the total decay time through the measurement of the daugh-
ter nuclei (A,Z+2) produced by the parent nuclei (A,Z) in a sample of “old” geological
rocks.

• Radiochemical measurement of the total decay time by the extraction of the radioactive
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Authors/Ref. Method T1/2(130Te ) FN (130Te )
(1023 y) (10−13 y−1)

QRPA Staudt et al., 1992 [36] pairing (Paris) 0.77-0.88 29-34
pairing (Bonn) 0.9-1.1 24-29

Pantis et al., 1996 [37] no p-n pairing 8.64 3.0
p-n pairing 21.1 1.24

Vogel, 1986 [38] 6.6 3.96
Civitarese, 1987 [39] 5.2 5.0
Tomoda, 1991 [40] 5.2 5.03
Barbero et al., 1999 [41] 3.36 7.77
Simkovic, 1999 [42] pn-RQRPA 14.5 1.79
Suhonen et al., 1992 [43] 8.34 3.13
Muto et al., 1989 [44] 4.89 5.34
Stoica et al., 2001 [45] large basis 10.7 2.44

short basis 9.83 2.66
Faessler et al., 1998 [46] 9.4 2.78
Engel et al., 1989 [47] generalized

seniority 2.4 10.9
Aunola et al., 1998 [48] WS 4.56 5.72

AWS 5.16 5.06
Rodin et al., 2003 [49] 27.5 0.95

SM Haxton et al., 1984 [50] weak coupling 1.6 16.3
Caurier et al., 1996 [51] large basis 58 0.45

OEM Hirsh et al., 1995 [52] 7.3 3.6

Table 1.4: 0νDBD nuclear factors of merit FN for 130Te according to different evaluation meth-
ods (QRPA: Quasi Random Phase Approximation, SM: Shell Model and OEM: Operator Ex-
pansion Method) and authors. The foreseen 0νDBD half-lifetime for 130Te (| mν |=1 eV) is
also reported.
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Figure 1.5: 99 % CL range for mee as function of the lightest neutrino mass. The darker regions
show how the mee range would shrink if the the best-fit values of oscillation parameters were
confirmed with negligible errors (in this case the spread is due only to the Majorana CP phases).
Picture given by courtesy of the authors of [1].

daughter nuclei from the parent nuclei.

• Direct detection of the two electrons emitted in the transition.

The experiments belonging to the first two classes do not allow to distinguish among the
two decay channels. They are, however, extremely sensitive to inclusive effects, since the so-
called “accumulation times” for the daughter isotope are very long. They gave, however, the
first indirect proof [53, 54] of the existence of the 2νDBD, but are no longer pursued nowadays.
Direct experiments are the more interesting because they allow to distinguish the various modes
of the double beta decay. It is therefore possible to search for the decay without neutrinos,
which represents the most interesting process. The nuclear detector capable of revealing the
two electrons emitted by the DBD-Emitter should have some basic properties:

• high energy resolution, since a peak must be identified over a background.

• Low background, which requires the use of extremely radiopure materials: natural ra-
dioactivity (mainly 232Th and 238U chains) exhibits decay times of the order of 109 years,
extremely short if compared with the expected 0νDBD that should have a decay time
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larger than 1025 years. Furthermore it is absolutely necessary to operate the detector in
underground laboratories in order to shield cosmic rays.

• Large source of DBD nuclei in order to have sensitivity to the decay time up to 1025–1028

years.

• Event reconstruction methods, since the 0νDBD has a very characteristic decay with the
two electrons that share the Qββ energy. Electron tracking can therefore help in rejecting
background.

Unfortunately there are up to now no detectors that can fulfill these four requirements at the
same time. Two are, substantially, the experimental approaches:

• homogenous detectors (or active source detectors), whose mean feature is to have the
active ββ source inside the detector material,

• non-homogeneous detectors (or passive source detectors), in which the source and the
detector are distinct.

Various conventional counters have been used so far in DBD direct searches: solid state devices
(Germanium spectrometers and Silicon detector stacks), gas counters (time projection cham-
bers, ionization and multiwire drift chambers) and scintillators (crystal scintillators and stacks
of plastic scintillators). Techniques based on the use of low temperature calorimeters have been,
on the other hand, proposed and developed in order to improve the experimental sensitivity and
enlarge the choice of suitable candidates for DBD searches, with an active source approach.

A common feature of all DBD experiments has been the constant work against backgrounds
caused mainly by environmental radioactivity, cosmic radiation and residual radioactive con-
taminations of the detector setup elements. Further suppression of such backgrounds will be
the actual challenge for future projects whose main goal will be to maximize the 0νDBD rate
while minimizing background contributions.

In order to compare different experiments and in order to point out the advantages and the
disadvantages of the two different detecting techniques, it is convenient to introduce a very
important parameter, called “sensitivity”, denoted by S. It is defined as the process’ half-life
corresponding to the maximum number of signals (n) that could be hidden by the background
fluctuations, at a given statistical C.L. (see Chapter 6). Let t be the measurement time, Nββ be
the number of atom candidates for ββ decay present in the source, B (expressed in number of
counts per unit energy per unit time) the background counting rate in the energy region where
the decay peak is expected and ∆E the FWHM energy resolution. The expected number of
background counts in an energy interval equal to the FWHM energy resolution centered at the
transition energy can then be written as NB = B∆Et. The sensitivity factor S at 1σ level
(n =

√
NB) is defined as:

S ≡ T1/2 =
cost Nββ t

n
= cost Nββ

√

t

B∆E
(1.10)

If the background (measured as counts per unit energy per unit mass per unit time) is propor-
tional to the detector mass the above formula can be rewritten as

S = cost
i.a.εx

A
NA

√

Mt

B∆E
(68% C.L.) (1.11)
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where A is the compound molecular mass , x the number of ββ atoms per molecule, i.a. their
isotopic abundance, M the source mass, NA the Avogadro’s number and ε the efficiency of the
detector. In addition to its simplicity, Eq. (1.11) has the advantage of emphasizing the role of
the essential experimental parameters: mass, measuring time, isotopic abundance, background
level, energy resolution and detection efficiency.

As far as the active source experiments are concerned, they can have detection efficiencies
of the order of ∼ 90%, and energy resolution of the order of ∼ 0.2% FWHM (for Ge diodes and
bolometers), while the background (mainly arising from the surrounding setup) cannot be easily
rejected. As far as the passive source experiments are concerned, they are mostly performed
with gas detectors (TPC, DC) in which the source is introduced into the volume of the detector
as very thin sheets (of about 50µm), to reduce the energy loss of the electrons emitted in the
decay. The detection efficiency associated with this kind of measure is of the order of 30%. The
great advantage of these experiments lies in the reduction of the background: the clear trace,
which is peculiar in a drift chamber, for a 2 electrons event, guarantees a very good capability
of background discrimination. The energy resolution, on the other hand, cannot be as good as ∼
7–10 % FWHM. As will be shown in Sec.(1.4) the energy resolution plays an extremely crucial
role in the second generation experiments due to the fact that the 2νDBD close to the endpoint
will result in an unavoidable/unrejectable source of background for the 0νDBD mode.

1.3.1 First Generation Experiments

Impressive progress has been obtained during the last years in improving 0νDBD half-life limits
for several isotopes and in systematically updating the 2νDBD rates (Table 1.5). Although
2νDBD results are in some cases inconsistent, the effort to cover as many ββ nuclei as possible
thus allowing a direct check for 2νDBD NME is evident. Optimal 0νDBD sensitivities have
been reached in a series of experiments based on the active source approach. In particular, the
best limit on 0νDBD comes from the Heidelberg-Moscow (HM) experiment [55] on 76Ge even
if similar results have been obtained also by the IGEX experiment [56] (Table 1.5).

In both cases a large mass (several kg) of isotopically enriched (86 %) Germanium diodes,
is installed deep underground under heavy shields for gamma and neutron environmental radi-
ation. Extremely low background levels are then achieved thanks to a careful selection of the
setup materials and further improved by the use of pulse shape discrimination (PSD) techniques.
Both experiments quote similar background levels in the 0νDBD region of ≈ 0.2 (c/keV · kg ·
y) and ≈ 0.06 (c/keV· kg· y) before and after PSD. Taking into account the uncertainties in the
NME calculations, such experiments indicate a limit of 0.3 - 1 eV for 〈mν〉.

As will be discussed later, new ideas to improve such a successful technique characterize
many of the proposed future projects. However, given the NME calculation problem, more ββ
emitters than allowed by the use of conventional detectors (e.g. 76Ge, 136Xe, 116Cd) should
be investigated using the calorimetric approach. A solution to this problem, suggested [66]
and developed [67] by the Milano group, is based on the use of low temperature calorimeters
(bolometers). Besides providing very good energy resolutions they can in fact practically elimi-
nate any constraint in the choice of the ββ emitter. Due to their very simple concept (a massive
absorber in thermal contact with a suitable thermometer measuring the temperature increase fol-
lowing an energy deposition), they are in fact constrained only by the requirement of finding a
compound allowing the growth of a diamagnetic and dielectric crystal. Extremely massive [68]
detectors can then be built, by assembling large crystal arrays.
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Isotope Qββ i.a. T2ν
1/2

[keV] [%] [y]
48Ca 4271 0.187 (4.2 ± 1.2) × 1019

76Ge 2039 7.8 (1.3 ± 0.1) × 1021

82Se ‡ 2995 9 (9.6 ± 1.0) × 1019

100Mo ‡ 3034 9.6 (7.11 ± 0.54) × 1018

116Cd 2806 7.5 (2.9 ± 0.4) × 1019

130Te ‡ 2528 33.9 (6.1 ± 1.4) × 1020

136Xe 2479 8.9 > 1.6 × 1022

150Nd 3367 5.6 7.0+11.8
−0.3 ×1018

Isotope T0ν
1/2 〈mν〉 〈m†

ν〉
[y] [eV] [eV]

48Ca > 9.5 × 1021(76%) [57] < 8.3 < 30
76Ge > 1.9 × 1025 [55, 58] < 0.35 < 0.35 − 0.96

> 1.6 × 1025 [59, 56] < 0.38 − 1.05 < 0.38 − 1.05
82Se ‡ > 1.0 × 1023 [60] < 1.7 − 4.9 < 2.2 − 6.9
100Mo ‡ > 4.6 × 1023 [60] < 0.7 − 2.8 < 1.36 − 3.3
116Cd > 1.7 × 1023 [61] < 1.7 < 1.5 − 5.3
130Te ‡ > 1.8 × 1024 [62, 63] < 0.2 − 1.1 < 0.5 − 1.8
136Xe > 1.2 × 1024 [64] < 1.1 − 2.9 < 0.5 − 3.2
150Nd > 1.2 × 1021 [65] < 3 < 4.6 − 6.5

Table 1.5: Best reported results on 0νDBD processes. Limits are at 90% C.L. except when
noted. The effective neutrino mass limits and ranges are those deduced by the authors (〈mν〉)
or according to Table 1.2 (〈m†

ν〉). Only ‡ nuclei are presently investigated by high sensitivity
experiments.

Thermal detectors have been pioneered by the Milano group for 130Te (chosen, because of
its favorable nuclear factor-of-merit and large natural isotopic abundance, from a large number
of other successfully tested ββ emitters) are the argument of this Ph.D. work and will be de-
scribed in detail later on. The present TeO2 detector, CUORICINO is characterized by a good
energy resolution (7–8 keV on the average at the 0νDBD transition energy, 2528 keV) and a
background level of ∼ 0.18 (c/keV· kg· y). The quoted limit of 2× 1024 y on the 130Te 0νDBD
half-life, corresponding to a limit of 0.2-0.9 eV on 〈mν〉, represents the best limit after those
reached by Ge diodes experiments (see Table 1.5).

Half-way with next generation experiments, NEMO III [69] is a passive source detector lo-
cated in the Frejus underground laboratory at a depth of ∼ 4800 m.w.e. It consists of a tracking
(wire chambers filled with an ethyl-alcohol mixture, operated in the Geiger mode) and a calori-
metric (1940 plastic scintillators) system operated in a 30 gauss magnetic field. A well designed
source system allows the simultaneous analysis of up to 10 kg of different 0νDBD active iso-
topes. Despite a relatively modest energy resolution (11% FWHM at 3 MeV), implying a non
negligible background contribution from 2νDBD, they achieved very good results on the study
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of the 2νDBD spectra of several ββ emitters (82Se, 96Zr, 116Cd, 150Nd). However, regarding
the 0νDBD a good result was obtained with 100Mo (see Table 1.5).

In January 2002, a few members of the HM collaboration claimed evidence for 76Ge 0νDBD [70]
with T 0ν

1/2 = 0.8−18.3×1025 y (best value T 0ν
1/2 = 1.5×1025 y) corresponding to a 〈mν〉 range

of 0.11 – 0.56 eV (best value 0.39 eV). This claim is based on the identification of tiny peaks
close to the 0νDBD region of 76Ge, one of them at the energy of the Q-value of the DBD. How-
ever this announcement raised immediate scepticism [71]. Several re-analyzes of the data were
published by the claim’s authors [72, 73, 74, 75], while other authors [76, 77, 78] still criticize
the claim. Probably a definite answer to the correctness of the claim will be given only by the
very sensitive next generation 0νDBD projects.

1.4 Towards Second Generation Experiments

We have seen that the field of 0νDBD searches is very active. The goal of the future experiments
is to reach sensitivities capable of probing the inverted mass hierarchy, i.e. sensitivities in the
decay time of the order of ∼ 1026–1027 years. There are several possibilities in order to improve
the sensitivities of the experiments. It is up to the experimentalist to choose the philosophy of the
experiment and, consequently, to select the detector characteristics, privileging some properties
with respect to others, having clearly in mind the final sensitivity of the set-up to half-life and,
consequently, to 〈mν〉. The question is: how to improve the experiments? Most of the criteria
that need to be considered when optimizing the design of a new 0νDBD experiment follow
directly from Eq. (1.11) combined with Eq. (1.4); the sensitivity at 68% CL on the neutrino
mass, F0ν , can be written as

S0ν =
me√

cost · NA

1
√

G0ν |M0ν |2

√

A

i.a.εx
4

√

B∆E

Mt
(1.12)

1.4.1 Exposure time

The first consideration is that an “improvement” could be simply reached with the present ex-
periments just by measuring for longer time; from Eq. (1.12) we have

<mν > |t→∞ =<mν >∆T

(

∆T

∆T + t → ∞

)1/4

(1.13)

where ∆T is the measurement live time that has allowed the present limit on <mν>∆T . Now,
almost all the experiments (except the CUORICINO and NEMO III experiments, that have,
respectively, a live time of ∆T ∼ 4 months and of ∆T ∼ 13 months) have ∼∆T ≥ 2 y. This
implies that to have an improvement of only a factor 2 in the neutrino mass one has to measure
∼ 30 years! From this consideration it is also clear that, generally, DBD experiments have a,
somewhat, “short” life.

1.4.2 Mass

The mass is one of the “parameters” with which one needs to deal. Regarding this point one has
to consider also other variables, i.e. the isotopic abundance. From Table 1.5 we see that all the
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interesting ββ emitters (except 130Te) have isotopic abundances of the order of 5–10 %. Let’s
consider, for example, two experiments with the same environmental natural background and
with the same mass; let’s suppose that one has the ββ emitter with natural i.a. (for example 5%)
while the second has a 90% enrichment; then, from Eq. (1.12), it turns out that the sensitivity of
the enriched experiment is a factor

√

90/5=4.2 better with respect to the other. This result can
be seen also from another point of view: the time needed for the non enriched experiment to
reach the sensitivity of the enriched one will be (90/5)2= 324 times larger. This point is crucial
and, in fact, all very sensitive experiments carried out in the past (except the ones based on130Te)
used enriched materials. This holds (see next section) also for the next planned experiments.
It is also clear that enrichment is extremely expensive and raises tremendously the cost of an
experiment.

Another crucial point comes directly from Eq. (1.10). From Table 1.2 it turns out that the
decay time in order to reach a sensitivity on neutrino mass of the order of 10 meV (the goal of
the most ambitious next generation experiments) is of the order of 1028 y. Thus, assuming a
measurement of three years, supposing to have zero background (it is clear that this is practically
impossible) and considering at least three events for the 0νDBD discovery, then we need to have
at least N∗

ββ=1028/ln2 ββ nuclei, or ≈ 24 · 103 moles. It is therefore clear that the mass scale
for the second generation experiments is of the order of a ton. It is also clear that if no signal
is detected with the next experiments it will be necessary to cover the normal hierarchy region,
i.e. a few meV. Using the same argument it turns out that such third generation experiments (if
any) should be be able to reach decay times of the order of ∼ 1030 y with a mass of ∼100 ton.

1.4.3 Background

The background is a very delicate point and represent the main task of DBD experiments.
There are several background sources that need to be taken into account. Cosmic ray induced
background can, in principle, be made negligible operating deep underground and using active
shielding to discard events correlated with the passage of a nearby muon. Neutron induced
background (mainly (n,γ) reactions) can also be lowered to a negligible contribution by shield-
ing the experimental setup with suitable moderators/neutron-catchers. It turns out, therefore,
that the main source of background is the one arising from the natural radioactivity (mainly
232Th and 238U) traces overall present in all kind of materials. Therefore the main concern
in order to build an experiment is the screening of materials used for the setup. The present
techniques are based on High Purity Ge diodes, neutron activation analysis (for solid and liquid
samples), and High Resolution Inductively Coupled Plasma Mass Spectrometry (HR-ICPMS)
for liquid samples. The best limits that can be obtained with the first two techniques are around
10−11–10−12 g/g (grams of contaminant/grams of sample) while 10−13 g/g can be reached on
liquid samples. Both techniques are extremely delicate and, moreover, extremely long: for Ge
measurement the time needed in order to reach such limits is of the order of several months.

Having screened all the samples of materials to be used for the experiment, one has to assem-
ble the setup. Assuming that all the batches (also the ones that underwent mechanical machin-
ing) are as clean as the screened samples, extreme care has to be used in order to avoid possible
re-contamination. Clean room operation is absolutely necessary and operation in “synthetic”
air (without Radon) or under clean atmosphere (pure nitrogen) is necessary. The background
levels that need to be reached for the next experiments (see Sec. (1.5)) require reduction of the
order of 10–100 (this means 10–1 c/(keV · ton · y)) with respect to the previous “pilot” experi-
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ments. These levels of radiopurity cannot be directly tested with the standard techniques [79],
so that the only way to measure them will be the experiment itself. Many physicists consider
this somehow as “a bet”.

Strictly connected with the background is also the choice of the ββ emitter. Apart some
extremely rare high energy γ’s from the 238U chain, the highest natural γ line arising from
natural radioactivity is the 2615 keV line of 208Tl (from 232Th chain). It would be, therefore,
extremely useful to choose a ββ emitter with a Qββ value above this energy.

1.4.4 Energy resolution

Energy resolution will be the key point for some future experiments. Apart from the obvious
role played in Eq. (1.12), there is another fundamental aspect that has to be addressed. As-
suming also the ability to reduce all the background sources, there is an intrinsic, unavoidable,
undistinguishable “background”: the 2νDBD. This source of background didn’t play a reason-
able role in the present and past experiments due to the “low” sensitivity reached. As pointed
out in [80] the fraction F of 2νDBD events that are contained in the ∆EFWHM energy window
centered at the Qββ value is given by

F ≈ 7
Qββδ6

me
, δ =

∆EFWHM

Qββ
(1.14)

An expression for the 0νDBD signal (S) to the 2νDBD background (B) ratio can be written

S

B
≈ me

7Qββδ6

T 2ν
1/2

T 0ν
1/2

(1.15)

For example, looking at Table 1.5, taking T 2ν
1/2 ≈ 1020 y and Qββ ≈ 3 MeV, in order to reach

a sensitivity on T 0ν
1/2 of the order of 1027(1028) y with S/B=1 the energy resolution should be

less than 3.7 (2.5) % FWHM at the Qββ value. This energy resolution is extremely challenging
for all detectors except Ge diodes and bolometers that have, normally, energy resolutions of the
order of 0.2–0.4 % FWHM. For the sake of completeness it has to be noted that the S/B ratio
can be slightly enhanced by choosing an asymmetric analysis window defined as Qββ < E <
Qββ + ∆EFWHM .

1.5 Future Experiments

So far, the best results have been obtained by exploiting the calorimetric approach (active source
detectors) which characterizes therefore most of the future proposed projects. Actually, a series
of new proposals has been boosted by the recent renewed interest in 0νDBD following neutrino
oscillation results. It is not so easy to classify them:

1. High energy resolution calorimetric experiments based on already consolidated techniques
with improvements in background suppression/rejection (e.g CUORE, GERDA, MAJO-
RANA).
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2. Calorimetric experiments based on consolidated techniques of scintillation light detection
(CANDLES, CAMEO).

3. Calorimetric experiments with or without background identification techniques based on non
standard techniques that require further R&D (EXO, XMASS).

4. “Passive” experiments based on standard techniques that requires R&D (SUPERNEMO,
MOON, DCBA).

Expected sensitivities on T 0ν
1/2 of the proposed projects are compared in Table 1.6. The

sensitivities on 〈mν〉 are evaluated using Table 1.2. In many cases technical feasibility tests
are requested, but the crucial issue will be the capability of each project to pursue the expected
background suppression.

Table 1.6: Expected sensitivities of future projects. Last column evaluated from Table 1.2.

Experiment Isotope kMoles T 0ν
1/2 〈mν〉

(ββ) (1026 y) (meV)
CUORE [81] 130Te 1.6 7 (46-91)

EXO [82] 136Xe 48 130 (5-30)
GERDA [83] 76Ge 0.5 2 (105-300)

MAJORANA [84] 76Ge 5.6 40 (24-66)
MOON III [85] 100Mo 8.5 30 (15-36)
XMASS [86] 136Xe 6.1 30 (9-63)
DCBA [87] 150Nd 2.7 1 (16-55)

SUPERNEMO [88] 82Se 1.1 2 (55-170)
CAMEO III [89] 116Cd 2.7 10 (20-68)

CANDLES IV [90] 48Ca 0.6 30 (55)

Many proposals have been recently suggested. However most of them are not officially
approved or require further R&D to actually prove the feasibility. A complete report can be
found in [91, 92].

GERDA [83] (GERmanium Detector Array) is the only completely approved and funded
experiment. It will be carried on in the INFN Gran Sasso National Laboratories. It is based on
the technique already suggested by the HM collaboration [93]: “naked” Ge diodes will be sus-
pended in the centre of a very large liquid nitrogen container, which will act as a very effective
shield. The experiment will consists of two phases: in the first one the same detectors of the
HM collaboration and the IGEX collaboration will be “naked”, removing all the components
that are not needed for operating them in liquid nitrogen. The total mass will be ∼ 17 kg of % 86
enriched 76Ge. The collaboration will probe the HM claim within the first 1-2 years. They plan
to reach zero background in the 0νDBD region. Therefore, if the result of the HM collaboration
is true they will expect to confirm it at 5σ C.L. within the first year of operation. The second
phase will consist of the addition of new enriched detectors for a total mass of 60 kg (0.7 Kmol).



1.5 Future Experiments 21

For the second phase they will use background discrimination techniques and they, again, quote
zero background. The first phase should start data taking in 2007.

CUORE [81] (Cryogenic Underground Observatory for Rare Events), the extension of
CUORICINO, will be described in detail in Chapter 5. Among all the proposed experiments it
is the only one that needs a background suppression of “only” a factor 10 with respect to the
“pilot” CUORICINO experiment. A factor of two was already achieved in 2004. The expected
sensitivity will be 7 · 1026 y. The experiment should start in 2009.

MAJORANA [84], which involves many of the IGEX collaborators, will consist of an array
of 210 isotopically enriched Ge diodes for a total mass of 0.5 tons. As opposed to the GERDA
design, the use of a very low activity conventional cryostat (extremely radiopure electroformed
Cu) able to host simultaneously a large number of diodes is proposed. The driving principle
behind the project is a strong reduction of the background by the application of very effective
pulse-shape discrimination and the development of special segmented detectors. Despite the
very promising R&D developed in the last years, the project is not yet funded.
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Chapter 2

Bolometric Technique

The expression “bolometer” is normally used to indicate a Low Temperature Detector (LTD) in
which the energy of particle interactions is converted into phonons and measured via tempera-
ture variation.

In this chapter the basic operation principles are briefly presented and the different detec-
tor components are described. Typical behaviors are compared with the ones of conventional
detectors, highlighting the advantages and disadvantages.

2.1 Low temperature detectors

Conventional techniques for energy deposition measurements are based on the detection of the
energy released in the form of ionization and excitation of the detector’s atoms. Unfortunately,
the amount of energy lost in channels different from the detected ones is quite large. Most of the
energy is converted in phonon excitations inside the detector. This energy loss, together with the
comparatively high energy value necessary for an atom excitation or ionization (the elementary
detected event), increases the statistical fluctuations of the number of elementary excitations,
thus making the intrinsic energy resolution of such detecting techniques worse.

Thermal detectors measure the portion of the deposited energy converted in phonons by the
means of the the corresponding temperature rise. As it will be shown later this guarantees a
better intrinsic energy resolution.

The use of temperature detectors to study nuclear phenomena was first suggested by Simon
[94] about 60 years ago. In 1949 Andrews detected for the first time the alpha particles using
superconductive bolometers [95]. The possibility to use thermal detector for many topics of
research (solar neutrino spectroscopy, X ray spectroscopy, material contamination analysis, dark
matter detection and rare processes search) was a strong motivation for the development of this
technique. The use of large bolometric detectors is quite recent for rare events physics, and was
first suggested by Fiorini and Niinikoski in 1983 [66]. Nevertheless, this technique revealed to
be very powerful in many different applications and generate great developments.

2.2 Operation Principles of bolometric detectors

A LTD consists normally of two main components: the energy absorber, where the particles
deposit their energy, and the sensor, which converts the excitations produced by the particle
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interaction into a signal. Bolometers are LTDs sensitive to phonons. These devices are therefore

Figure 2.1: Scheme of a bolometric detector.

named Phonon Mediated particle Detectors (PMDs) and their sensitive element is, consequently,
a phonon sensor. A simple scheme of a bolometric detector is shown in fig. 2.1.

A PMD can be roughly schematized as heat capacity C connected to a heat sink at constant
temperature (T0) via a thermal conductance G (see Fig. 2.2). The heat capacity C contains all
the contribution of the elements that compose the detector: lattice heat capacity of the absorber
and electronic and lattice heat capacity of the sensor. The conductance G represents the thermal
connection between the detector and the heat sink and its heat capacity is considered negligible.
We assume that, for a given absorber temperature T (t), ∆T = |T (t) − T0| � T0 ∀t so that we
can treat C and G as constants.

When a particle interaction occurs in the energy absorber, the phonons produced are out
of equilibrium (athermal phonons). The athermal phonons, trough different interactions, de-
grade their energy and relax onto a new equilibrium distribution (see section 2.3.1). This new
distribution is measured by mean of the sensor as a temperature variation:

∆T (t) =
∆E

C
exp

(

− t

τ

)

where τ =
C

G
(2.1)

where τ is decay time of the thermal signal. The heat capacity at the temperature T is given by
C(T ) = c(T ) ·n where c(T ) is the specific heat at a temperature T and n is the number of moles
in the absorber. Since TMax ∝ ∆E

C , the smaller the C is the higher is the signal amplitude. The
only possibility to have very small heat capacities is to work at very low temperatures. In fact a
1 MeV particle impinging on a absorber crystal of 1 mole at room temperature generates a vari-
ation ∆T of 10−18 − 10−15 K which is impossible to measure. Typical operating temperatures
for bolometers are in the range between 10 and 100 mK.

According to which type of phonon sensor is used, the PMDs are classified as fast or slow
bolometric detectors. In the first case they have a response time of the order of microseconds
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Figure 2.2: Monolithic thermal model. Here the detector is modeled as a unique system weakly
coupled to the heat sink.

and can be sensitive to athermal phonons. If the phonon sensor response time is bigger than
the thermalization time of the non-equilibrium phonons produced by the particle interaction
(hundreds of msec.), it will be sensitive mainly to thermal phonons. In the latter case, the sensor
measures the temperature of the detector and thus it is a thermometer. The PMD works then
as a perfect calorimeter. In many experimental situations, it is difficult to distinguish between
these two extreme cases, and the nature of the detection mechanism is still poorly known.

2.3 The energy absorber

The main results that can be derived from the simple model described above are the height of the
PMD thermal signal and the time constant of the signal. If we assume that the detector operates
as a perfect calorimeter, the hight of the signal corresponds to the ratio between the energy E
deposited by the particle and the heat capacity C of the detector, E/C. The time constant is equal
to the ratio between the heat capacity and the thermal conductance G to the bath, C/G. The most
important parameter of the detector is then the heat capacity that has to be small to achieve big
and fast signals. This condition is not very difficult to achive and therefore there is a wide choice
for the energy absorber materials.

At low temperatures the specific heat of a crystal can be expressed as:

c(T ) = cr(T ) + ce(T ) (2.2)

where cr represents the lattice contribution to the specific heat and ce the electron one. Dielec-
tric diamagnetic materials are preferred as energy absorbers, as only the lattice contribution is
present. Furthermore, it is proportional to the cube of the temperature over the Debye tempera-
ture (Debye law) at low temperatures:

cr(T ) =
12

5
π4kBNA

(

T

ΘD

)3

(2.3)
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where kB , NA and ΘD are the Boltzmann constant, the Avogadro number and the Debye tem-
perature respectively. This contribution can be written in terms of heat capacity as

C(T ) = β
m

M

(

T

ΘD

)3

(2.4)

where β=1944 J K−1mole−1, m is the absorber mass, and M is the molecular weight. In metals,
the specific heat is dominated by the electron contribution

ce(T ) =
π2

ΘD
ZR

T

ΘF
(2.5)

where Z,R and ΘF are the conduction electron number for each atom, the gas constant and
the Fermi temperature respectively. However, if the metal is in superconductive state, then the
electron contribution to the specific heat at T « Tc is

ce(T ) = Kse
−2( Tc

T
) (2.6)

where Ks is a constant depending on the material characteristics.
Finally the best choice for absorbers are dielectric and diamagnetic materials (for which the

heat capacity is described by eq. 2.4) with high Debye temperature. A good choice are super-
conductive materials with the Tc well above the working temperature. The absorber dimensions
usually depend on the type of the LTD applications. The dimensions range from micrograms,
in case of X-ray spectroscopy [96], to kilograms in case of Gamma-ray spectroscopy, DBD and
Dark Matter searches [97].

2.3.1 Thermalization processes of the deposited energy

In this section the processes that allow the conversion of the deposited particle energy into ther-
mal phonons will be presented, in order to better understand the detector operation. The main
thermalization processes occur through the nuclear and electronic channels [98].
Nuclear channel: the particle interactions with the crystal lattice produce vibrational excita-
tions thanks to the nuclear scattering, but could also produce structural damages of the lattice,
where the energy can be stored. If this energy is not converted into phonons, the statistical
fluctuation of the number of the produced defects can worsen energy resolution. The fraction of
lost energy depends on the incident particle: for electrons and photons it is negligible, whereas
for α particles having some MeV of energy it can cause a FWHM resolution of hundreds of eV.
Electronic channel: let’s take into consideration the kinetic energy transfer from a charged
particle produced by a nuclear process to a semiconductor crystal. The particle is slowed down
in few µm (heavy particles) or mm (electrons) from its interaction point and normally stops in
the crystal. Along its track it produces many electron–hole pairs having at the beginning very
high spatial density and energy. These charge carriers interact first with each other and spread
very quickly inside the crystal. As a quasi–equilibrium situation is reached, they undergo their
final degradation via direct interaction with the lattice site: these interactions produce phonons.

During this step undesirable processes can take place, indeed a fraction of the pair energy
can leave the crystal or can be stored in stable or metastable states instead of going into the
crystal lattice. It is possible to have: radiative recombinations of e–h couples with the escape of



2.3 The energy absorber 27

ωD

k

ω

LA branch

Optical Branch

Balistic phonons 

 TA branch

Scattering and
reflection degradation

Thermal Phonons

Figure 2.3: Athermal phonon thermalization model

the emitted photon, non-radiative recombinations that take too much time compared to signal
development, trapping of electrons and holes in the impurity sites or lattice defects. A large
fraction of the initial energy is transferred to the lattice as vibrational excitations (phonons),
through different mechanisms depending on the e–h pair density and on their energy.

Let’s consider now the phonon thermalization processes. To explain what happens, it is
useful to use the mono-dimensional representation of the phonon dispersion curves. The e–h
pair recombination process across conduction and valence bands, produces high energy and low
momentum phonons on the optical branch. Then these primary phonons depart from the particle
interaction region. The optical phonons decay in the longitudinal acoustic (LA) branch in a very
short time (10 − 100 ps). Obviously, the decay obeys the energy and momentum conservation
laws, and it produces mainly two phonons each having half of the energy of the initial particle
(of the order of the Debye energy) and opposite momentum. Also the e–h recombinations that
happen on impurity levels contribute to this phonon population. Therefore the final result is a
phonon system, mainly belonging to the LA branch, and having the energy of the order of ~ωD

(where ωD = 2πνD, and where νD is the Debye cut–off frequency of the crystal). This energy
is much higher than the average energy of thermal phonons at the bolometer working temper-
ature (for example, at T= 10 mK, the average energy is ∼µeV). At this point new phenomena
of phonon energy degradation can occur, so that phonons become thermal phonons. These pro-
cesses can be classified in three channels: phonon–phonon interaction, scattering on impurities
and reflection on crystal surfaces. The first channel is possible thanks to the an-harmonicity of
the lattice potential. However, this an-harmonicity is less important when the crystal tempera-
ture and the phonon energy decrease. Moreover, while the LA phonon decay is allowed and it
is responsible for the transverse acoustic (TA) phonon production, the decay of the TA phonons
is forbidden by the momentum conservation law. From these two considerations it is easy to
understand that other energy degradation mechanisms must exist to permit, in a reasonable time,
the thermalization of the energy trapped in the athermal phonons. These mechanisms are able to
degrade phonon energy and also to induce the conversion of the TA phonons, otherwise stable,
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into LA phonons so that they can be thermalized. The conversion towards low energies is a very
slow process, but it is difficult to make a quantitative estimation due to the complication of the
involved mechanisms.

Let’s go back to the decay process. After a certain number of the decays, the mean free
path becomes larger than crystal dimensions. At this point in pure crystals, there is a ballistic
propagation of phonons until they reach the crystal surfaces [99]. Using several fast sensors
(able to detect athermal phonons) it is possible in principle to determine the particle interaction
point using the phonon signal relative time [100]. Phonons that are not absorbed by a sensor
will be reflected by surfaces and therefore they can suffer decay processes. At the end they
interact with the background thermal phonons and they thermalize.

For superconductor materials, the thermalization processes can be longer. This happens in
particular when the Debye temperature θD for the material is large and the critical temperature
Tc is low. In fact, in this case, phonons that are generated by particle interactions easily break
the Cooper pairs and cause an energy storage in the quasi–particle system. For this reason, even
in the case when superconductive materials present lower heat capacity at the same temperature,
the diamagnetic dielectric materials are to be preferred.

2.3.2 Intrinsic energy resolution

By thermodynamic considerations that will be explained in sec. 2.5.2 it is possible to express
the intrinsic energy resolution ∆E for a bolometric detector sensitive to thermal phonons as

∆E =
√

kBC(T )T 2 (2.7)

where kB and C are the Boltzmann constant and the energy absorber heat capacity respectively.
To give an idea of the potentiality of these devices we can calculate that for 1 kg of TeO2

working at 10 mK the intrinsic energy resolution is about 10 eV. Once again we see that a
crucial parameter of the energy absorber is its Debye temperature, θD, which has to be as high
as possible in order to reduce the specific heat. For this reason, light materials with a small
mass number are better energy absorbers in terms of heat capacity. Even superconductors are in
principle suitable, since the electronic contribution to the specific heat vanishes exponentially
below the critical temperature, but the caveats exposed in the previous section have to be taken
into account.

It should be stressed that, according to eq. 2.7, ∆E is independent of E. However, even in the
case of athermal phonons, it is possible to see the advantage of PMDs over conventional devices
for radiation spectroscopy as the energy resolution is concerned. In fact the energy interaction
generates a number of elementary excitations, N, equal to

N =
E

ε

where ε is the energy to produce an elementary excitation. The intrinsic energy resolution
is limited by the statistic fluctuation of the produced elementary excitation number. So the
theoretic energy resolution ∆E is

∆E

E
= 2.35 · ∆N

N
(2.8)



2.4 The phonon sensor 29

that is proportional to the
√

ε. In a scintillator detector ε is about 100 eV, whereas in a gas
detector and in a solid state detector ε is about 30 eV and around 3 eV respectively. As already
said, in a PMD the energy of an elementary excitation is less than 0.01 eV even in the case of
athermal phonons, so, at least in principle, energy resolutions more than an order of magnitude
better than the ones of conventional devices are possible.

2.4 The phonon sensor

The phonon sensor is a device that collects the phonons produced in the absorber and gen-
erates an electrical signal, proportional to the energy contained in the collected phonons. A
simple realization of this device can be accomplished through the use of a thermistor whose
resistance, as a function of the temperature, has a steep slope. In practical devices, there are
two main classes of thermistors which give the best results: semiconductor thermistors (STs)
and transition edge sensors (TESs). Thermistors are usually characterized by their “logarithmic
sensitivity” A, defined as

A =

∣

∣

∣

∣

d log R(T )

d log T

∣

∣

∣

∣

(2.9)

The value of the sensitivity is usually in the range 1–10 for STs and in the range 102–103 for
TESs.

Here the two approaches are introduced, but in the next part of the chapter the attention will
be focused on STs.

2.4.1 Transition Edge Sensors

The TESs are superconductive films kept around the critical temperature (TC ). They are intrin-
sically fast, and so they can detect athermal phonons. Their working point lies in a narrow range
of temperature. A typical example of a resistance-temperature curve for a TES is shown in fig.
2.4. The superconductive film is deposited on the absorber crystal, with typical thickness of a
few hundred nanometers [101]. This technique can take advantage of the SQUID technology as
read-out. TESs are made normally only by a single superconductor, but it is possible also to use
a bilayer film formed by a normal metal and a superconductor. In the latter case, because of the
proximity effect, the normal metal is driven superconductive and the resulting TC can be much
lower than that of the pure superconductor. In this way it is possible to tune the TC by adjusting
the thickness of the layer.

2.4.2 Semiconductor Thermistors

As the STs are intrinsically slow, they are probably sensitive mainly to thermal phonons in a
PMD (typically they cannot follow signal rates larger than few Hz). In this context, they give
information about systems in thermal equilibrium, and could be thought as temperature sensors.
However, it must be remarked that there are clear indications that also athermal phonons can
be detected by STs; in this case the collected pulses contain also non thermal components. STs
consist normally of Ge or Si small crystals with a doped region. A very useful technique to
uniformly dope large volumes is the Neutron Transmutation Doping (NTD). In this approach
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Figure 2.4: Resistance of a W TES thermistor as a function of the temperature.

the semiconductor sample is bombarded by neutrons, which induce nuclear reactions on the
various target isotopes leading to the formation of n- and p-dopants. On the other hand, small
low-heat-capacity thermistors can be obtained by ion implantation in Si, according to the pro-
cedures of the standard planar Si technology.

Conduction processes

For both the previously described approaches, the result is a strong dependence of the sensor
resistance on the temperature as follows:

ρ ' ρ0 · exp

(

ε(T )

kBT

)1/2

(2.10)

where kB is the Boltzmann constant, ε(T ) is the activation energy and ρ0 is a parameter de-
pending on the doping conditions.

Semiconductors are covalent solids that may be regarded as insulators because the valence
band is completely full and the conduction band is completely empty at the absolute zero. They
present an energy gap between the valence and conduction bands of no more than 2 eV. For
silicon the energy gap is 1.14 eV and for germanium the gap is 0.67 eV. So, for intrinsic semi-
conductors, i.e. for a semiconductor without impurities, the conduction can happen only with an
activation energy equal or larger than the energy gap. This mechanism is possible if the working
temperature is T » Tamb, since kT ' 0.025 eV at room temperature.
If impurities are present in the semiconductor lattice (extrinsic or doped semiconductors) then
it is also possible to have electronic conduction also at lower temperatures. In this case in fact,
the impurities introduce discrete levels slightly above the top of the valence band or under the
bottom of the conduction band, depending on the type of atoms inserted in the semiconductor.
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Figure 2.5: Schematic representation of hopping conduction mechanism.

For low impurity concentrations, the localized energy levels of dopant atoms are not broad-
ened into bands because these atoms are many lattice spacings apart and they interact with each
other very weakly. The energy difference ∆ε, between the donor impurity energy levels and
the conduction band, is small, as well as between the acceptor impurity energy levels and the
valence band. Moreover if a small amount of arsenic impurities is introduced in a germanium
crystal, a energy activation equal to ∆ε = 0.0127 eV is obtained. The conduction mechanism
due to dopant sites dominates the conduction at room and lower temperatures. Depending on
the number of dopant atoms, the semiconductor, also near the zero temperature, can behave as
an insulator or a metal. So, there exists a critical concentration Nc that characterizes the tran-
sition from the insulator to the metallic behavior of the semiconductor. The region near this
concentration is named metal-insulator transition region (MIT) [102].

At temperatures lower than 10 K, the conduction is due to the migration of charge carriers
from an impurity site to another. When the donor concentration is increased, the wave function
of the external electron of the donor atom overlaps with the external electron wave function of
the neighboring atoms. In this situation the electrons are not localized and the conduction hap-
pens when electrons jump from a donor site to another (hopping mechanism) without using the
conduction band. This migration is due to quantum-mechanical tunneling through the potential
barrier which separates the two dopant sites. The conduction is activated by phonon mediation
as schematically described in fig. 2.5, in which the tunnelling process is also shown.

If T � 10 K and if the net doping atom concentration is slightly lower than Nc, then the
resistivity is strongly dependent on the temperature. For this reason, usually, it is chosen to
operate semiconductor thermistors slightly below the MIT region. The dominant conduction
mechanism in these conditions of temperature and dopant level is named “Variable Range Hop-
ping” (VRH [103]) and the carriers can migrate also on far sites if their energy levels are located
in a narrow range around the Fermi energy. As the state density near the Fermi energy in the
semiconductor is determined by compensation level K, it plays a fundamental role in the VRH
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Figure 2.6: Electric scheme of the bias current circuit used for the read-out of a bolometer. RL
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process. Let’s recall that K is equal to the ratio between the acceptor concentration NA and the
donor concentration ND.

For VRH, the resistivity depends on the temperature in the following way:

ρ = ρ0 · exp

(

T0

T

)γ

(2.11)

where ρ0 and T0 are parameters depending on the doping and compensation levels. The
exponent γ is equal to 1

4 in the Mott model, for a three-dimensional system and for low com-
pensation levels. For larger values of K, the Coulomb repulsion among the electrons leads to
the formation of a gap (Coulomb gap) in the electron state density near the Fermi energy. The
value of γ in this case becomes 1

2 .
In the following sections, attention will be focused on the case of bolometers using STs as

sensors.

2.5 Detector operation

From the considerations in the previous section, it is clear that the sensor converts thermal pulses
into electrical signals. To obtain a voltage signal a steady current (bias current) I is sent trough
the thermistor by means of the bias circuit shown in fig. 2.6, where RL is the load resistance,
R(T) is the sensor resistance and VB is a constant voltage generator. In these conditions a
voltage V(T) = I · R(T) appears across the sensor. This produces a power dissipation P which
increases the temperature and acts back on the resistance R(T ), until an equilibrium is reached.
In static conditions the absorber’s temperature Tb is

Tb = T0 +
P

G
(2.12)

where T0 is the heat sink temperature and G the conductance to the bath. This phenomenon
makes the V-I relation deviate from linearity and leads to a non-ohmic behavior. This char-
acteristic behavior of bolometers is often referred to as “electrothermal feedback”. The static
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Figure 2.7: Typical load curve, current–voltage characteristic(left) and typical P-R characteris-
tics of a semiconductor thermistor.

resistance is simply the ratio V/I while the dynamic resistance is the tangent at the V-I curve. By
further increasing the bias current the dynamic resistance crosses the so called inversion point
(where it vanishes) and becomes negative. For semiconductor thermistors, a typical V-I curve,
usually referred to as load curve, is represented in fig. 2.7(left). In static conditions the thermis-
tor electric and thermal parameters are described by a point on the load curve. The intersection
of the straight line of equation V = Vb - I RL and the load curve I = I(V) determines the work-
ing point of the sensor, as described in fig. 2.7(right). Usually the working point is chosen in
such a way that the signal amplitude or the signal-to-noise ratio is maximum (optimal working
point). By a combined fit to a set of load curves at different base temperatures, all the thermistor
parameters (R0, T0, γ) are evaluated as it can be seen in fig. 2.7 where R-P load curves for the
same Si-ST at different base temperatures are shown with their corresponding fits.

2.5.1 Detector signal amplitude

In the first approximation the thermal pulse produced by an energy release in the absorber
is characterized by a very fast rise time, that in monolithic approximation is instantaneous if
the thermalization time is assumed negligible, and by an exponential decay time depending
on the physical characteristics of the individual detector (equal to the ratio between the heat
capacity and the conductance to the bath in case of the monolithic model assumption). Such a
thermal pulse is then converted into an electrical one by means of the thermistor bias circuit
and the detector optimization is achieved by finding the best configuration for a maximum
pulse amplitude. Considering the basic circuit shown in fig. 2.6, it is straightforward to obtain
the relationship between the maximum voltage signal (∆V), the thermistor parameters and the
deposited energy E:

∆V =
RL

RL + R
· V · A · ∆Tb

Tb
∼ E

C · Tb
· A ·

√
P · R (2.13)

where Tb is the static detector temperature, ∆Tb is the increase of detector temperature, A is the
sensor’s logarithmic sensitivity of eq. 2.9, P is the power dissipated in the thermistor by Joule
effect and R is the sensor resistance. This expression vanishes both in the limit P → 0 and
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P → ∞. To increase the signal amplitude, a higher V operation point could be chosen, but
normally without surpassing the inversion point Vi on the load curve. Usually the best working
point does not correspond to the Vi voltage, as the increase of the applied voltages determines
higher temperatures and so lower ∆T/T ratios. For each detector, it is necessary to determine
the optimal working point experimentally.

2.5.2 Detector noise

In this section the principal noise sources of a bolometric detector using a ST sensor will be
presented. These sources can be classified as generating intrinsic and extrinsic noise.

• It is not possible to totally eliminate intrinsic noise sources that determines the energy
resolution limit of detector. As these sources depend on detector parameters, they have to
be carefully analyzed to achieve the optimal experimental configuration.

• The extrinsic noise sources is the totality of noise sources not generated inside the de-
tector, such as cryogenic apparatus, electronics and read-out set-ups. In the bolometers
described in this thesis they dominate the intrinsic noise, so that they determine the real
limits of the energy resolution. There are also other sources of noise that can be included
in this category, such as a electric microphonic noise, electromagnetic interferences, and
mechanical microphonic noise. These can not be classified as intrinsic noise of the de-
tectors or as consequence of the electronic read-out of bolometers but they can seriously
affect detector performance.

The extrinsic noise sources are characteristic of the experimental set-ups, and will be analyzed in
detail in the next chapters for given experiments. Here the description of the two main intrinsic
noise sources follows:

Johnson Noise: Every resistance R working at a temperature Tb generates a white noise having
a power spectrum given by:

eR =
√

4kBRTb (2.14)

If the monolithic model is used it is possible to demonstrate that the Johnson noise at
low frequency is reduced by the electrothermal effect. The scheme in fig. 2.6 shows that
the sensor is biased using a RL load resistance that is, in general, at a temperature TL

different from Tb. (For instance, at room temperature, as in most of the devices described
in the following chapters.) Therefore the Johnson noise of the load resistance RL has to be
taken into account, but it is possible to demonstrate that this can be made negligible when
compared to the detector noise; in fact the load resistance contribution to the detector
noise, edet, is

edet = eRL

(

R

RL + R

)2

(2.15)

This contribution can therefore be reduced ad libitum by choosing a large enough value
for RL.

edet

eR
=

eR

eRL

(

R

RL

)2

=
R

RL
· TL

T
(2.16)
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Thermodynamic Noise: As already anticipated in sec. 2.3.1, in the case of complete energy
thermalization, the intrinsic energy resolution is limited by the thermodynamic fluctua-
tions of the number of thermal phonons exchanged with the heat bath through the con-
ductance G. This produces energy fluctuations and therefore temperature fluctuations in
the absorber, i.e. an intrinsic detector noise. An estimate of this noise can be obtained by
the following simplified argument. The number of phonons contained in the absorber at
thermal equilibrium can be estimated as

N =
E

εa
=

C(T ) · T
kB · T =

C(T )

kB
(2.17)

where the mean phonon energy εa is expressed as equal to kB · T and E is the internal
energy of the absorber [104]. If Poisson statistics is assumed then it is possible to estimate
the fluctuations of the internal energy of the absorber in the following way:

∆E = ∆N · kBT =
√

N · kBT =

√

C(T )

kB
· kBT =

√

kBC(T )T 2 (2.18)

that is the expression already presented in sec. 2.3.1. In the monolithic bolometer model
case, a detailed calculation of noise due to intrinsic sources shows that a dimensionless
factor ξ has to be introduced as a multiplier for eq. 2.18. The ξ value depends on the
details of the temperature sensor, of the thermal conductance and of the heat capacity
temperature dependences, and can be made of the order of unity with a proper optimiza-
tion work.

2.6 Detection of rare events

Finally it should be clear why bolometric detectors found one of their best applications in rare
events physics, particularly in DBD and dark matter searches and in neutrino physics (a wide
overview is provided by the proceedings of the specific low temperature detector conferences
[105]).

First of all, bolometers are intrinsic rare events detectors. Typical time evolutions of the
pulses do not allow high radiation rates on the detector (sec. 2.4).

On the other hand, near this time limitation we have many advantages. The most important
of them is the energy resolution which is better than that of most of the other particle detectors
[67]. The second important feature offered by bolometers is the wide choice of different ma-
terials that can be used as absorbers (sec. 2.3). This can be very important in DBD search to
be able to confirm on different isotopes a possible evidence and in DM search to span different
mass regions.
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Chapter 3

TeO2 bolometric experiments for
0νDBD search

In the late ’80s the Milano group, leaded by professor E. Fiorini, published for the first time
papers on massive bolometric detectors used to search for rare events [106, 107, 108, 109].
Since the beginning this detectors were developed following the line of action of searching for
neutrinoless double beta decay. For this reason most of the experimental activity was carried
out in the underground location of Laboratori Nazionali del Gran Sasso (LNGS) of INFN where
the mountain provides a 3500 m.w.e. shield against cosmic rays.

The preliminary experiment was performed with 73 g and 334 g single module TeO2 crys-
tals, reaching a limit for T 0ν

1/2 of 130Te of 2.1 × 1022 years (90% CL). The second step was an
array of 4 detectors, 340 g each, to study the feasibility of a large massive experiment made by
identical bolometers. The cumulative limit obtained for T 0ν

1 /2 of 130Te was 2.39 × 1022 years
(90% CL) [110].

After these successful results obtained with this first experiments and with a much better
understanding of the detectors, a tower–like array of 20 TeO2 340 g crystals, was projected and
proposed to be built. At the end of September 1997 the so–called MiDBD experiment started to
operate in the LNGS [111, 112]. A second phase of the experiment, MiDBD II, with the same
crystals but with some technical improvements, was started in January 2001. The new achieved
limit on T 0ν

1/2 of 130Te was 2.1 × 1023 years (90% CL) [113], thus obtaining the second best
neutrino mass bound (after the 76Ge result).

The knowledge acquired in terms of detector performance, optimization and background
reduction was used in the design and realization of a second large mass bolometric experiment,
CUORICINO, a 62 TeO2 array with a total mass of 41.7 kg, that will be described in the next
chapter. CUORICINO is a self-consistent experiment but, at the same time, it is a test in-
tended to verify the technical feasibility of CUORE (Cryogenic Underground Observatory for
Rare Events). The R&D on CUORE’s detectors is the framework on which my PhD work was
developed.

In this chapter the TeO2 bolometric detectors developed by the Milano DBD-group (and
by other several groups that joined this activity during the past 20 years) will be presented and
described.

37
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3.1 The choice of an absorber for a bolometric experiment

As explained in sec. 2.6 the use of bolometric detectors is related to the search for 0νDBD;
in fact, the calorimetric approach provides good energy resolution and thus an increase of the
signal–to–background ratio.

The Milano group developed large mass bolometers using TeO2 crystals. In this section the
reasons that lead to the choice of these crystals as energy absorbers will be presented.

3.1.1 The choice of the 0νDBD source: why 130Te ?

The bolometric technique offers a wide choice of DBD candidates (as 48Ca, 76Ge, 100Mo, 116Cd
and 130Te), the only requirements being that the candidate nucleus be part of a compound which
can be grown in the form of a crystal with good thermal and mechanical properties (see Chapter
2).

The choice of 130Te arises from the necessity of testing 0νDBD in an isotope different from
76Ge but with a competitive sensitivity to obtain crosschecked information. 130Te came out to
be a very good compromise between the different features that characterize a DBD experiment.
In the following the different features that can be taken into account to choose the best nuclide
are described and commented:

• Isotopic Abundance: this parameter plays an important role in determining the sensitiv-
ity of a DBD experiment (see sec. 6.2), being the sensitivity proportional to the number
of nuclei under control. This is much more relevant in experiments (this is the case of
bolometers) where the experimental technique does not allow one to increase easily the
detector’s mass of some orders of magnitude. For this reason, a few per cent of natural
isotopic abundance is an unacceptable value. Tab. 3.1 shows a comparison of the natural
isotopic abundance for the various candidates to be used as 0νDBD sources. A possible
solution to the sensitivity problem for isotopes with very low natural abundance is the
isotopic enrichment. Unfortunately, this technique is not always practically feasible and
it is often very expensive. From this point of view the isotope 130Te is an optimum choice
since its isotopic content in natural tellurium is 33.87% [114].

• Phase space: the element of phase space of the transition G0ν , that represents the con-
tribution of pure kinematic of the process of decay, is proportional to Q5, where Q is the
transition energy of the decay. This means that the higher is Q, the bigger is the proba-
bility for the decay to occur. The DBD Q-value for 130Te is 2528.8 ± 1.3 keV and it is
reasonably high. In Tab. 3.1 a comparison of the transition energy for the various DBD
candidates is reported.

• Transition energy Q: the Q-value is also important because its relation with the natural
radioactivity background. The Q-value of 130Te (2528 keV) happens to be situated be-
tween the peak and the Compton edge of the 2615 keV line of 208Tl , which leaves a clean
window to look for the signal. Furthermore, the 2615 keV gamma line is the highest line
coming from natural radioactivity; thus no other contributions from gammas of higher
energies are to be expected.

• Nuclear dynamics: as it was illustrated in Chapter 1 (see eq. 1.5), the lifetime for DBD0ν
is inversely proportional with the factor of merit FN ≡ G0ν | M0ν

F |2. The matrix
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Decay Q(keV) Ab.(%)
48Ca → 48Ti 4271 ± 4 0.187
76Ge → 76Se 2040 ± .9 7.8
82Se → 82Kr 2995 ± 6 9
94Zr → 94Mo 1145 ± 2.5 17.4
96Zr → 96Mo 3350 ± 3 2.8

100Mo → 100Ru 3034 ± 6 9.6
110Pd → 110Cd 2013 ± 19 11.7
116Cd → 116Sn 2802 ± 4 7.5
124Sn → 124Te 2288 ± 1.6 5.8
130Te → 130Xe 2528 ± 1 33.9
136Xe → 136Ba 2479 ± 8 8.9
150Nd → 150Sm 3367 ± 2.2 5.6

Table 3.1: Some high Q-values DBD candidates with corresponding isotopic abundances. [3]

elements | M 0ν
F |2 are dominated by the nuclear dynamics and differ from one nuclide

to another. As it can be seen from Tab. (1.2.1) it is apparent that in most of the nuclear
model used to compute the neutrinoless DBD matrix elements, the nuclear factor of merit
of 130Te are a factor is more favorable than that of 76Ge (the emitter for which the best
DBD0ν half-life limits had been achieved so far). This consideration is not conclusive
since no experimental check of this calculation has been performed so far. Nevertheless
if the calculations are correct 130Te is favored.

Taking into account the previous considerations we can conclude that 130Te is an excellent
candidate for DBD0ν research with a bolometric technique.

3.1.2 The choice of the energy absorber: why TeO2 ?

Once it was decided to use 130Te as a 0νDBD source, the Milano groupstarted to use TeO2 crys-
tals as energy absorbers. The choice of using TeO2 crystals instead of pure Te crystals was
determined by the useful properties of the first ones:

• Debye temperature: the ΘD of TeO2 is higher than that of pure Te and so, at the same
temperature, the TeO2 crystals have a lower specific heat and thus higher pulses can
be achieved [115]. Furthermore, TeO2 being a dielectric and diamagnetic material has
smaller contributions to heat capacity.

• Mechanical properties: pure Te has poor mechanical properties and they break after
a few thermal cycles. On the contrary, using TeO2, large single crystals with excellent
mechanical properties can be grown.

• Compound quality and mass: Te dominates the TeO2 with respect to the mass (about
80%) permitting to work with large quantity of tellurium. The radiopurity of the obtained
crystals is high (< 1 pg/g in 232Th and 238U). Fig. 3.1 shows an example of a TeO2 crystal
of 5x5x5 cm3 in size.
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The Milano group has tested other compounds with different isotopic elements. This is
the case of 48CaF2, an excellent candidate due to the large transition energy of 48Ca and good
thermal properties of calcium fluoride crystals. Because of very low natural abundance of 48Ca
makes, on the other hand, this choice very expensive since it requires a strong enrichment.
Other tested compounds are 100MoPbO4, 116CdWO4 and 150NdF2. The first, despite the good
thermal response, has the problem of an excessive counting rate due to the presence of 210Pb.
116CdWO4 is an excellent scintillator (this providing an additional tool for background suppres-
sion), but presents the same problem of low natural isotopic abundance as 48CaF2. Recent tests
on 150NdF2 crystals showed a considerable difficulty to cool down to low temperatures these
crystals.

Taking into account all these considerations we see that the isotope 130Te in the form of
TeO2 crystals for DBD0ν research is the best presently available choice with moderate costs
and good features for rare event research.

Figure 3.1: Example of 5x5x5 cm3 TeO2 crystal. The crystals are produced by Shanghai Insti-
tute of Ceramics (China).

3.2 The sensor

The Milano group decided to use as sensor NTD–Ge thermistors, working in the Variable Range
Hopping (VRH) conduction regime with Coulomb gap as sensors. As described in section 2.4.2,
this kind of thermistor can work as a perfect thermometer. It converts the thermal pulse into an
electrical signal thanks to the temperature dependence of its resistivity. The resistance behavior
follows the relation

R = R0 exp(T0/T )γ (3.1)
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Figure 3.2: Resistance of a NTD-Ge thermistor of the Milano-Como group as a function of
temperature.

where γ = 0.5 in the MIT region and at a working temperature lower than 1 K, and where the
parameter R0 depends on the sensor geometry as

R0 =
l

S
· ρ0 (3.2)

where l indicates the distance between the electrical contacts, S is the area of the pad where the
contacts are made and ρ0 is the electric resistivity that is described by eq. 3.1.

In sec. 2.4.2 the logarithmic sensitivity A was introduced. It depends on the neutron irradi-
ation dose. For this reason each thermistor must be characterized at the operating temperatures,
as described for Si thermistors by Alessandrello et al. [116]. For the NTD thermistors used by
the Milano group (belonging to series #31 according to the Berkeley group classification), the
T0 value is around 3 K and thus the logarithmic sensitivity ranges between 7 and 10. A typical
resistance vs. temperature curve, for these detectors, is reported in fig. 3.2.

These sensors are realized by neutron transmutation doping of ultra–pure Ge in a nuclear
reactor to obtain the proper characteristics of both the resistance and variation of resistance with
temperature.

Melt–doped Ge crystals cannot achieve the necessary uniformity due to a variety of dopant
segregation effects. The only technique available for producing such uniform doping is NTD. In
typical applications, the neutron absorption probability for a 3 mm thick wafer of Ge is small,
on the order of 3 %, leading to a very homogeneous, uniform absorption process. The most
important aspect is that 70Ge transmutes into Ga, an acceptor, and that 74Ge transmutes into As,
a donor, the primary active dopant in NTD Ge. In this process, one places the Ge in a nuclear
reactor where the following reactions take place:

70Ge (21%) + n → 71Ge (σT = 3.43 ± 0.17b, σR = 1.5b)
71Ge → 71Ga (t1/2 = 11.4day) Acceptor (3.3)
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74Ge (36%) + n → 75Ge (σT = 0.51 ± 0.08b, σR = 1.0 ± 0.2b)
75Ge → 75As (t1/2 = 83min) Donor (3.4)

76Ge (7.4%) + n → 77Ge (σT = 0.16 ± 0.014b, σR = 2.0 ± 0.35b)
77Ge → 77Se (t1/2 = 38.8hr) DoubleDonor (3.5)

where σT and σR refer to the thermal and resonance neutron capture cross sections, respec-
tively.

Since the doping level of the Ge needs to be on the order of 1×1017 atoms/cm3, a very high
flux reactor, such as that at the University of Missouri or the Massachusetts Institute of Tech-
nology, is necessary to do the doping in a reasonable time. Even more important characteristic
is the stability in the flux and the stability in the neutron energy distribution as measured by the
Cd ratio.

The significant quantity involved in thermistor performance is the net dopant concentration
which is equal to the concentration of Ga atoms minus the concentration of As atoms minus
twice the concentration of Se atoms. Unfortunately, to measure the thermal performance of the
thermistor, one needs to wait for the decay of the activation product 71Ge (11.4 day), approxi-
mately one year. Previous measurements carried out in the Gran Sasso Laboratory [117] have
shown that the residual activity of the NTD thermistors become fully tolerable in an experiment
with thermal detectors already a few months after irradiation. Following the radioactive de-
cay period, the NTD germanium is first heat treated to repair the crystal structure then cut into
3×3×1 mm3 strips.

The values of R0, T0 and γ must be experimentally measured for each thermistor (charac-
terization process). The measure of the characteristic R(T) for each thermistor is performed by
thermally coupling the sensor to a low temperature heat sink using a high conductivity epoxy.
The temperature TB (base temperature) of the heat sink is then varied (15–50 mK) while a
steady current I (bias current) flows trough the thermistors and a voltage drop V = IR appears
across them. This produces a power dissipation which raises the temperature and acts back on
the resistance, until an equilibrium is reached. This phenomenon makes the V − I relation
deviate from linearity. This characteristic behavior of bolometers is often referred to as “elec-
trothermal feedback”. The static resistance is simply the ratio V/I while the dynamic resistance
is the tangent at the V − I curve. By further increasing the bias current the dynamic resistance
crosses the so called inversion point (where it vanishes) and becomes then negative. For semi-
conductor thermistors, a typical V − I curve, usually referred to as load curve, is represented
in Fig.3.3 (a). By a combined fit to a set of load curves at different base temperatures, all the
thermistor parameters are evaluated (see Fig.3.3 (b)).

3.3 The single module

The Single Module (SM) is the elementary unit of arrays of TeO2 detectors and its behavior is
independent from the one of the other detectors. The understending and control of the different
parts of the SM and of the way they are assembled together is a fundamental task in success-
fully operating arrays of macro–bolometers. The fundamental components of the SM are: the
absorber crystal of TeO2 , the NTD thermistor, the heater, the PTFE supports and the copper
structure (see Fig. 3.4).
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Figure 3.3: Typical load curve for a thermistor at T= 8 mK) (a) and resistance-power curves for
a thermistor at different base temperatures (b).

The NTD germanium thermistors are glued to the TeO2 crystal by 9 spots of Araldit rapid
epoxy, of 0.4 to 0.7 mm deposited on the crystal surface by means of an array of pins. The
height of each glue spot is 50 µm. This procedure was found to be reasonably reliable and
reproducible in the MiDBD experiment [118, 62]. The heat conductance of the epoxy spots
was measured in Milano and the phenomenological relation for its temperature dependence was
found to be ∼2.6 ×10−4 (T[K])3 watts per degree kelvin per spot.

The materials used for the holding structure of the crystals are copper and PTFE; they can
both be obtained with very low levels of radioactivity.

The crystal is held by means of PTFE supports that are connected to a copper frame. The
copper frame is connected to the Mixing Chamber (MC) of a dilution refrigerator that provides
the base low temperature (∼10 mK) to operate the bolometers. Copper has a thermal conduc-
tivity and specific heat high enough to be an ideal heat bath, and it has excellent mechanical
properties. On the other hand, the PTFE supports, having low heat conductance and low heat
“leak” [119], guarantee a thermal conductance to the heat sink (copper frame) low enough to de-
lay the re-cooling of the crystal, following a heat pulse, so that the pulse decay time (re-cooling
time) is longer than the rise time structure, without big losses in the signal detection.

The crystals must be rigidly secured to the frame to prevent power dissipation by friction
caused by unavoidable vibrations. These can prevent the crystal from reaching the required
temperature and can produce low frequency noise. To prevent this effect the combined behavior
of copper and PTFE is used: Copper guarantees a rigid structure without frictions between the
different elements while PTFE provides an elastic but tight holding of the crystal, preventing
the differential thermal contractions to break the crystals or to leave them too loose.

Heavily doped silicon chips with a resistance between 50 to 100 kΩ are also glued on to
each crystal. They are used as Joule heaters to inject a uniform energy in the crystal in order
to monitor the thermal gain and correct its variations off-line to stabilize the response of the
bolometers. This topic will be discussed in more details later on (see sec. 4.1). The signal is read
by means of two 50 µm diameter gold wires, ball bonded to metalized surfaces of the thermistor
and thermally coupled to the crystals copper frames. This copper structure constitutes the heat
sink, being in thermal contact with the coldest point of the dilution refrigerator (the mixing
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Figure 3.4: The single module used in the Cuoricino experiment: top view with a thermistor
(left) and bottom view with an heater (right).

chamber).

3.4 Detector structure

The single detector module is inserted in a modular structure. The different structures used in
the MiDBD and CUORICINO experiment, highlighting the contributions of the structures to
detectors behavior.

3.4.1 MiDBD

The MiDBD experiment built up in 1997, consisted of a of 20 crystals of TeO2 of 3×3×6 cm3

each (340 g), for a total mass of 6.8 kg. It was operated in the Hall A dilution refrigerator until
December 2001. Sixteen MiDBD crystals were made of natural TeO2. Of the remaining four,
two were isotopically enriched at 82.3 % in 128Te and the other two at 75.0 % in 130Te.

The elementary module was the single module detector shown in Fig. (3.6) left. The PTFE
supports were special masks that hold the upper and lower surface of each crystal. All the
20 single modules were arranged in a 5 planes tower-like structure, completely enclosed in a
copper box. The detector tower was mounted inside the inner vacuum chamber (IVC) of the
dilution refrigerator and thermally liked through a cold finger to the coldest point of the dilution
refrigerator, at a temperature of about 10 mK.

The tower was shielded with an internal Roman lead layer of 1 cm minimum thickness (a
special lead with 210Pb activity < 4 mBq/kg [111]). Additional layers of 10 cm Roman lead
were placed above and below the tower, in order to shield the detectors against the unavoidable
radioactive contaminations due to some fundamental components of the cryogenic system. A
scheme of the MiDBD setup is shown in Fig. (3.5)a.
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Figure 3.5: Scheme of the MiDBD detectors: first run (a), second run (b).

Figure 3.6: One detector module of MiDBD-I (left) and 4 detectors module of MiDBD-II
(right).

The R&D effort devoted to improve both identification and reduction of the background
sources and the performance of the new detector mounting system proposed for CUORICINO
and CUORE, led in 2001 to a second run (MiDBD-II) in which the copper structure elements
were subject to extra etching processes aiming the reduction of radioactive contaminants. As
can be seen in Fig. (3.6) (right) each PTFE mask was substituted by 4 small pieces keeping the
crystal in the right position. The amount of teflon used in every single detector module was
reduced and a new more compact 4 crystal module assembling of the crystals had been adopted.
This allowed the addition of an internal Roman lead shield of 2 cm minimum thickness and of a
layer of 5 cm above the tower. The MiDBD-II tower was hanged to a spring suspension system
to reduce mechanical vibrations. A scheme of the detector setup is shown in Fig. (3.5) left.
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Figure 3.7: The CUORICINO detector: scheme of the tower and internal roman lead shields
(left), the 4 crystal module (top right) and the 9 crystal module (bottom right).

3.4.2 CUORICINO

The CUORICINO detector is a tower-like structure made of eleven planes of 4-crystal modules
(5x5x5 cm3 crystals) and two additional planes of 9-crystal modules (3x3x6 cm3 crystals)(see
Fig. 3.7). The 18 small crystals were taken from the MiDBD experiment. CUORICINO con-
tains therefore 44 TeO2 crystals of 790 g mass and 18 TeO2 crystals of 330 g mass. The total
TeO2 mass in CUORICINO is 40.7 kg. All the crystals, except the 4 isotopically enriched
crystals previously used in MiDBD, are made of natural tellurium.

The structure of the 4 detectors module was designed scaling the MiDBD–II design to the
dimensions of the ne crystals. Nevertheless the design of the PTFE pieces came out to be a
source of irreproducibility of the MiDBD–II. The thermal contractions of PTFE work in oppo-
site directions of their elastic contractions. For this reason detectors could be more sensitive
to the vibrational noise, since crystals could get loose at low temperatures. A new design of
the PTFE pieces has been developed. In fig. 3.8 pictures of new and old PTFE pieces are re-
ported. The important change is the modification of the PTFE supports so that their thermal
contractions increase the pressure on the crystal with decreasing temperature. As can be seen
in Fig. 3.9 in the CUORICINO design the bigger contraction of the PTFE is in the vertical di-
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Figure 3.8: Comparison of new and old PTFE pieces that hold TeO2 crystals.

Figure 3.9: Comparison between the holding method of old (a) and new (B) PTFE pieces.

rection. This crystal holding method was tested in Hall A after the dismounting of the MiDBD
experiment.This test was performed forcing the contribution of vibrations (i.e. without the anti–
vibrating method) in order to test if this new method permits a lower mutual influence among
crystals in the same CUORICINO module. Two CUORICINO modules were tested, one with
old PTFE supports and the second one with new supports. The module containing new type
PTFE pieces was cooler by several mK than the other one. This effect was due to the fact that
the new PTFE design did not allow the crystal to vibrate independently from the holder. This
free vibrations generates heat dissipations via scratching. Therefore it was decided to use the
new PTFE supports in the CUORICINO array.

3.5 Cryogenic setups

Bolometric detectors, as described in chapter 2, require a low working temperature. For this
reason all the performed TeO2 experiments and the R&D activities needed a cryogenic setup,
able to reach temperatures around 10 mK.

Two cryogenic setups were installed in the ’80 at the Gran Sasso National Laboratory
(LNGS) by the Milano group. The first, used in the past for the MiDBD experiment (Hall
A) is now hosting the CUORICINO detector. The second (Hall C) has been dedicated to the
research and development activities for CUORICINO and CUORE.
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Figure 3.10: Scheme of the cryogenic setup.

The two existing cryogenic setups consist of dilution refrigerators having powers of 1000
µW (hall A cryostat) and 200 µW at 100 mK (hall C cryostat). They are both housed inside
Faraday cages to suppress electromagnetic interference (see Fig. (3.10)). The experimental vol-
ume at base temperature is available in the Hall A cryogenic setup is about 16 cubic decimeters
while in the Hall C setup is less than a third.

All the materials used for construction of MiDBD and CUORICINO were analyzed to deter-
mine their radioactive contamination levels. These measurements were carried out by means of
two large Ge detectors installed in the Gran Sasso underground Low Radioactivity Laboratory.
The level of the radon contamination in the air of the Laboratory is continuously monitored.
Both dilution refrigerators are equipped with heavy shields against environmental radioactiv-
ity. In particular, the Hall A dilution refrigerator is shielded with two layers of lead of 10 cm
minimum thickness each. The outer layer is made of commercial low radioactivity lead, while
the internal one is made with special lead with a 210Pb contamination of 16 ± 4 Bq/kg. The
external lead shields are surrounded by an air-tight box flushed with fresh nitrogen from a dedi-
cated evaporator to avoid radon contamination of the gas close to the cryostat. In order to shield
the detectors against the unavoidable radioactive contamination from some fundamental com-
ponents of the dilution refrigerator thick layers of Roman lead are placed inside the cryostat just
around the detectors. A borated polyethylene neutron shield (10 cm) was added in 2001 to the
hall A cryostat.

3.6 Electronics and DAQ

The electrical read-out configuration of a bolometric system is shown in Fig. (3.11). The main
stages of the system are:

• Detector biasing: the thermistor is symmetrically polarized by means of 2 load resistors
RL. In this way a differential signal is read, thus avoiding common noise. The value of
RL must be greater than the thermistor impedance at the working temperature in order to
have constant current bias and high signals. At T ' 10 mK the thermistors behave like a
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Figure 3.11: Scheme of the electronic setup.

resistance of the order of 1÷100 MΩ; the load resistors are then chosen with values of the
order of GΩ. The Johnson noise for these high resistance values is no longer negligible
and has an rms value of about 300 eV for load resistors working at 300 K.

• First differential stage: it consists of a first differential preamplifier with gain G = 218
(which contributes to the reduction of the common noise), an antialising Bessel filter (that
cuts frequencies above 12 Hz) and a programmable gain stage. This first stage can operate
at room temperature, as in Fig.( (3.11)), or cooled down to 120 K. The cold electronics has
the purpose of reducing the series and parallel preamplifier noise, which in fact decreases
with temperature, and on the other hand, to reduce microphonic noise, a noise source
quite important for low energy signals, as for instance for Dark Matter searches.

• Second stage: an additional amplifier stage is set before the signal is transmitted to the
ADC.

After the second stage the signal is sent simultaneously to the Analog to Digital Converter
(ADC) and to the trigger that commands the ADC. If the pulse amplitude is higher than the trig-
ger threshold (that is independently set for each detector) the signal is digitalized and transmitted
to a PC-VXI that works as a memory of the system and makes a pre-analysis, thus permitting to
check in real time the measure state. The ADC parameters depend on the pulse characteristic,
but usually a voltage range of 0 - 10 V and 16 bits are used, thus meaning a resolution in the
amplitude sampling of 0.15 mV. In Mi-DBD the sample time was 2 ms with a total number
of pulses of 1024, while for CUORICINO the signal is sampled every 8 sec for a 512 total
samplings.

3.6.1 Extrinsic noise

The electronic read-out, as it has been just described, introduces sources of extrinsic noise:

• Johnson noise: As previously said, for GΩ load resistors this noise source has a value
around 300 eV, not negligible for experimental resolutions in the range 1÷8 keV FWHM.
This source of noise can be reduced by working with load resistors at low temperature,
since the noise power spectrum is proportional to the temperature.

• Preamplifier noise: The noise associated to the preamplifier stage is of three types: series
due to the JFET resistance having a value around 9 eV, series 1/f that amounts to 15 eV,
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and the parallel shot noise, that for a room working temperature is around 130 eV rms.
The usual experimental resolutions for energies close to the DBD0ν signal energy are of
∼7keV FWHM, thus meaning that these noise sources do not affect so much the actual
value. At low energies, where the resolution is of the order of 1 keV FWHM they are no
longer negligible.

• Microphonic noise: It is due to the variation of the static electric charge of the read-out
wires and it can be reduced if working with a low temperature first differential stage,
which allows shorter wires. It contributes with high frequency components and can
worsen the low energy threshold.

Other source of extrinsic noise is the electromagnetic radiation, leading to spike signals and
fast variations of the detector working point.

The most dangerous sources of noise appear because of thermodinamic fluctuations of the
system and heat power arising from mechanical vibrations. These sources have low frequencies
that can be partially corrected via a hardware stabilization system (introduced in the second run
of CUORICINO) and/or an off-line stabilization procedure.

3.7 Off-line analysis

The main goal of the off-line analysis is the extraction of the relevant physics informations
from the large amount of raw data recorded by the DAQ system. This analysis consists of two
levels.The first one is the raw detector pulse analysis (e.g. amplitude evaluation, noise rejection,
gain instability and linearity correction) aiming the production of reliable nth-plas (a proper
number of parameters fully describing each bolometric pulse). and energy spectra. The second-
level is a multi-dimensional analysis aiming at obtain the sought physics results (e.g. ββ(0ν) or
DM interactions). The identification of the various background sources is also an important goal
of the second-level analysis, and is the main topic of this PHD thesis work. This chapter will
be devoted to the first level analysis, leaving for chapter 5 a detailed description of the second
level analysis.

3.7.1 First-level analysis

As described in a previous section, when the output voltage of a given detector exceeds the
trigger threshold, the acquisition system records a number of converted signal samples. The
acquired time window (∼few sec) must contain the entire pulse development in order to allow
an accurate description of its waveform. The existence of a pre-trigger interval just prior to the
production of the pulse (“baseline”) guarantees that a small fraction of the number of acquired
samples can be used to measure the DC level of the detector (which is directly connected with
the detector temperature).

The fact that for each triggered pulse an entire waveform is sampled and recorded gives us
a lot of information, as it will be shown in this section.

The following are the important goals for the (first-level or pulse) analysis (FLA):

1. maximization of the signal to noise ratio for the best estimate of the pulse amplitude. This
is accomplished by means of the optimum filter (OF) technique [120];
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2. correction of the effects of system instabilities that can change the response function of
the detectors (gain “stabilization”);

3. rejection of the spurious triggered pulses by means of pulse shape analysis;

4. identification and rejection of radioactive background pulses by means of coincidence
analysis.

The Optimum filter

The OF technique is frequently used with bolometers to evaluate the amplitude of a signal with
a superimposed stochastic noise. This algorithm has proven to provide the best estimate of the
pulse amplitude under general conditions. Relative to a simple maximum–minimum algorithm,
this technique allows the evaluation of the signal amplitude with much higher efficiency result-
ing in an effective improvement of the detector energy resolution. The following information
is needed to implement the OF technique: the detector response function (i.e. the shape of the
expected signal in the condition of zero noise) S(ω) and the noise power spectrum N(ω). Once
these are known, the OF transfer function is easily obtained and used as a digital filter for the
acquired pulses. The role of the OF transfer function is to weight the frequency components of
the signal in order to suppress those frequencies that are highly influenced by noise and has the
expression:

H(ω) = K
S∗(ω)

N(ω)
e−iωtM (3.6)

where K is an arbitrary constant and tM the time at which the filtered signal is maximum. The
amplitude of the pulse is then evaluated by integrating eq. (3.6) or evaluating the amplitude of
optimally filtered pulses in the time domain. filtered pulses.

The noise power spectrum N(ω) is usually obtained from a hundred of baseline signals
randomly acquired before every measurement by averaging the square of the module of their
discrete Fourier transforms. The shape of of the detector response function is evaluated by
averaging over a large number of acquired pulses, accurately selected so than to reject spurious
signals.

The nuple construction

In processing the data off-line, the following parameters are evaluated and recorded to disk for
each digitized pulse (n-ple):

1. the channel number i.e., the number of ADC channel that exceeded the trigger threshold;

2. the absolute time at which the pulse occurred with a precision of 0.1 msec;

3. the OF amplitude i.e. the amplitude of the optimally filtered signals

4. the baseline, obtained by averaging a proper number of samples from the pre-trigger
interval. Since the detectors are DC coupled, it provides a direct measurement of the
detector temperature at the creation of the signal;

5. the signal rise and decay times;
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Figure 3.12: Heater amplitude vs baseline before (a) and after (b) the stabilization procedure.

6. the pulse shape parameters, obtained by comparing the acquired pulse with the expected
response function of the bolometer after OF or adaptive filters. A further powerful tech-
nique is based on the use of artificial neural networks (ANN);

7. the pile-up fraction. The Wiener-filter algorithm is implemented [121] in order to recog-
nize and successively reject double events. When two signals are found to occur in the
same acquisition temporal window their amplitudes and their temporal distance are eval-
uated. These two parameters are very important in order to study the coincidence events
due to radioactive cascades.

Instability correction

The next First Level Analysis step is the gain instability correction. The OF amplitudes are
corrected to reduce or cancel the effects of system instabilities responsible for the variation
of the ratio between the energy E deposited into a given crystal and the amplitude ∆ V of
the corresponding electrical pulse. These variations induce a worsening of the detector energy
resolutions since signals referring to the same energy released in the crystal lead to different
detector responses, thus broadening the correspondent peak in the energy spectrum.

According to our very naive detector model there are three instabilities that can modify the
ratio ∆ V/E (where V=Vb*G is the output voltage given by the product of the bolometer voltage
Vb and the electronics gain G):

• a variation in the electronic gain G;

• a variation in the bias VTot;

• a variation in the temperature Tb of the crystal.

The electronic system is designed to guarantee a stability of G and VTot within 0.1% . It is
however, much more difficult to maintain stability within 0.1% of the detector temperature on
long time scales. At a temperature of 10 mK this would require maintaining the temperature of
all the crystals to an accuracy of 2 µ K for a period of several days. Usually thermal instabilities
are correlated with intrinsic instabilities of the cryogenic set-up, mainly due to variations of
liquid bath levels that determine small changes in the flow rate of the 3He −4 He mixture
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Figure 3.13: Comparison between a calibration spectrum before (dashed line) and after (contin-
uous line) the stabilizzation procedure.

in the refrigerator. The problem can be minimized by directly stabilizing the main cryogenic
parameters as much as possible, but often this is a difficult task and not completely solving the
problem.

To overcome this problem, and as already mentioned in previous sections, a silicon resistor
glued to each crystal is used as a heater to produce a reference pulse in the detector. It is
connected to a high precision programmable pulser that produces a fast voltage pulse every few
minutes dissipating the same amount of energy (Eref ) into the crystal each time. These voltage
pulses mimic pulses produced in the crystal by particle interactions and are used to measure
the value of the ratio ∆ V/E. Any variation of the amplitude of the reference pulse is due to
variations of the ∆V/E ratio. The OF amplitude of the reference pulse is therefore used to
measure, every few minutes, the actual value of ∆ V/E while the baseline of the reference pulse
provides the contemporary measurement of the value of T. A fit is then used to obtain the values
of ∆ V/E as a function of temperature. Therefore, in this step of the off-line analysis, the OF
amplitude of each pulse is corrected according to the given value of ∆ V/E(T[t]) for the detector
temperature at which the pulse has been generated. The effectiveness of this technique has been
proven in the MiDBD experiment, where a typical temperature fluctuation over a day ranged
from a few tenths to ∼100 µK . After correction, these fluctuations were reduced to less than
1 µ K [122] (see Fig. 3.12 and Fig. 3.13).

Noise rejection

Pulse shape analysis is very useful in rejecting spurious signals produced by microphonics and
electronic noise. A confidence level is determined for each pulse shape parameter and for the
rise and decay time of each pulse. Signals falling within these intervals are defined as “true” (or
physical) pulses, while signals having one or more of their parameters outside of the relevant
interval are rejected as noise. While the efficiency in the identification of true pulses is equal to
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one, not all the spurious pulses are rejected by the use of one pulse shape parameter. The use of
more than one pulse shape parameter results in better reliability of the rejection technique.

Linearization

The linearization of the detector response is critically important for energy calibration. The final
step in data processing is the conversion of the OF amplitudes into energy values. The naive
bolometer model previously used assumes linearity; however, several parameters depend on the
crystal temperature, rendering the corresponding equation non-linear. Accordingly, the relation
between ∆ V and E is periodically obtained by the use of radioactive calibration sources (two
simmetric point-like sources of 238U and 232Th in MiDBD and two wire sources of 232Th in
CUORICINO). Couples of points (∆V,E) are than measured for several gamma lines. The
obtained data must then be fit, by means of a minimization procedure, to the thermal model
previously described, but taking into consideration the fact that the bolometer resistance and the
crystal heat capacity are temperature dependent. This will provide the calibration function of E
as a function of ∆V, that will then be used to convert the OF amplitudes into energy values. An
alternative fit procedure is based on a polynomial or a power law fit. The latter was found to
give the best results in CUORICINO.

A problem we are always facing in linearizing the detector response concerns the alpha
region calibration. The use of 238U and 232Th sources in fact limits the calibration points to
values lower than 2615 keV line of 208Tl . The extrapolation to higher energies doesn’t give
optimal linearization for the alpha lines observed in the background measurements. This implies
further manipulation of the collected background spectra in order to calibrate the alpha region
by means of the alpha lines due to natural radioactivity.

In the second RUN of CUORICINO a new 56Co calibration source was introduced, in order
to have gamma lines up to 3.4 MeV.

Multiple events analysis

The analysis of the multiplicity of the events permits both to reject events that left energy in
more than one single crystal (they should be very unlikely DBD0ν events) and to study the
background sources.

Events depositing their energy in more than one crystal can be usually ascribed to high en-
ergy gamma rays, whose probability of escaping to the rest of the array after the first interaction
is small. These high energy photons can derive from environmental radioactivity or from con-
taminations within the structure of the array. Also high and intermediate energy neutrons have
a significant probability of depositing energy in more than one crystal. Another source of mul-
tiple events can be surface contaminations of the crystals and of the materials directly facing
the detectors. Alpha particles emitted near the material surfaces have in fact a not negligible
probability of escaping and they can consequently hint a nearby detector.

In the final stage of off-line analysis these coincidence events can be identified by analyzing
the various registered pulse parameters, as detector number, signal time, pulse energy, and pile-
up parameters. Signals occurring almost at the same time in two or more faced detectors are in
fact evaluated as coincident. By analyzing the energy released in the detectors and the number
and position of the hinted crystals is possible to try to find out the source that originated such
events.
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While in MiDBD and CUORICINO only a little fraction of the detector surfaces are faced to
other crystals, thus limiting the efficiency of the anticoincidence cut, the tightly closed structure
of CUORE will guarantee a stronger reduction of the background.
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Chapter 4

The CUORICINO experiment

In this chapter I will briefly present the CUORICINO experiment, describing the experimental
setup and the operating techniques. Then I will present the most recent results on neutrinoless
double beta decay (0νDBD). Finally, I will report what we have learned from CUORICINO
about background and detectors behavior. This information, together with the detector mod-
elling described in the previous chapters, is the starting point of my PhD work.

4.1 Experimental setup

As reported in sec. 3.4.2 CUORICINO (Fig. 3.7) is an array of 62 crystals of TeO2 with a total
active mass of 40.7 kg. These crystals are arranged in a tower-like structure made by eleven
4-crystal module planes (5x5x5 cm3 crystals) and two additional 9-crystal module planes of
(3x3x6 cm3 crystals). The tower is located, as the MiDBD tower, inside the cryostat situated in
the Hall A of LNGS.

4.1.1 The CUORICINO tower

The CUORICINO array was built during the second half of the year 2002. This experiment
represents the first step of the bolometric technique to a large scale experiment (hundreds of
kg in mass). The start of the CUORICINO experiment had a big echo in the Low Temperature
Detector Conference in 2002 [105].

CUORICINO’s 62 crystals are arranged in a tower made by 13 planes, 11 of them are filled
with 4 cubes of 5 cm side while the other two with 9 crystals 3×3×6 cm3 each (see Fig 3.7).
These latter 18 crystals came from the MiDBD detector. All crystals are made with natural
tellurite, the four 3×3×6 cm3 crystals coming from MiDBD are enriched, two of which in
128Te 82.3 % isotopic abundance and the other two in 130Te with isotopic abundance of 75 %,
respectively. The total mass of CUORICINO is 40.7 kg, that corresponds to a mass of 130Te of
∼ 11 kg.

Particular care was devoted to the selection and cleaning of the materials used for the con-
struction of the CUORICINO array. The crystals were grown from pre-tested low radioactivity
materials by the Shangay Instituts of Ceramics in China and shipped to Italy where they were
surface treated with specially selected low contamination powders. The mechanical structure
of the array was made exclusively in OFHC copper and in teflon, both previously measured to

57
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Figure 4.1: Spectrum of the sum of the two electron energies in the region of neutrinoless DBD

verify the extremely low radioactive content. All the copper and teflon parts of the mounting
structure were separately treated with acids to remove any possible surface contamination. The
array was assembled in an underground clean room in a N2 atmosphere to avoid Rn contamina-
tion [123].

The tower is covered with copper plates and mounted in the same 1000 µW helium liquifier
used for the MiDBD experiment. Due to the larger dimensions of the CUORICINO tower with
respect to MiDBD, two of the cryostat thermal shields had to be replaced. To avoid external
vibrations to reach the detectors the tower is mechanically decoupled from the cryostat through
a steel spring.

In order to shield against the radioactive contaminants from the materials of the refrigerator,
a 10 cm layer of Roman lead with 210Pb activity of <4 mBq/kg [122] is inserted inside the
cryostat, immediately above the CUORICINO tower. A 1.2 cm lateral layer of the same type
of lead is framed around the array to reduce the activity of the thermal shields. The cryostat
is externally shielded by means of two layers of lead of 10 cm minimal thickness each. While
the outer is made by common lead, the inner one has a 210Pb activity of 16 ± 4 Bq/kg. An
additional layer of 2 cm of electrolytic copper is provided by the cryostat thermal shields. The
background due to environmental neutrons is reduced by a layer of Borated Polyethylene of
10 cm minimum thickness. The refrigerator operates inside a Plexiglass anti-radon box flushed
with clean N2 and inside a Faraday cage to reduce electromagnetic interferences.

Thermal pulses are recorded by neutron transmutation doped Ge thermistors thermally cou-
pled to each crystal. Stabilization is performed with voltage pulses across the usual heater
resistors attached to each bolometer. The voltage pulses are generated with high stability pulse
generators, designed and developed for this purpose [124]. These stabilizing signals are tagged
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Figure 4.2: Distribution of energy resolutions (FWHM)for the single CUORICINO detectors at
the 208Tl 2615 keV line.

by the acquisition system. The detector’s baseline is stabilized with a dedicated circuit with
a precision better than 0.5 keV/day (on the average [125] between the successive refilling of
liquid helium of the main reservoir).

CUORICINO is operated at a temperature of ∼8 mK with a spread of ∼1 mK. A routine
energy calibration is performed before and after each subset of runs, which lasts about two
weeks, by exposing the array to two thoriated tungsten wires inserted in immediate vicinity
of the refrigerator. All runs for which the average difference between the peak position in the
initial and final calibration is larger than the experimental error were discarded.

Data is processed off-line evaluating pulse amplitude (on the basis of an Optimum Filter
(OF) algorithm), pulse offset (baseline = detector DC voltage = detector temperature), pulse
shape parameters and other correlated information (rise and decay time, delay, second peak am-
plitude in the case of a pileup...). On the basis of the reference pulse (Si heater), OF evaluated
amplitudes are corrected to account for detector response variation. Portions of measurement
where this correction was not satisfactory were rejected. in the same way, portions of mea-
surements where noise is too high (either when the energy resolution of the detector shows a
sizable worsening and/or when a large fraction of the triggered signals are noise signals) are
also rejected.

The calibration and energy linearization of the detectors is obtained by source calibration.
Two different functions are used to fit the calibration data (i.e., peaks voltage positions vs
gamma line energy): a cubic law and a power law. The first one is being used mainly for
the gamma region, yielding very good results. The second one is used to extrapolate the calibra-
tion to the region above the 2615 keV peak (the highest peak observed in a source calibration)
with results by far better than those obtained with the polynomial calibration. Finally, spurious
noise triggered is rejected on the basis of the shape parameters evaluated for each triggered sig-
nal. Often happens that the pulse shape parameters are becoming ineffective in distinguishing
particle pulses from noise signals below a certain energy. In this case a software threshold is
applied to the analyzed channel to remove all the signals for which the energy is lower than this
threshold.
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4.1.2 Run I

Cuoricino was first cooled down at the beginning of 2003. During the first cool down, 12 of
the 5×5×5 cm3 and one of the 3×3×6 cm3 crystals were “lost”, due to disconnection at the
level of thermalization stages (which allows the transmission of the electric signals from the
detectors to room temperature [123]). We decided to go on with the measurement to test the
performances of the detectors. Since the active mass was of ∼30 kg, and the energy resolution
was excellent, data collection was continued for a few months before warming up the array.
The total collected statistics was about 1.01 [kg of 130Te ]·y divided in 5 data sets (data taking
periods between two calibrations). The first set was very noisy and was used mainly to optimize
the detector (elimination of external noise sources, fixing of the electrical grounding problems,
damping of vibration sources). Unfortunately, due to cryogenic problems the duty cycle of this
run was very low, about 28%. At the end of 2003 we decided to warm up the cryostat to fix the
problem of the 13 missing channels.

4.1.3 Run II

At the beginning of 2004 the cryostat was open and we made the needed reparations. The
problems were almost fully solved and only for the 2 of the 13 detectors a reparation was
impossible without dismounting a large part of the detector. The detector started again the data
taking in May 2004. The collected statistic up to July 30 2005 is [4.86 kg of 130Te ]·y on 10
data sets. The, so called, Run II is still going on and no complete warming up is planned for
the near future. In Run II most of the cryogenic problems were fixed and the duty cycle became
∼74%, which probably is the intrinsic upper limit for the present apparatus.

4.2 Results

The results presented here correspond to an effective exposure of 5.87 kg of 130Te · year. The
energy resolution for the complete data set was computed from the FWHM of the 2615 keV
background gamma ray line from the 232Th chain. The results are 7.5 ± 2.9 keV for the 5×5×5
cm3 crystals, and 9.6 ± 2.5 keV for the 3×3×6 cm3 crystals. The sum of the spectra of the
5×5×5 cm3 and 3×3×6 cm3 crystals in the region of the neutrinoless DBD is shown in Fig. 4.3.
One can clearly see the peaks at 2447 and 2615 keV from the decays of 214Bi and 208Tl, and
a small peak at 2505 keV due to the sum of the two γ lines of 60Co (1332 + 1173 keV).
The background at the energy of neutrinoless DBD (i.e. 2475-2580 keV) is of 0.18 ± 0.02
counts/kg/keV/y. This result is obtained assuming a flat background and adding the fit of the
2505 keV peak. We use as response function a sum of n gaussian each with the characteristic
FWHM resolution at 2615 keV of the nth detector. No evidence is found at the energy expected
for neutrinoless DBD of 130Te . By applying a maximum likelihood procedure [126, 127]
we obtain a 90% C.L. lower limit of 2.0 ×1024 years on the half-lifetime for 0νDBD of this
nucleus. The unified approach of G.I.Feldam and R.D.Cousins [128, 129] leads to a similar
result. Presently, the best fit yields a negative effect for the 0νDBD peak. There is 5% variation
of the limit when changing the energy region, the background shape (linear or flat) and when
including or excluding the 2615 keV peak in the fit.
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Figure 4.3: Spectrum of the sum of the two electron energies in the region of neutrinoless DBD

4.2.1 Limits on Majorana mass

The upper bounds on the effective neutrino mass that can be extracted from our result depend
strongly on the values adopted for the nuclear matrix elements, as reported in sec. 1.2. In Tab.
1.2.1 different values for FN are reported the limits, obtained with the different nuclear matrix
calculations (apart from those based on the shell model which are not considered as valid for
heavy nuclei [46]). We have also not considered at the moment the calculation by Rodin et al.
[49] since, in the case of 130Te , they are based on the not yet established value for the two
neutrino DBD lifetime. In particular, the adopted value of 2.7 ×1021 years [130] is the largest
among all geochemical ones [16, 80, 92]. The evaluation based on single beta decay, which
could be preferable [92, 131] is not available for 130Te. The rates for two neutrino DBD of this
nucleus based on geochemical experiments are however uncertain [16, 92]. We have therefore
adopted those based on a direct experiment [62]. Taking into account the above mentioned
uncertainties, our lower limit leads to a constraint on the effective neutrino mass ranging from
0.26 to 1.4 eV which partially covers the mass span of 0.1 to 0.9 eV indicated by H.V. Klapdor-
Kleingrothaus et.al. [132].

4.2.2 CUORICINO Sensitivity

The expected three years of sensitivity for CUORICINO (present configuration) is 1·1025 years,
corresponding to a sensitivity for the Majorana mass between 0.1 and 0.45 eV.

4.3 CUORICINO Background Analysis

This is one of the most important topic in the view of CUORE. The most important R&D
activity of the CUORE collaboration is the background reduction program that was also a part
of my PhD work. The motivation and strategies of this activity will be described in the next two
chapters. It is clear anyway that to perform this background reduction activity one must know
which are the sources of background and how relevant they are.
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Figure 4.4: Spectrum of the sum of the two electron energies in the region of neutrinoless DBD

Figure 4.5: Summed calibration spectrum (232Th source just outside the crysotat) from all the
operating 5×5×5 cm3 and 3×3×6 cm3 crystals.

4.3.1 Background Measurements

In Fig. 4.6 the background spectra for the 5×5×5 cm3 and 3×3×6 cm3 crystals are shown. The
gamma lines due to 60Co, 40K and of the 238U and 232Th chains are clearly visible.

These lines, due to contamination of the experimental apparatus and setup, are not visible in
the spectrum of single detectors since there the statistic is too low. They appear after summing
the different detectors, and are a good check of the calibration and stability of the detectors
during the background measurement. In the spectrum one can recognize also the gamma lines
due to Te activation (121Te, 121mTe, 123mTe, 125mTe and 127mTe) and those due to Cu activation
(57Co, 58Co, 60Co and 54Mn) by cosmic ray neutrons while above ground.

The FWHM resolution of 5×5×5 cm3 detectors at low energy, as evaluated on the 122 keV
gamma line of 57Co, is ∼2.8 keV. The 208Tl gamma line at 2615 keV - clearly visible in the
background sum spectrum - is used to evaluate the energy resolution in the region of double
beta decay; the FWHM is 7 keV.

The 3×3×6 cm3 and 5×5×5 cm3 crystal background spectra (sum of all the anticoincidence
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Figure 4.6: Summed background spectra from the operating 5×5×5 cm3 and (natural abun-
dance) 3×3×6 cm3 crystals.
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Figure 4.7: Comparison between the background of the 5×5×5 cm3 crystals and that of the
natural 3×3×6 cm3 crystals in the gamma region (left) and in the alpha region.

spectra of the detectors) are compared in Fig. 4.7.
The FWHM resolution at low energy, measured on the 122 keV gamma line of 57Co, is

∼1.5 keV. The FWHM resolution on the 208Tl gamma line at 2615 keV is evaluated to be of
about 12 keV.

4.3.2 Background analysis

Many studies have been performed on the background analysis of CUORICINO [133]. Here
the most important results are briefly summarized.

A complete background analysis is still on the way and will include the study of background
differences among the detectors (now that the statistics on the single detector is high enough)
and a comparison with MC simulations in an effort of identifying the different background
sources. Some preliminary comments are however of relevance:

• Some data sets show the presence of a Rn contamination as it is clearly evident from the
increased background counting rate on both continuum and 214Bi peaks. The reason for
this contamination is still not clear whether being due to a failure of the anti-radon box
or to some other reason. Of course this is not a problem for 0nDBD search while it is for
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2nDBD studies.

• A study of the distribution of the counting rates in the gamma region for the 13 Cuoricino
planes showed an excess on both continuum and 214Bi , 40K , 60Co peaks for the bottom
plane.On the contrary, the 2615 peak seems to have almost the same intensity on all the
planes.

• A study of the counting rates of the 13 planes in the region of the Tl peak (2615 keV)
and of the 210Pb peaks (5.3 and 5.4 MeV) showed a correlation of the former with the
counting rate in the neutrinoless DBD region while no correlation is observed for the
latter.

In Fig. 4.7 a comparison between the background spectra of the large and small crystals
is shown. General spectral shapes and counting rates (when normalized to the mass of the
crystals) are quite similar. On the other hand the intensities of the gamma lines do not show
a clear behavior: the 214Bi 1764 keV (of the 238U chain) and the 208Tl 2615 keV lines (of
the 232Th chain) seem to scale with the efficiency of the detectors (according to the results of
the MonteCarlo analysis, the ratio of the detection efficiency between the 5×5×5 cm3 and the
3×3×6 cm3 crystals is ∼3). The 40K line at 1460 keV has the same intensity per unit mass
for the two types of detectors. The 60Co lines at 1173 and 1332 keV, on the contrary show a
higher intensity per unit mass in small crystals. Moreover, they undergo a larger reduction by
the anticoincidence cuts with respect to other γ–lines.

Figure 4.8: .

In Table 4.1 the counting rates in different energy regions are reported. It is clearly evident
that an improvement was obtained in the 2-3 MeV region (a reduction of ∼30% in the counting
rates per unit mass either of the small and of the large crystals) despite the reduced internal lead
shield used in CUORICINO (∼1.2 cm thickness of roman lead) with respect to MiDBD-II (∼3
cm thickness of roman lead). An even better reduction was obtained in the 3-4 MeV region
where background is mainly dominated by surface contamination contributions.

Our interest is obviously focused on the 0νDBD region. In this region, between the two γ
lines at 2448 and 2615 keV (238U and 232Th chains respectively), we should have contributions
from both degraded α’s from surface contaminations and 208Tl γ’s from bulk contaminations.
This can be done comparing the background with the one observed in the region just above the
208Tl 2615 keV line, where background sources should be limited to surface contaminations.

By using a background model resulting from the MiDBD analysis, and taking into account
that we changed both the detector structure and the internal set-up of the cryostat (the roman lead
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counts/keV/kg/year 1-2 MeV 2-3 MeV 3-4 MeV 4-5 MeV
MiDBD-II 3.21±0.08 0.61±0.04 0.29±0.02 1.88±0.06

3×3×6 natural 4.60±0.06 0.38±0.04 0.24±0.03 0.78±0.05
5×5×5 4.33±0.02 0.41±0.03 0.17±0.02 0.55±0.03

Table 4.1: Counting rates per unit mass in MiDBD-II and in CUORICINO.

Table 4.2: Estimate of the relative contributions of the different sources responsible for the
background measured in CUORICINO.

Source 208Tl ββ(0ν) region 3-4 MeV region
TeO2

238U and 232Th surface contamination - 10± 5% 20± 10%
Cu 238U and 232Th surface contamination ∼15% 50± 20% 80± 10%

232Th contamination of cryostat Cu shields ∼85% 30± 10% -

shield and the cryostat copper radiation shields) we evaluated its consistency for CUORICINO.
Its results tend to identify the most important sources of the CUORICINO background, giving a
quantitative guess of their relevance. The percentage result of the measured background in the
DBD region, is summarized in table 4.2. It should be noticed that CUORICINO data seem to
indicate a shallower depth for the crystal surface contaminations relative to MiDBD.

Analysis of the CUORICINO background above 3 MeV

The analysis is based on both the coincidence (not used in the previous analysis) and the antico-
incidence spectra collected with 5×5×5 cm3 detectors during the first run of CUORICINO and
calibrated with a new, more reliable, technique in the alpha region. As mentioned above, the
spectra have been calibrated and linearized in energy assuming a power law dependence for the
pulse amplitude that yields better results in the alpha region. The anticoincidence sum spectrum
of 5×5×5 cm3 detectors calibrated in this way is compared in Fig. 4.9 with the analogous spec-
trum calibrated only with gama lines (assuming here a polynomial relationship between pulse
amplitude and particle energy and extrapolating this calibration in the alpha region).

Alpha and beta particles produced by environmental radioactivity can give important contri-
butions to the background above 3 MeV. Because of their low penetration range, these particles
can only be located either in the crystals or on the surfaces of the materials directly facing the
crystals: the copper holder or, less likely, small components placed near the crystals or on the
crystal surface such as the NTD thermistor, the Si heater, their gold wires, the glue and other
smaller parts. MonteCarlo simulations of the coincidence and anticoincidence sum spectra of
5×5×5 cm3 detectors produced by radioactive contaminations of the above mentioned elements
have been obtained using our GEANT4 based code. These spectra have been compared with
the measured spectra in order to identify the actual contaminations responsible of the measured
background.

As a first step, bulk and surface contaminations of the crystals have been considered. Both
these contaminations give rise to peaks (centered at the transition energy of the decay) in the
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Figure 4.9: Comparison between spectra obtained with different linearization methods. The
appearence of clear alpha structures with the power law metod is evident.
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Figure 4.10: Comparison between MonteCarlo and CUORICINO anticoincidence (top) and
coincidence (bottom) spectra in the case of the TeO2 crystal surface contaminations (λ ∼1 µm)
specified in the figure.
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Figure 4.11: Comparison between Monte Carlo and CUORICINO anticoincidence (top) and
coincidence (bottom) spectra when a Th surface contamination of the detector copper holder
(green line) is added (pink line) to the crystal conatminations considered in fig. 4.10.

anticoincidence spectrum, but in the case of bulk contaminations these peaks are Gaussian and
symmetric while in the case of surface contaminations the peaks show a low energy tail. On
the contrary, the only possible sources contributing to the coincidence spectrum are the surface
contaminations of the crystals. The general shape and the structures appearing in both back-
ground spectra strongly depend on the depth and density profile assumed for the contamination
(an exponentially decreasing function characterized by a depth λ: ρ(x) = Ae−λx yielded the best
results). The results of the comparison between MonteCarlo simulations and measured spectra
allow us to prove that the alpha peaks of the anticoincidence spectrum of CUORICINO are due
to a surface (and not bulk) 232Th and 238U contamination of the crystals with the only exception
of the 210Po line which has to be attributed to a bulk contamination of the crystals. The shape
of the peaks in the anticoincidence spectrum and the shape of the coincidence spectrum is fully
accounted for when a surface contamination depth of the order of 1 µm or less is assumed. As
shown in Fig. 4.10 the identified crystal contaminations yield a satisfactory explanation of the
coincidence spectrum. Some contribution to the continuous part of the anticoincidence spec-
trum seems however still missing. In order to explain this continuum, a further source, not
contributing to the coincidence spectrum, has to be considered. Such a source can be a 232Th or
238U contamination on the copper surface, as shown in Fig. 4.11. The depth of the contamina-
tion should be of the order of ∼5 µm (a deeper contamination would produce too high gamma
peaks while a thinner contamination would give rise to a structure in the anticoincidence spec-
trum) with a total activity in the first 1.5 µm of the order of 10−9 g/g either in 238U or 232Th or
both.
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These results show that with a substantial reduction of the copper and TeO2 crystal surface
contamination levels the sensitivity goal for CUORE (i.e. a background counting rate of the
order of 0.01 counts/keV/kg/y or better) can be reached.



Chapter 5

Developing detectors for the inverted
hierarchy region: the CUORE project

As pointed out in Chapter 1, the next generation of experiments for 0νDBD search should be
able to explore the inverted hierarchy mass region (see 1.5). From Fig. 1.4 this corresponds to
a sensitivity in 〈mν〉 better than ∼50 meV. In the case of 130Te this came out to correspond to a
sensitivity for the life time better than a few 1026 y.

The consistent improvements in cryogenic spectroscopy achieved by the MiDBD and CUORI-
CINO experiments, presented in the previous chapters, show that we have available today a
technology to achieve such a fundamental physics goal. This is the starting point from which
the CUORE was developed.

In this chapter I will present an overview of the CUORE experiment with only some details
about the main detector (for details see [134]). Finally, the experimental laboratory and setup
are described.

5.1 CUORE project: a Cryogenic Underground Experiment for
Rare Events

The CUORE detector will consist of an array of 988 TeO2 bolometers arranged in a cylindrical
configuration of 19 towers containing 52 crystals each (Fig. 5.1), for a total mass of ∼770 kg.
Each of these towers is a CUORICINO-like detector consisting of 13 modules, 4 detectors each.

As described in Chapter 4, the excellent performance of the 5×5×5 cm3 crystals to be used
in CUORE was already proved with CUORICINO [135, 136]. Reproducibility was tested with
a dedicated measurement on the MiDBD type array, on 15 3×3×6 cm3 detectors operating
simultaneously. The results were satisfactory as shown with the load curves in Fig. 5.2. These
results were confirmed for the 5×5×5 cm3 crystals in several other different tests with four-
detector modules during the CUORICINO R&D program. The pulse amplitudes spanned an
interval from 50 to 150 µV/MeV at ∼100 MΩ operation point, in agreement with the thermal
model (see sec. 2.2). The full width at half maximum (FWHM) was ∼1 keV for low energy
gamma peaks, and ∼5 to 10 keV at 2.6 MeV.

According to the original CUORICINO-like design each stack of thirteen 4-detector mod-
ules will be connected by two vertical copper bars. The development of a new design for the

69
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Figure 5.1: The CUORE detector (cylindrical-shaped) built of 19 CUORICINO-like tower.

CUORE detector setup is one of the goals of my PhD work and it will be described in detail in
Chapter 9. The details of the towers wiring are also under development; however, the current
choice is for 50 µm diameter twisted pairs of nylon coated constantane wire running along the
vertical copper bars. On the top of each tower there will be 52 twisted pairs of wires for the
thermistors and four for the heaters. Two more twisted pairs will be required for diagnostic
thermometers, one on top and one on the bottom of the tower.

The CUORICINO detector, presently taking data at LNGS, is identical to one of the 52
future detector towers of CUORE with the exception of the two planes containing the 3×3×6
cm3 crystals discussed earlier. The 19 towers of CUORE will be suspended independently
from a large cylindrical copper plate, thermally connected to the mixing chamber of the dilution
refrigerator. In this manner, all the tests done on CUORICINO will be used as tests for the
CUORE array. The array will be suspended from the mixing chamber by a vertical spring to
decouple the detector from the vibrations of the dilution refrigerator. Some tests were done
with the purpose of optimizing the suspension setup both in the Hall C R&D cryostat and in
CUORICINO’s cryostat. As a result, a pendulum-like suspension will be designed for the entire
CUORE array.

The heavy shielding of CUORE will present non-trivial problems for the energy calibration
with radioactive sources. The presently considered option is to use radioactive metal wires
encapsulated in PTFE tubes. The tubes will be placed vertically between the towers, and free
to slide along a fixed tube to the appropriate calibration point. A tight vacuum sliding seal will
allow the part of the tube containing the wire to be inserted and extracted from the cryostat.
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Figure 5.2: Fifteen thermistor load curves for the 20 crystal array.

5.1.1 Location

CUORE will be located in the underground hall A of Laboratori Nazionali del Gran Sasso
(LNGS, L’Aquila - Italy) at a depth of 3500 m.w.e. where the muon flux is reduced to ∼3×10−8

µ/cm−2/s and the neutron flux to ∼10−6 n/cm−2/s. After the approval of CUORE by the Gran
Sasso Scientific Committee its final location just near the CRESST installation was decided as
shown in Fig. 5.3

5.2 Sensitivity and discovery potential

As discussed in Chapter 1, a number of recent theoretical interpretations of atmospheric, solar
and accelerator neutrino experiments imply that the effective Majorana mass of the electron
neutrino, |〈mν〉| , expressed in Eq. 1.5, could be in the range from 0.01 eV to the present
bounds.

In the remaining of the section, the Physics Potential of the CUORE experiment with respect
to its double beta decay discovery potential. For this purpose, we will rely on the CUORE
background expected sensitivity tested with the results already obtained in CUORICINO (sec.
4.2). More details on the expected background are described in sec. 5.3).

5.2.1 Expected performances

In CUORICINO the background is improved by a factor 1.5 with respect to the one measured in
MiDBD-II in the ββ(0ν) region. The analysis of the low energy region, relevant for dark mat-
ter search, has not been completed but we expect a similar improvement there also. For what
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Figure 5.3: Design of the CUORE building with the cryostat installation: front view (top left),
top view (top right) and 3D projection. Below: final location of CUORE in Hall A of the
underground Laboratori Nazionali del Gran Sasso.
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concerns CUORE on the other hand, MiDBD and CUORICINO have shed light on how the
background contamination dominating the two regions of interest is mostly the intrinsic back-
ground due to bulk and surface contaminations of the constructing materials. With the presently
achieved quality of low contamination materials and considering the worst possible condition
for bulk contaminations (i.e. all the contamination equal to the present 90%/,C.L. measured
upper limits) we proved that the corresponding contribution to the CUORE background will
be ∼0.004 counts/(keV kg y) at the ββ(0ν) transition energy and ∼0.025 counts/(keV kg d)
near threshold (see section 5.3). Even at these conservative values therefore, bulk contami-
nations will not represent a problem for CUORE sensitivity. A larger background contribu-
tion is however expected when extrapolating to CUORE the surface contributions measured in
CUORICINO. A dedicated R&D aiming at reducing the radioactive surface contaminations of
the detector structure (mainly copper) is therefore required. The details on this activity are re-
ported in Chapter 8. A reduction by an order of magnitude of the surface contributions would
be enough to reduce the ββ(0ν) background contributions to the level of few counts/keV/ton/y.
Further improvements are still possible (e.g. active surface bolometers) and are considered by
the CUORE collaboration as part of a second R&D phase aiming at an even better sensitivity
both for ββ(0ν) and dark matter searches. In particular, the goal of this CUORE technical R&D
will be the reduction of background to the level of ∼0.001 counts/(keV kg y) at the ββ(0ν) tran-
sition energy and to ∼0.01 counts/(keV kg d) at threshold. The potential of the experiment in
this background configuration will also be discussed.

Regarding the expected threshold and resolution, energy thresholds of ∼5 keV and energy
resolutions lower than 1 keV at the 46 keV line of 210Pb were obtained in some test measure-
ments carried out at LNGS ("Hall C" setup) for the early CUORE R&D program [137, 138].
We will assume therefore conservative values of 10 keV for the energy threshold and of 1 keV
for the energy resolutions at threshold, as observed in MiDBD and CUORICINO. As far as the
energy resolutions obtained in the double beta decay region, values of 3 keV at 2615 keV were
achieved in some of the above mentioned test measurements. On the other hand, a 9 keV average
value has been measured in the CUORICINO calibration spectra. A possible energy resolution
interval of 5-10 keV (taking into account possible improvements in the foreseen CUORE R&D,
Chapter 9) will be therefore assumed for CUORE.

Taking into account these expectations, we discuss in the following the prospects of CUORE
for double beta decay searches.

5.2.2 Double beta decay prospects

The main scientific objective of the CUORE detector is the search for the neutrinoless double-
beta decay of the 130Te isotope contained in the (natural) TeO2 crystals.

The detector factor-of-merit F0ν
D (Tab. (1.2.1)), or detection sensitivity, introduced earlier by

Fiorini, provides an approximate estimate of the neutrinoless half-life limit (1σ) achievable with
a given detector. In the case of a 5×5×5 cm3 TeO2 bolometers (for which the ββ(0ν) detector

efficiency is 0.86) we have F0ν
D ∼7.59×1023

√

Mt
BΓ , with M the crystal mass in kg and B the

background in counts per keV per year and per kg of detector mass.
To demonstrate the full CUORE physics potential, let us evaluate FD according to our con-

servative projection for the CUORE array (750 kg of TeO2 ). We assume that a background
of B=0.01 c/keV/kg/y would be achievable with a slight improvement of the current available
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material selection and cleaning techniques and exploting the possibility to build a dedicated
cryostat with low activity materials and effective shields. Assuming finally an energy resolu-
tion Γ(2.5 MeV)=5 keV, we get F0ν

D of 9.4×1025
√

t years (6.5×1025
√

t years for Γ=10 keV),
which in t years of statistics would provide |〈mν〉| bounds in the range 0.036–0.2 t−1/4 eV (ac-
cording to QRPA models FN predictions, Tab. 1.2.1). However, the R&D to be carried out in
CUORE, if successful, would provide a value of B∼0.001 c/keV/kg/y, i.e. a detection sensitivity
of FD∼2.96×1026

√
t years (2.1×1026

√
t years for Γ=10 keV), or |〈mν〉| bounds in the range

∼0.02–0.11 t−1/4 eV. TeO2 crystals made with 130Te enriched material have been already oper-
ated in MiDBD and CUORICINO, making an enriched CUORE a feasible option. Assuming a
95% enrichment in 130Te and a background level of b=0.001 c/keV/kg/y, the sensitivity would
become FD∼8.32×1026

√
t years. For an exposure of 5 years, the corresponding |〈mν〉| bounds

would range from 8 meV to 45 meV depending on the nuclear matrix element calculations.

5.3 Simulation and predicted performances

The goal of CUORE is to achieve a background rate in the range 0.001 to 0.01 counts/(keV·kg·y)
at the ββ(0ν) transition energy of 130Te (2528.8 keV). A low counting rate near threshold
(that will be of the order of ∼5–10 keV) is also foreseen and will allow CUORE to produce
results for Dark Matter and Axions searches. In Sec. 5.3.1 a very conservative evaluation of
the background attainable with CUORE is presented; this is mainly based on the state of the
art of detector design and of radioactive contaminations. This rather pessimistic approach in
background evaluation is the only one that presently guarantees a reliable prediction. More
details on the present R&D effert are reported in Chapter 8.

5.3.1 Background simulations

Radioactive contamination of individual construction materials, as well as the laboratory envi-
ronment, were measured and the impact on detector performance determined by Monte Carlo
computations. The code is based on the GEANT-4 package; it models the shields, the cryostat,
the detector structure and the detector array. Even smallest details of the detector apparatus
(copper frames, screws, signal wires, NTD thermistors, etc.; Fig. 5.4) and of the cryogenic
setup are taken into account.

Table 5.1: Bulk contamination levels (in picograms per gram) used in the simulation for TeO2 ,
copper and lead.

Contaminant 232Th 238U 40K 210Pb 60Co

TeO2 0.5 0.1 1 10 µBq/kg 0.2 µBq/kg
copper 4 2 1 0 10 µBq/kg

Roman lead 2 1 1 4 mBq/kg 0
16 Bq/kg lead 2 1 1 16 Bq/kg 0

It includes the propagation of photons, electrons, alpha particles and heavy ions (nuclear re-
coils from alpha emission) as well as neutrons and muons. For radioactive chains or radioactive
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isotopes alpha, beta and gamma/X rays emissions are considered according to their branching
ratios. The time structure of the decay chains is taken into account and the transport of nuclear
recoils from alpha emissions is included.

Figure 5.4: Details of the CUORE single modules accounted for in the Monte Carlo simulations

The considered background sources are:

1. bulk and surface contamination of the construction materials from the 238U , 232Th chains
and 40K and 210Pb isotopes;

2. bulk contamination of construction materials due to cosmogenic activation;

3. neutron and muon flux in the Gran Sasso Laboratory;

4. gamma ray flux from natural radioactivity in the Gran Sasso Laboratory;

5. background from the ββ(2ν) decay.

In the next sections these background sources and their contribution to CUORE background
are discussed. It will be shown that, in a very conservative approach where the CUORE-tower
mechanical structure is assumed identical to the structure used in CUORICINO, considering
the worst possible condition for bulk contaminations (i.e. all the contamination equal to the
present 90% C.L. measured upper limits (Table 5.1)) and assuming for surface contamination a
reduction of about a factor ten with respect to CUORICINO, the CUORE background will be
∼0.007 counts/(keV·kg·y) at the ββ(0ν) transition and ∼0.05 counts/(keV·kg·d) near threshold.
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5.3.2 Bulk contaminations

The main contribution to background from bulk contaminants comes from the cryostat structure
(cryostat radiation shields), the heavy structures close to the detectors (the copper mounting
structure of the array, the Roman lead box and the two lead disks on the top of the array)
and from the detectors themselves (the TeO2 crystals). The radioactivity levels used in the
computations for these materials are given in Table 5.1. These levels are nearly equal to the best
upper limits obtained for the radioactive content of these same materials as shown in Table 5.2.

All the values reported in this table are 90% upper limits. Indeed in all cases no evidence of
the presence of radioactive contaminants was obtained for the material examined. The contami-
nation levels of TeO2 reported in Table 5.2 were obtained from the data collected in the first run
of CUORICINO with the 5×5×5 cm3 crystals. Copper [139] and lead [140] contaminations
were determined through low activity Ge spectrometry. These data represent the best evaluation
reported in literature for the radioactive contamination of TeO2, copper and lead. From a com-
parison between Table 5.2 and Table 5.1 it is clear that the contamination levels assumed for the
CUORE simulation are perfectly compatible with the presently available upper limits. The only
exception is that of 60Co in TeO2 crystals, whose presence as a cosmogenic contamination of
the crystals will be discussed later (sec. 5.3.4).

Concerning small (mass) components of the CUORE detector, which we have not consid-
ered so far in the simulation (e.g. NTD Ge thermistors, Si heaters, glue layers, pins, wires and
soldering material,etc.), a very careful selection according to their contamination is planned for
the future. In some case we already have upper limits on their contamination that make their
contribution to the CUORE background negligible; in other cases further measurements will be
required.

The results of the Monte Carlo simulations (see Fig. 5.5) using the contamination levels
discussed here are given in Table 5.3 for the ββ(0ν) decay and the low energy (10-50 keV)
regions. The assumed threshold is 10 keV and only values obtained after requiring an anti-
coincidence between detectors are indicated. These values have to be considered as upper limits
on the possible contribution of bulk contaminations to the CUORE background; they prove
that with the available materials, background levels lower than ∼4×10−3 counts/keV/kg/y in
the ββ(0ν) decay region (see Fig .5.6) and ∼3×10−2 counts/keV/kg/d in the low energy (10-
50 keV) region (see Fig.5.7) are assured.

Table 5.2: Available 90% C.L. upper limits for bulk contaminations of TeO2, copper and lead
(levels in picograms per gram if not differently indicated).

Contaminant method 232Th 238U 40K 210Pb 60Co
TeO2 bolometric 0.7 0.1 1. 100 µBq/kg 1 µBq/kg

Copper [139] Ge diodes 5.6 2 0.3 - 10 µBq/kg
Roman lead Ge diodes 50 30 2 4 mBq/kg -

Low act. lead [140] Ge diodes 3.4 2.7 1.7± 0.3 23.4± 2.4 Bq/kg 18± 1 µBq/kg
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Figure 5.5: Simulated spectra for bulk contaminations of the TeO2 crystals, the Copper struc-
ture, the Roman Lead shield and the outer Lead shield. Each spectrum is obtained by summing
the simulated anticoincidence spectra of all the CUORE detectors.

5.3.3 Surface contaminations

Surface contaminations contribute to the background only when they are localized on the crys-
tals or on the copper mounting structure directly facing them. As learned in MiDBD and
CUORICINO (Chapters 3 and 4), the presence of even a very low level of radioactive impurities
on the surfaces of the detectors can produce a non negligible contribution to the ββ(0ν) back-
ground level. Unfortunately this kind of contamination, that is important mainly for detectors
without a surface dead layer (as is the case of bolometers), is poorly studied. Lacking any data
coming from direct measurements of the typical impurity levels present on TeO2 and copper
surfaces, we rely on the results obtained in MiDBD and CUORICINO.

These indicate that both a surface contamination of the crystals and of the copper surface
of the mounting structure is present. In the case of TeO2 , we know that the contamination is
mainly 238U and that its presence is strictly connected to the kind of surface treatment suffered
by the crystals. In the CUORICINO 5×5×5 cm3 crystals this contamination produces a back-
ground counting rate in the ββ(0ν) region of about (4± 3)×10−2 counts/keV/kg/y (table 4.2).
Concerning the copper surface contamination, we still miss a clear indication of its origin and
identity (i.e. we are not yet able to distinguih between contributions generated by different
sources), but we have an evaluation of the ββ(0ν) background counting that can be ascribed to
them (whatever they are, 238U or 232Th): ∼0.1± 0.05 counts/keV/kg/y.
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Figure 5.6: Double beta decay region of the simulated spectra for bulk contaminations of the
TeO2 crystals, the Copper structure, the Roman Lead shield and the outer Lead shield. Each
spectrum is obtained by summing the simulated anticoincidence spectra of all the CUORE de-
tectors.
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Figure 5.7: Dark matter region of the simulated spectra for contaminations of the TeO2 crystals,
the Copper structure, the Roman Lead shield and the outer Lead shield. Each spectrum is
obtained by summing the simulated spectra of all the CUORE detectors after the anticoincidence
cut.
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Simulated TeO2 Cu Pb TOTAL
element crystals structure shields

ββ(0ν) decay region
counts/keV/kg/y 1.6×10−3 1.5×10−3 7.0×10−4 3.8×10−3

dark matter region
counts/keV/kg/d 2.3×10−2 9.6×10−4 5.0×10−5 2.4×10−2

Table 5.3: Computed background in the ββ(0ν) decay and in the low energy regions for bulk
contaminations in the different elements, the Cu structure accounts for the detector mounting
structure and the 50 mK shield.

According to a Monte Carlo simulation of the CUORE detector, based on the CUORICINO
contamination levels, we obtained a background counting rate in the ββ(0ν) region (after the
anticoincidence cut) of about 1.6×10−2 counts/keV/kg/y and 5.8×10−2 counts/keV/kg/y for
the TeO2 crystals and the copper structure respectively 5.5. The goal of CUORE is to reduce
the surface contribution by a factor at least 20 with respect to this evaluation, obtaining a back-
ground coming from surfaces of about 3×10−3 counts/keV/kg/y. Improvements of a factor of
∼1.5–2 are expected simply by possible reductions of the copper mounting structure dimen-
sions (the Monte Carlo simulation we used so far refers to an identical mechanical structure for
the CUORE and CUORICINO single detector modules). A reduction by a factor of at least ten
of the copper (TeO2 ) surface contamination is therefore the first milestone of CUORE.

The expected shape of the background produced by surface contaminations in CUORE (af-
ter a reduction by a factor 20 of both the crystal and copper surface contaminations but assuming
the same mechanical structure of CUORICINO) is given in Figures 5.8 and 5.9. The correspond-
ing background contributions in the two regions of interest are summarized in Table 5.4.

The MiDBD crystal surfaces were contaminated, probably during the polishing procedure
with highly contaminated powders. Polishing powders with a much lower radioactive content
are however commercially available [141] and have already been used for CUORICINO (see
Chapter 4) obtaining a clear improvement in the surface contamination. Final complete con-
trol of the surface treatments undergone by the crystals after growth, and the use of radiopure
substances should guarantee an even better result than that obtained in CUORICINO.

A similar situation holds for copper. In MiDBD and in CUORICINO the copper surfaces
were treated with an etching procedure [142] optimized in order to reduce impurities on surfaces
before the sputtering process.

This procedure significantly improved the surface quality of copper and reduced its surface
contamination. However it was not optimized from the point of view of background. The use of
low contaminated liquids (water and inorganic acids are available with 238U and 232Th contam-
ination levels lower than 0.1 pg/g) in a low background environment will allow a considerable
improvement of the copper surface contamination.

Cleaning methods similar to those used in building CUORICINO but with much more care
taken to prevent radioactive contamination are under study . The results of this activity will
be reported in Chapter 8. Fast diagnostic methods to measure the surface contamination levels
of copper and determine the effectiveness of the adopted surface cleaning procedures are also
under investigation. Preliminary results indicate that high resolution ICPMS could satisfy our
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Figure 5.8: ββ(0ν) region of the simulated spectra for the surface contaminations of the
TeO2 crystals and of the Copper structure. Each spectrum is obtained by summing the sim-
ulated spectra of all the CUORE detectors aftre the anticoincidence cut.
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Figure 5.9: Dark matter region of the simulated spectra for the surface contaminations of
TeO2 crystals and of the Copper structure. Each spectrum is obtained by summing the sim-
ulated anticoincidence spectra of all the CUORE detectors.
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Cylindrical structure
Simulated 232Th 238U 60Co Sum

TeO2 212±23.6 14.5±5.11 1200±19.5 1420±31.0
Cu Box 393±46.3 84.8±28.3 - 4784±54.3
Cu Bars 29.7±4.08 27.1±5.12 - 56.8±6.55

Cu Frames 163±21.5 233±33.7 - 397±39.9
Cu 50mK Shield 31.9±2.21 - - 31.9±2.21
Roman Pb Shield 604±24.4 - - 604±24.4

Sum 1430±61.5 360±44.6 1200±19.5 2390±74.5

Table 5.4: Computed background (after the anti-coincidence cut) in the ββ(0ν) energy re-
gion for bulk contaminations in the different elements for cylindrical structure in units of 10−6

c/keV/kg/y.

Element Contamination Contribution to theββ(0ν) region
Bq/cm2 c/keV/kg/y

TeO2 1.9E-08 ± 9.8E-09 1.6E-02 ± 8.4E-03
Copper 4.9E-08 ± 1.9E-08 5.8E-02 ± 6.6E-03
Total 3.4E-08 ± 1.3E-08 7.4E-02 ± 1.1E-02

Table 5.5: Estimated upper contribution to the CUORE ββ(0ν) region from surface contam-
inations obtained by using the surface contamination levels evaluated for CUORICINO and
assuming an exponential density profile with λ=1 µm for TeO2 crystals (238U ) and λ=5 µm for
Copper (238U and 232Th ).

requirements [143]. Sensitivities achievable with this technique for 238U and 232Th are in the
range of 10−(3−2) ppt of solution under investigation. Since the maximum solution concentra-
tion can be 2×10−3, the expected sensitivity on the solute contamination (copper) would be in
the range 1–10 ppt of 238U and 232Th, i.e. enough for our requirements. From the above dis-
cussion in fact, the surface contamination measured in CUORICINO (assuming a 1 µm copper
layer) is of the order of ∼1–10 ppb of 238U and 232Th. Of course, radio-purities comparable
with the instrumental sensitivity are required for liquids (mainly acids and water) to be used
in the solution preparation. Liquids satisfying this requirement are however already commonly
available.

5.3.4 Cosmogenic contribution

Cosmogenic activation is produced by cosmic rays when the crystals are above ground (during
fabrication and shipping to the underground laboratory). To determine the activation we used
COSMO, a code computing cross sections, to estimate the type and amount of radionuclei
produced by cosmic rays on TeO2 [144]. The radionuclei produced by the activation of tellurium
are mostly tellurium isotopes (A=121,123,125,127) as well as 124Sb, 125Sb, 60Co and tritium,
these last three being of more concern because of their long half-life (125Sb: beta decay of 2.7
years, end-point energy of 767 keV, 60Co: beta decay of 5.27 years end-point energy 2823 keV
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and 3H: beta decay of 12.3 years, end-point energy of 18 keV).
We have studied and agreed, together with SICCAS (the company that produces the crystals)

a possible time schedule for the crystal growth and shipping to Gran Sasso that can guarantee
the required low level contamination of 60Co (see Fig .5.10). In the case of CUORE, the control
on crystal production will be severe. A single 750 g crystal can be grown in about two months,
while to grow the 988 CUORE detectors will require 18 months. Once grown the crystals will
be shipped to Italy and stored underground, therefore their total exposition to cosmic rays could
be limited to about 4 months. The total induced activities remaining after 2 years underground
have been estimated [144] and the consequent contribution to the detector counting rate was
deduced by a MC simulation. The radionuclei that contribute to background through their β−

decay are:

• the long living 60Co isotope, with an activity of ∼0.2 µBq/kg in the ββ(0ν) region; a
minor contribution is due to the isotopes 110mAg and 124Sb whose activity is 4 times
lower and faster decreasing with time;

• in the dark matter regions the long lived nuclei of 3H and 125Sb with activities of ∼7 µBq/kg
and of ∼15 µBq/kg, respectively.

The influence of 60Co to the CUORE background was already considered in the evaluation of
the contributions due to bulk contaminations of the crystals, while the contribution of 3H and
125Sb to the dark matter region is completely negligible if compared to the intrinsic background
from all other sources.

A recent experimental determination of the 60Co production cross section on Te by 1.85 GeV
protons has been obtained at LNBL. The measured value (0.63±0.15 mb) is in strong disagree-
ment with the value used by the COSMO program. A similar disagreement, even if at a lower
extent, has been found on the basis of an activation measurement carried out at CERN at an en-
ergy of 24 GeV, which is however less important for cosmic ray activation. The contribution to
CUORE ββ(0ν) background by cosmogenic 60Co discussed above, could be therefore overes-
timated and the allowed exposure period for TeO2 crystals could be consequently much longer.
Further measurements of the 60Co production cross section are therefore of crucial importance
and we plan to have, in the near future, other direct measurements by irradiating Tellurium
samples with proton beams of suitable energies.

5.3.5 Underground neutron, µ and γ interactions

As mentioned earlier, neither contributions from underground cosmic muons nor neutrons have
been taken into account in detail in the estimation of the background. However, the following
simplified arguments will serve to have an approximate idea of their contribution. The depth
of the LNGS (3500 m.w.e) reduces the muon flux down to ∼2×10−8 cm−2s−1, but a further
effective reduction could be obtained with the use of an efficient (99.9%) active veto for muons
traversing the CUORE setup in order to tag possible events associated with them. The muon-
induced contribution to the background is therefore expected to be negligible.

On the other hand, the heavy shields surrounding the CUORE detector will substantially
reduce the event rate due to environmental radiation of various origin (neutrons and photons),
environmental radioactivity (natural decay chains U/Th, 210Pb, 40K, . . . ), as well as muon
interactions in the surroundings rock or in the shielding itself.
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Figure 5.10: Simulated spectrum for the assumed 60Co bulk contaminations of TeO2 crystals.
The spectrum is obtained by summing the simulated anticoincidence spectra of all the CUORE
detectors.

Neutrons may constitute a worrisome background for the dark matter experiment because
for appropriate neutron energies (few MeV) they can produce nuclear recoils (.100 keV) in the
detector target nuclei which would mimic WIMP interactions. Simple kinematics implies that
in the case of tellurium, neutrons of 1(5) MeV could elastically scatter off tellurium nuclei pro-
ducing recoils of energies up to 31 (154) keV. In general, one considers neutrons of two origins:
from radioactivity in the surroundings or muon-induced. Depending on the overburden of the
underground site (i.e., depending on the muon flux), muon-induced neutrons are produced, at
lesser or greater rate, both inside and outside the shielding. They are moderated (according to
their energies) by the polyethylene/lead shield (when produced outside) or tagged by the muon
veto coincidence (when produced within the passive shielding).

In the case of external neutrons (from the rocks, from fission processes or from (n,α) re-
actions, as well as neutrons originated by muons in the walls of the underground site), the
environmental neutron flux has been measured in LNGS. The result is of ∼1×10−6 cm−2s−1

for the thermal component, ∼2×10−6 cm−2s−1 for the epithermal and ∼2×10−7 cm−2s−1

for energies over 2.5 MeV. They are fairly well moderated by the polyethylene and eventually
absorbed or captured.

We have carried out a Monte Carlo simulation of the propagation of neutrons through the 10
cm thick borated polyethylene shield of CUORE. The result is that the neutron induced event
rate on the entire energy range (from threhsold to 10 MeV) is much lower than the contribution
due the bulk contamination of crystals. Neutrons produced by muon interaction inside the
shielding materials are very scarce and they can be efficiently tagged by the muon veto. We
have estimated that for the LNGS muon flux (2.5×10−8 µ/(cm2 s)), muons would produce in the
CUORE shielding of polyethylene (10 cm) and lead (20 cm)), about ∼0.04 neutrons/day in the
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polyethylene shield and ∼25 neutrons/day in the lead shell. So, independent of the mechanism
used to reject or tag the events associated to neutrons, their rather small number is expected to
play a secondary role in the total background compared with other main sources of background.

A preliminary evaluation of the influence of the environmental γ background in Gran Sasso
resulted in a negligible contribution for the ββ(0ν) region and a contribution similar to that of
bulk contaminations for the dark matter region.

A more complete and detailed study of the background rates from external sources for
CUORE is underway and will be used for the optimization of shieldings and muon veto.

5.3.6 Two neutrinos double beta decay background

Using the present upper limits for the 130Te ββ(2ν) half-life, the unavoidable background
produced by the ββ(2ν) decay in the dark matter region is lower than 10−4 counts/(keV·kg·y)
and is completely negligible in the ββ(0ν) region. This is true because of the relatively good
energy resolution of the TeO2 bolometers.



Chapter 6

The R&D activity on CUORE
detectors: motivations and
experimental setup

As already mentioned above, my PhD activity was dedicated to the development of the single
detector and of the final structure of the CUORE experiment. This is one of the main research
activities in view of CUORE, being connected both with improving the sensitivity to reach the
target mass region and to the standardization and engineering of the construction and assembly
process of the final 988 detectors.

My activity was performed during the first three years of activity of the CUORICINO detec-
tor, which provided, for the first time, a statistically relevant amount of data from macrobolome-
ters. The information coming from CUORICINO is the real starting point of this work.

In this chapter I will present the leading ideas that guided the R&D activity and the way this
information was used to project new developments.

Finally I will describe the experimental setup of the R&D test facility located in Hall C of
the Gran Sasso National Laboratory.

6.1 Detectors development: research lines

My PhD activity was developed following three main leading ideas with three different scientific
goals:

• Increasing the detector’s sensitivity.

• Improving the detector’s reproducibility, comprehension and reliability.

• Improving the modularity of the final detector.

Actually the activity of the last three years gave rise to three different tests, each consisting of
one or more cold runs in the Hall C R&D facility. Each of these tests was designed to follow
one or more of these topics. In the following I will introduce motivations and ideas for the
three different research lines. In the next three chapters the experimental runs will be described
recalling the motivation of each specific measurement and detailing the setup.

85
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6.2 Improving sensitivity

The sensitivity of the experiment for the νDBD process S0ν is defined as the minimum number
of detectable events over background at a given confidence level.

It can be estimated starting from the disintegration rate of the process:

N(τ) = N0e
−λτ (6.1)

where N0 is the number of nuclei under control at τ = 0, τ is the time and λ the inverse of life
time T. The half life of the process is the time τ1/2 for which N(τ1/2) = N0/2. So:

1

2
N0 = N0e

−λτ1/2

ln(2) = λτ1/2 (6.2)

Differentiating eq. 6.1 one has:

dN

dτ
= λN(τ) = λN0e

−λτ = λN0 (6.3)

for T = 1
λ � τ . On the other side the variation of the number of nuclei can be written as

the number ND of decays after a time t, divided by the measuring time t:

dN

dτ
=

ND

t
(6.4)

Substituting 6.4 in 6.3 one gets:

λ =
ND

t · N0
(6.5)

Now substituting this expression into 6.2:

τ1/2 = ln(2) · N0 · t
ND

(6.6)

In order to detect ND in an energy window ∆E (which corresponds to the energy resolution of
the detector), the presence of the radioactive background counts is one of the most severe limit-
ing factors. There are two possible cases: a)b 6=0: Fluctuations of the background can cover the
expected peak; b)b=0: No background events are observed.

a) Here we will focus our attention on the problem that the peak could be hidden by back-
ground fluctuations (b6=0). One might consider to assume the for background events, coming
from nuclear decays, a Poissonian distribution for the background events coming from nuclear
decays. The standard deviation is then the square root of the number of events. If we con-
sider NB background events at the time t in the energy window ∆E, the deviation is given by
(NB)1/2.

For given NB and t, the minimum number of decays ND needed to reach a certain sig-
nificance of the peak (i.e. a C.L. of ξ%), corresponds to the inverse probability of having a
background events fluctuation equal to the peak:

ND = n · (NB)1/2 (6.7)
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where n is the number of deviations corresponding to a probability of (1-ξ)%.
The sensitivity at a fixed C.L. is defined as the half life when the peak is exactly equal to n

background fluctuation. Substituting 6.7 into 6.6 one has:

S0ν
nσ ≡ τ1/2 = ln(2) · N0 · t

n · (NB)1/2
(6.8)

For values of ND bigger the 10 the poissonian probability corresponds to the gaussian proba-
bility. Note that in the case of a peak plus background analysis only the positive fluctuations of
the background events can simulate the peak. Therefore to calculate the confidence level only
the positive fluctuations should be taken in account. Thus the probability of having a simu-
lated peak given by an n standard deviations fluctuation is (1-P(within n · σ))/2. For example
a 1σ fluctuation of the background to simulate a peak has a probability of 16% instead of the
usual 32%. To estimate the sensitivity of a given C.L. is then necessary to take in account this
reduction: a 90% C.L. is given by a 1.19·(NB)1/2 peak.

The number of background events in the energy region can be estimated as

NB = b · M · t · ∆E (6.9)

where b is the background level in counts/keV/kg/y in the detector and M the total detector
mass (in kg). On the other hand, the total number of nuclei under control is

N0 = (M · a · NA/A) · ε (6.10)

where A is the atomic (molecular) weight in Kg, NA the Avogadro number, a the isotopic
abundance of the isotope of interest and ε the detector efficiency for the process of interest. In
the case of a molecular compound the final value should be multiplied by this number of atoms
of interest per molecule.

Actually we need one more correction since here the fluctuations are calculated only on the
FWHM (∆E) interval and not on the entire Gaussian peak. Since the area under the Gaussian
integrated only on the FWHM corresponds to 1.17σ, it is just 0.758 of the total and we should
normalize ND by this factor:

S0ν
nσ ≡ ln(2) · 0.758

n
· NA · a

A
·
(

M · t
b · ∆E

)1/2

· ε (6.11)

It is evident from this formula that to increase the sensitivity of the experiment, one must
act on the parameters inside the square root M , t, b and ∆E or, if possible, on the isotopic
abundance a. In the following sections the possibility of acting on each of this parameter is
analyzed and commented.

b) One more comment should be added here for the case in which there are no measured events.
To evaluate the sensitivity one consider that for the poissonian distribution, 0 observed events
are compatible with µn events at a given C.L. ξ%. Therefore one should substitute in the 6.8:

µn = n · (NB)1/2 (6.12)

The sensitivity 6.11 becomes:

S0ν
nσ ≡ ln(2) · 0.758

µn
· NA · a

A
· M · t · ε (6.13)
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Thus to increase in this case the sensitivity one should act on the mass and on the time of
measurement.

6.2.1 Detector mass

Figure 6.1: Time vs. mass evolution of TeO2 bolometric experiments (Bucci’s law). A gain of
an order of magnitude is expected every 5 years.

Increasing the detector mass is the easiest way to increase the experiment sensitivity. Never-
theless, the present mass scale of TeO2 experiments does not allow much increase. In fact, since
CUORICINO mass is about 41 kg, an increase of at least one order of magnitude is needed to
make a non-negligible gain in sensitivity.

The chosen solution for CUORE (988 detectors for a total mass of about 0.74 tons) will
increase the sensitivity on the order of

√

MCUORE/MCUORICINO
∼= 4.25. A further increase

by the same factor requires another increase by a factor of (741/41) ∼= 18 in magnitude which
is probably beyond the possibility of present cryogenic techniques for the cooling a large mass.
Therefore the CUORE mass increase will be maximum feasible for present techniques.

Two different approaches were used: increasing the mass of a single absorber crystal and
increasing the number of detectors. As described in Chapter 3, during the last fifteen years the
Milano TeO2 group pursued both strategies (see Fig. 6.1). These solutions have advantages and
disadvantages. Increasing the number of channels has no consequences for the detector’s behav-
ior but implies major technical problems (large number of channels, large effort in optimizing
different detectors, etc...) and bigger costs. On the other hand increasing the absorber mass is
a cheaper solution (for the same mass the number of channels can be much lower). However,
this gives rise to some physical problems. In fact, the heat capacity of the absorber grows pro-
portionally with volume. Since the temperature variation for a given energy deposition E is ∆T
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Figure 6.2: Energy resolution 2615 keV versus µV/MeV for CUORICINO’s 5 × 5 × 5 cm3

detectors (run I).

= E/C, the bigger is C, the lower the pulse hight. In practice this problem does not affect the
detector’s behavior in terms of resolution and signal to noise ratio. This can be well understood
by looking at CUORICINO data.

µV/MeV vs. Resolution

The best way to give a quantitative estimate of the variation of detector’s behavior with C, is by
using the detector response (µV/MeV). We denote with µV/MeV response of a detector (i.e. a
thermistor) in µV to a given energy excitation.

In CUORICINO this parameter takes a wide range of values for different detectors. In Fig
6.2, CUORICINO’s resolution values on 208Tl gamma peak at 2615 keV are plotted versus
µV/MeV (see sec. 6.2.2). One can immediately notice that there is no clear correlation between
the resolution and the pulse height. This can be easily understood since CUORICINO detector’s
noise is dominated by the thermophononic (TP) component, the oscillation of the base T. TP
noise is the result of heat dissipation in the detector converting it into phonons. Its major source
is the friction noise which comes from vibrations being converted into heat via frictions be-
tween the crystal and the holder (PTFE, Cu, etc.). Other contributions can come from different
phenomena like acoustic waves inside the crystal.

This means that both the energy pulse and the noise are produced inside the detector. Thus
the the response of the detector in µV/MeV is the same for the energy pulse and for the baseline
oscillations (TP noise). For example for a detector with a response of 50 µV/MeV a pulse 1
MeV gives rise to a response of 1 MeV 50 · µV/MeV = 50 µV. On the same detector a noise
fluctuation of 10 keV = 0.01 MeV give rise to a signal of 0.5 µV. The consequent S/N is (1 MeV
· 50µV/MeV)/(0.05 MeV · 50µV/MeV) = 100 is independent from the response of the detector.

Therefore we can say that the resolution is more or less constant for different detector’s
responses.

To a rough approximation, the increase of the absorber mass does not affect the behavior of
the detector. Nevertheless, one more comment should be added about the ongoing developments
for noise reduction. One must consider the possibility that CUORE, due to the present R&D
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effort, will not be dominated by TP noise but by electric or microphonic noises. In this case the
higher the µV/MeV is, the better is the S/N. So one should choose the best compromise between
the absorber mass and the response reduction (see next chapter for further discussion).

6.2.2 Energy resolution

The energy resolution in the 0νDBD region is evaluated as the FWHM of the γ peak of 208Tl
at 2615 keV. From Fig. 6.2 it is clear that the average resolution is quite good (a few per ‰
at 2615 keV) and the spread from average is quite small. In fact only ∼ 10% of the detectors
have a resolution worse than 9 keV and by excluding these channels the average goes from 7.5
keV down to 6.6 keV. This is already a notable performance but nevertheless it is still possible
to improve the resolution for CUORE.

As we have seen in the previous section the resolution is roughly independent of the re-
sponse of the detector. The only way to improve resolution is to reduce the noise on the detec-
tors (i.e. TP noise). This must be done in two different ways: reducing the noise sources and
reducing the sensitivity to noise of the detector.

Since is impossible to eliminate many of the important sources of noise (e.g. pumps and
compressors of the cryogenic setup) the adopted solution is to try to prevent the transfer of these
vibrations from the cryostat to the detector. The trivial part of this work is the use of common
damping systems to decouple the vibrating machine as much as possible from everything else.
This is not always passible since the pumps of the gas handling system are directly connected to
the cryostat, and some vibration will pass through the pumping lines. The more delicate work
consists in decoupling the detector from any vibration source via mechanical filters. This is
usually done by using combined oscillating systems. This is non trivial due to the fact that the
damping system has to operate at low temperature. Several developments are in progress on this
topic (see for example [145]).

On the other hand the work of this thesis is focused on the reduction of sensitivity to noise
of the single detector. We denote by sensitivity to noise the response of the detector to some
external or internal perturbation of the apparatus like vibrations coming from the activities in the
underground lab, mechanical noise from the cooling pumps and compressors, vibrations from
1K Pot filling, etc. This is mainly the sensitivity to TP noise. Unfortunately it is not easy to
assign a figure of merit to this parameter to compare different detectors. This can be better done
using two noise-parameters that are in some way complementary: baseline stability and Nrms.
The stability (or instability) of the baseline is related to the sensitivity to noise of the detector.
In the case of instability, the presence of triangular shaped oscillations can be observed (see Fig.
6.3). The behavior of the baseline is not a good parameter to evaluate the noise since is difficult
to assign a quantitative information to the baseline variation. On the other hand, Nrms is a good
parameter to use for comparison because it provides a precise numerical evaluation of the noise.
Nevertheless Nrms must be carefully analyzed because of the different contributions entering in
it (see par. 6.2.2).

Baseline stability

There are two contributions that influence the baseline stability in time: the performance of the
dilution refrigerator and the presence of TP noise.
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Figure 6.3: On the left a baseline with electric noise (pkpk ∼ 3 mV), on the right the effect TP
noise with typical “triangular” shape (pkpk ∼ 45 mV).

The former comes from the fact that, if some proprieties of the cryostat slightly change in
time, the baseline can change accordingly (variation of the LHe level in the MB, changing of
the pressure on the condenser, etc). This problem can be corrected off line via software. The
amplitude linearization of the test pulse as a function of the baseline is described in Chapter 4.
Of course this can be done if the change is a well defined function of time (typically a straight
line) and if the total variation is limited. If not there can be problems of resolution degradation.
In summary, since the baseline variation corresponds to a slight change of the base temperature
of the cryostat, you get a different response of the thermistor to the same released energy and this
worsens the resolution. To minimize this problem a T stabilization technique was developed for
CUORICINO. This keeps the entire detector at a fixed T above a base temperature by dissipating
heat inside the detector by means of a ohmic resistor. The variations from T are compensated
by increasing or decreasing the power on the tower (see [146]).

The second contribution to baseline instability is due to how tightly the crystal is held by
the PTFE. In fact, since vibration is the main source of TP noise, sensitivity to noise is actually
sensitivity to vibrations. Vibrations reach the crystal trough the Cu holder. Most vibrations
are cut off by the mechanical filtering (a steel spring in CUORICINO [147]). Nevertheless
if the crystal can move inside the holder, the oscillations are converted into heat and noise
through friction. A good mechanical connection between detector and holder minimizes the
heat dissipation. There are clear indications that the tighter the crystal is held by PTFE supports,
the less sensitive to vibrations the detector is (the comparison can be done via rms noise and
resolution).

The design and test of new PTFE supports and Cu holder is reported in chapter 9.

Nrms /G noise amplitude per unit of gain

The measurement of Nrms guarantees the possibility to compare the behavior of different de-
tectors. This parameter is a good estimate of TP noise when its value is big. On the other hand,
when TP noise is quite low, other contributions became comparable (e.g. Johnson noise) and it
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is more difficult to evaluate the impact of vibrations. At present apparently the dominant con-
tribution on most of the CUORICINO channels is by far TP noise. More comments on this are
reported in chapter 9.

6.2.3 Measurement time and duty cycle

This topic is not part of this PhD work and I will not develop it too much. The modification
of the measurement time can contribute only slightly to the increase of sensitivity. In fact the
typical life of TeO2 bolometric experiment is of a few years. After that, further contribution are
more or less negligible. In fact if we get a certain sensitivity S0ν after 5 years, then to increase
the statistic by a factor 2 an increase of a factor of 4 in live time is required. This means that in
20 years of measurement the sensitivity is just two times better than after the first 5 years.

The only important work in progress on measurement time is regarding the increase of
the duty cycle. There are two different kinds of limitation on this: first calibrations and DAQ
settings and second apparatus maintenance and failures, respectively. Calibration and DAQ
settings cannot be significantly reduced at the moment; their contribution to the total activity
time is between 6% and 10%. This percentage cannot be significatively reduced in the future
experiment since it is necessary for a good quality of the measurement. The second point
is more delicate. In fact apparatus failure caused big problems in Run I and in the first part
of Run II due to the presence of the LHe liquefier connected with the cryostat. For several
months we got a live time as bad as 25%. Presently the situation is improved since the old He
liquefier was dismissed and now the cryostat is refilled every two days with LHe. This operation
contributes to the dead time with another ∼10%. This contribution will be possibly removed
in CUORE due to the new LHe-free cryostat presently under construction. Unfortunately there
is a contribution of about 15% of the dead time that comes from apparatus failures, due to the
oldness of CUORICINO’s cryostat and to the unavoidable critical state of all 10 mK machines,
respectively. in present duty cycle is ∼65; results better than 75% are impossible even for the
future experiments.

6.2.4 Background

It turns out that background comes out to be the most important parameter. In fact from previ-
ous section, we saw that once fixed the detector mass the only tunable parameter available to
increase significantly sensitivity is the background. Therefore background reduction is the main
development required for CUORE,

This work is obviously strongly connected with the interpretation of CUORICINO data and
the understanding of the origin of the background. Several analysis have been done on this topic
(main reference can be found in [134, 133]).

My activity is concentrated on the so called Internal Background Source (IBS). With this
expression we refer to those radioactive contaminations that are inside the lead shields and
cannot be suppressed using any kind of shielding, being very near the detector or on the detector
itself. There are parallel activities going on to reduce External Sources of Background (EBS).
The main effort of EBS reduction development is focused on the shielding against external
radiations (lead for gammas, hydrogen compounds loaded with boron for neutrons) and on the
flagging of very high energy cosmic rays (muon veto).
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As pointed out in chapter 5 the main source of internal background is the surface contam-
ination which is the result of the machining process of the different materials constituting the
detector whose bulk contamination are on the contrary selected to be very low (see Tab. 5.3).
More details are reported in chapter 8.

Two different strategies were adopted to solve this problems: the first aims to reduce the
amount of contaminants on the surface of the materials (clean the materials) and the second to
reduce the amount of material at all. The latter refers of course only to inactive material. The
first task, from which the major reduction is expected, leads to the developing of a new cleaning
procedure and to some special tests of contamination of specific material that have been tested
in two dedicated measurements in the R&D test facility. This will be reported in chapter 8. The
second task is a part of the complete re-design of the detectors holder realized for CUORE that
will be presented in chapter 9.

A third contribution to this effort was proposed and tested by introducing the 6 × 6 × 6
cm3 TeO2 absorbers. This approach, as will be detailed in the next chapter changes the surface
to volume ratio, reducing the amount of radioactive surface contamination per gram. This test
even if successful didn’t lead to modifications of the CUORE design for several reasons that
will be explained later.

6.2.5 Isotopic enrichment

Isotopic enrichment can be very important for the sensitivity of an experiment since S 0ν is di-
rectly proportional to a (see Eq. 6.13). In TeO2 bolometers this contribution is not so significant
due to the high natural isotopic abundance of 130Te (∼34%). Nevertheless, this option is con-
sidered with interest from the collaboration since can guarantee an increase of sensitivity of a
factor 3 with a relatively small effort. It should be mentioned though that the experience of the
Milano group with the enriched crystals in MiBeta and CUORICINO was not positive because
of the bad quality of the enriched TeO2 powder. This indicates that probably, if the enrichment
option is chosen, some R&D is probably needed.

6.3 Improving detector’s behavior and reproducibility

As widely reported, CUORICINO obtained very good performances on different bolometers.
Nevertheless there are still large differences of behavior from one detector to another. This
has been observed mainly in the detectors response (see Fig. 6.2) and in the corresponding
pulse shape. In figure 6.4 normalized pulses from different detectors are plotted. The energy
resolution shows a smal spread in values. This spread, even if it is small, is the strongest
motivation of an effort of improving reproducibility.

The main reasons that are pushing ahead this activity are related with the data analysis of a
larger number of channels. There are two main requests: one is more technical , the other more
physical.

6.3.1 Pulse shape and response

First, let us notice that the more the behavior of different detectors is similar, the easier is the
application of automatic procedures or standard software algorithms. This is connected also to
the fact that a reproducible behavior can help in the comprehension of the physics of the detector
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Figure 6.4: Normalized pulses for different detectors in CUORICINO.

and leads to a better data control. Unfortunately the contributions of the various elements of the
detector to the time development of the pulse are not well understood. Even though many
attempts where done in the past years ([148, 149]), there is still no complete model that can
reproduce in detail the dynamic behavior of a detector. Nevertheless all this experience pointed
out what are the components that can possibly contribute to the pulse shape. The strategy
adopted in this work, that will be detailed in chapter 9, is to try to improve the reproducibility
of each of the different components (PTFE, Cu, thermistor, etc.).

6.3.2 Energy resolution

The need for a uniform energy resolution originates mainly from the necessity of summing the
spectra from different detectors to get a global analysis of the data.

In fact the template for the expected peak is almost a Gaussian shape, due to resolution
effects of the detector. Nevertheless, the sum of all the spectra acquired on different detectors
having different resolution can be different from a Gaussian distribution. To avoid this problem
one can try to fit the peak with a distribution that is the sum of different Gaussians with different
FWHM. The FWHM is the resolution on the peak in the spectrum of each detector.

The experimental setup of CUORE will consist of a large number of detectors (988). This
large number of channels corresponds eventually to a large number of different resolutions.
This means a large number of different FWHM for the different Gaussian distributions fitting
the peak. This spread in resolution can lead to problems in the future global analysis. For this
reason some effort was dedicated to improve the uniformity in energy resolution. One of the part
of this PhD project (reported in chapter ) was the attempt of making TP noise as reproducible
as possible on the different detectors to reach a better uniformity in S/N.
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6.4 Improving modularity

This task starts as a very simple technical problem: since the assembly and construction of
CUORICINO took about six months, if we scale this to a 988 detector is a factor ∼16. This
necessity matches the possibility of having some non-negligible improvements in the previous
two necessities. Finally this originated the new optimized setup presented in chapter 9.

6.4.1 Improving sensitivity

The contribution of a new setup to this topic is in terms of possible background reductions
via background sources reduction. This is done mainly reducing the amount of copper present
around the detector as will be detailed in sec. .

A further contribution will possibly come from resolution improvements obtained by reduc-
ing the sensitivity to noise of each absorber crystal and so the TP noise (see).

6.4.2 Improving detector’s behavior

As a secondary result there is the possibility to obtain more reproducible detectors in respect
with two different tasks:

• The reduction of TP noise will provide a more uniform distribution of resolution.

• The new structure improves the reproducibility of thermal contacts between different
components of the detector (Cu-PTFE, PTFE-crystal, etc.). This means a more uniform
distribution of thermal conductances and possible of pulse shapes and decay constants.

More details are reported in chapter 9.

6.5 Experimental setup

All the experimental activity described in the next three chapters was performed in the Hall
C R&D facility of the group. In the following I will describe the experimental setup and the
equipment used in all the cold tests. Dedicated modifications, if any, will be presented at the
beginning of each chapter.

6.5.1 Cryogenic setup

The cryogenic setup consists of an Oxford dilution refrigerator with a power of 200µW at 100
mK.

Inside the cryostat a special damping system reduces the contribution of incoming vibra-
tions to noise. In fact the main sources of TP noise [147] are the vibrations of the overall
cryogenic set-up, so that the friction between absorber and supports determines sudden heat
spots or unwanted temperature fluctuations. The large spread of harmonic frequencies which
are involved in the phenomenon implies a noise spectrum that has a 1/f roll-off, and is therefore
particularly annoying for bolometers, which have very low characteristic frequencies. That is
why the damping system which mechanically decouple the detectors from the cryogenic set-up
is so important. In the hall C setup the system is a double stage harmonic oscillator (see Fig.
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6.5). The first stage consists of 14 kg Pb disk, with a diameter of 17 cm and a height of 5.5 cm,
framed inside a Cu structure. It is mechanically anchored to the cryostat by means of three 4 cm
long stainless steel wires, that are connected to the lead through three harmonic stainless steel
strips. These strips can slightly bend, resulting in a longitudinal intrinsic oscillation with the
frequency of ∼ 7 Hz. The choice of the lead was imposed also by radioactivity reasons, since a
5.5 cm thickness of ancient roman lead [150], that is free of 210Pb (a natural radioactive isotope
of Pb), acts as a good radioactive shield against the entire dilution unit components. The second
damping stage is realized by hanging the detector box to the above mentioned Cu frame of the
lead, through a stainless steel spring and a copper bar. The longitudinal intrinsic oscillation fre-
quency of this second stage is ∼ 3 Hz. The thermal link between the detectors and the cryostat
is ensured by two Cu (99.999 %) thin strips of 50 µm thickness linking the Mixing Chamber
(MC) to the first stage, and by a second pair of strips linking the first stage to the detector box.

I damping stage
(Roman lead)

Detector holder
(II damping stage)

Mixing chamber

Stainless steel wire

Stainless steel
harmonic strip

Stainless steel spring

PTFE supports

2TeO   crystals

Figure 6.5: The two-stage damping system with a 2 bolometers setup.

6.5.2 Readout of the detectors

The signal is read, from the pins to the MC, with 60 µm dia. constantan wires, in twisted pairs,
while 100 µm dia. NbTi wires were used from the MC to room temperature. In the latter case
the twisted pairs are also shielded by a CuNi wire netting. Two different front-end systems were
used. For one of the 4 thermistors we chose one of the channels available in the cold buffer stage
that is thermally anchored at 4.2 K plate, inside the cryostat, while for the other 3 thermistors
a room temperature 12-channel front-end was adopted [151]. The cold buffer stage consists of
12 independent differential channels, composed of 12 pairs of silicon JFET transistors in source
follower configuration and 12 pairs of load resistors (27+27 GΩ) for thermistor biasing [152].
The operating temperature of about 110 K for this stage is achieved by thermally decoupling
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the two printed circuit boards, each of them housing 6 channels, from the box in which they
are enclosed by means of nylon wires. The thermal impedance thus achieved guarantees the
correct temperature to the FETs when they are working, and therefore dissipating power. In
order to avoid any possible irradiation from the circuit boards, the box is gold plated and is as
much as possible hermetic to IR rays. The room temperature front-end and the second stage of
amplification are located on the top of the cryostat. A big Faraday cage, containing the cryostat,
the electronics on top of it, the radioactive shields made of Cu (5 cm minimum thickness) and Pb
(10 cm minimum thickness) and the anti-radon plexiglas box, is used to avoid EM interferences
to the detector read-out. After the second stage, and close to the acquisition system, there is an
antialiasing filter (a 6 pole roll-off active Bessel filter) and a programmable analog triggering
and shaping circuit [153]. A small Faraday cage encloses this last stage of amplification. The
signals were acquired by a 16 bit ADC embedded in a VXI acquisition system and the data
analysis was completely performed off-line.
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Figure 6.6: The hall C cryostat.



Chapter 7

The 6 × 6 × 6 cm3 bolometers

In 2004 the possibility of increasing the absorber mass for the future CUORE detector was
investigated in Gran Sasso with two cold tests [68]. The results were encouraging, but finally a
conservative choice in favour of the old 5 × 5 × 5 cm3 (0.78 kg in mass) was preferred.

In this chapter I will present the motivations of this test comparing possible advantages and
disadvantages. I will then describe the experimental setup and the cold test. Finally I will show
the results and comment on the final choice of rejecting the 6 × 6 × 6 cm3 option.

7.1 Increasing the absorber mass

There are several reasons in favor of an increase of the absorber mass, both scientific and techni-
cal. In 2004 we considered the possibility of increasing the mass of the TeO2 absorber changing
from the CUORICINO 5×5×5 cm3 (0.78 kg) crystals to a 6×6×6 cm3 absorber with a mass
of 1,3 kg.

7.1.1 Motivations

The obvious technical advantage is the reduction of the number of bolometers needed for a 1 ton
experiment by a factor 1.67, translated in a consistent effort reduction in construction, expense
for DAQ chain and in operating and optimizing the detectors. This reason even if purely tech-
nical can be non-negligible. In fact, as widely exposed in Chapters 2 and 3, macrobolometers
are non-standard detectors which are not produced industrially but require to be assembled by a
highly qualified staff.

Gain of sensitivity

There is also a scientific reason in favor of the increase of the absorber mass that is the need
of a background reduction exposed in section 6.2.4. In fact, by growing the dimension of the
cubic absorber, the surface to volume ratio decreases, thus reducing the contribution of possible
surface contaminations to the total background. In CUORICINO’s 5×5×5 we have a volume of
5×5×5 = 125 cm3 and a surface of 5×5×6 = 150 cm2, that means S/V = 1.2 cm−1. In the
new 6×6×6 cm3 absorber the volume is 6×6×6 = 216 cm3 and the surface is again 6×6×6 =
216 cm2, that is a S/V = 1 cm−1. So being, the mass being proportional to the volume, the
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Figure 7.1: A 6 × 6 × 6 TeO2 crystal (left) compared with the old CUORICINO 5 × 5 × 5 and
MiBeta 3 × 3 × 6.

contribution to background of the possible surface contamination in counts/keV/kg/y is reduced
of a factor 1.2 (i.e. 83% of the previous value). According to MonteCarlo simulations [134] the
contribution of 238U and 232Th radioactive chains contamination from TeO2 surface to the total
background observed in CUORICINO in the 3− 4 MeV region (see sec. 4.3.2) is between 10%
and 30% of the total. Thus, the total reduction is 2% and 6% of the total, respectively. Being
the value of bkg in CUORICINO of 0.18 ± 0.02 counts/keV/kg/y, the reduction coming from
S/V effect can lead to a value between 0.177 and 0.169 counts/keV/kg/y. This, apparently, it is
not a big reduction compared to present values. Nevertheless, if we compare this reductions of
∼ 0.003−0.011 counts/keV/kg/y with the aimed bkg for CUORE, that is 0.01 counts/keV/kg/y,
we can see immediately that this contribution is not at all negligible.

One comment must be added about the sensitivity for multi-Compton events in the DBD
region. Since the Q value of the 0νDBD of 130Te (2528 keV) is between the 208Tl gamma
(2615 keV) line and its Compton edge (2382 keV) the effect of multiple Compton scattering is
that of generate events in the region between the edge and the peak. This is measured in the
calibration with the 232Th gamma source via the ratio between the intensity of the peak and the
continuum background between the edge and the peak for a 6×6×6 cm3 and for a 5×5×5 cm3

detector with the same flux of gammas. This measurement shows a slightly badly behavior for
the bigger detectors but the effect is almost negligible.

To complete this overview concerning the change of the properties of the detector one should
also observe that the heat capacity of the crystal is proportional to volume. As described in
section 2.2 the T variation of the detector is proportional to the energy E, released by the
incident radiation, divided by the heat capacity C: ∆T = E/C . An increase in C corresponds
to a reduction of the measured ∆T for a given energy. Nevertheless, the detector’s response
(in µV/MeV) is not a good parameter in evaluating the performance (see section 6.2.1) while
the best figure of merit for estimating detector’s behavior is the energy resolution (or signal to
noise ratio) in the operating region of interest. If the dominant noise is thermophononic noise,
by increasing the heat capacity then the noise and the signal are reduced in the same way and
the S/N is constant. This is presently the case of CUORICINO; a volume increase of 1.728
(signal reduction by the same factor) is assumed acceptable.
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Loss of sensitivity

There are also some considerations which disfavor the 6 × 6 × 6 choice but, as we will see,
they do not affect the performance of the detector at this level. In fact, the phenomena that can
contribute to a worsening of resolution, like trapping of phonons in impurity sites or propagation
effects, are typically proportional to the dimensions of the absorber. In the case of phonon
trapping, for example, if the impurities distribution is uniform in the crystal the bigger is the
crystal, the wider is the distribution with distance of events from the sensor, the bigger can be
the energy loss for an event far away from the sensor. This can generate an additional fluctuation
on the measured T variation for the same deposited energy and so a spread in the shape of the
peak (worst resolution). Anyway, up to now there is no systematic and clear evidence of the
contribution of such a phenomenon so we decided to test experimentally the bigger absorbers
and compare the results with CUORICINO’s.

7.2 6 × 6 × 6 test

In the early 2004 two 6 × 6 × 6 crystals were bought from the SICCAS Company (Shangai
Institute of Ceramics). This is the same company that provided the crystals for CUORICINO.
This was the first successful growth of TeO2 of this large size. The two crystals travelled to Gran
Sasso in February 2004 (see figure 7.1). A special holder for the two crystals was designed and
built at the LNGS machine shop. More details on this new holder will be given in chapter 9.
This was actually a first test of a new design for the copper and PTFE supports.

7.2.1 Experimental setup

Both bolometers had, with an absorber consisting of 6×6×6 cm3 TeO2 crystal, a heat capacity
of 2.33×10−9 J/K at 8.5 mK, as can be calculated assuming a Debye law with ΘD= 232 K [115].
The temperature sensors (for redundancy we decided to glue two of them on each crystal) were
the usual CUORICINO 3×3×1 mm3 NTD Ge thermistors, series #31 [154](see Fig. 7.2). They
are thermally coupled to the absorber with 9 spots of epoxy glue of ∼ 0.6 mm diameter and ∼
50 µm thickness. In order to correct for thermal instabilities [146] a Si resistor is attached to
each crystal with 1 single spot of epoxy glue and is used as a heater. Each crystal is fastened to
a Cu frame by means of 8 S-shaped PTFE supports that hold it in each corner of two opposite
faces (see Fig. 6.5). The two independent bolometers are assembled one on top of the other and
covered with Cu plates, to form a single box, which is then fastened to the dilution unit of the
cryostat through a two-stage damping system, as shown in Fig. 6.5.

7.2.2 Measurement

The measurement was divided in two different cold runs with the same setup. Each run consisted
of about 12 days of data taking was preceded and followed by a calibration. The calibrations
were performed with the usual 232Th gamma source currently used in CUORICINO (see sec.
4.1.1). Unfortunately, the first measurement was affected by severe apparatus problems so the
collected data didn’t give conclusive answers. The most relevant problem was related to the
impossibility to reach temperatures lower than 14 mK. This avoided the comparison of the new
detectors with the CUORICINO ones at in the same conditions. For this reason the results
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Figure 7.2: A 6 × 6 × 6 TeO2 crystal (left) compared with the old CUORICINO 5 × 5 × 5 and
MiBeta 3 × 3 × 6.

L1#1 L1#2 L2#1 L2#2

R [MΩ] 244 (95) 163 (41) 272 (107) 142 (83)
Signal [µV/MeV] 200 (104) 109 (44) 265 (148) 136 (62)
Trise(10-90)% [ms] 86 (75) 90 (74) 82 (68) 74 (65)
Tdecay(90-10)% [ms] 170 (194) 244 (275) 150 (168) 234 (249)

Table 7.1: Main properties of the detectors at the two different holder working temperatures
Tbase= 7.3 mK (Tbase= 8.8 mK).

presented below refer only to the second of the two cold test. A second problem showed up
in the first cooling down: many of the corner crystal brook. The analysis and solution of this
problem is reported in Chapter 9.

7.3 Analysis and results

During the entire run, that lasted ∼12 days, we observed the crystal holder cooling down follow-
ing an exponential law. This behavior probably originated from the slow ortho-para conversion
of the molecular hydrogen trapped in the copper elements of the detector holder [119]. This
effect is a common problem that arises in cryogenic setups when a mechanical decoupling from
the cryostat (which acts also as a thermal decoupling) is introduced. A compromise between
the best thermal conductance and the minimum mechanical coupling must be found. This was
achieved using the Cu stripes [155] described before, decoupling the MC from the first stage
and the latter from the detector’s holder. In our case the smallest conductance was between
the MC and the first stage, and was measured to be (2.8± 1.2) 10−5 W/K at 8 mK. The base
temperature TB on the detector holder, reached after 6 days, was ∼ 7.3 mK. We measured the
performances of the two detectors at two different holder temperatures: TB=7.3 and TB=8.8
mK. The corresponding main properties of the two bolometers (L1 and L2), as read by the two
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583 keV 911 keV 2615 keV O.F. keV
L1#1 3.3 ± 0.3 3.9 ± 0.4 3.6± 0.6 2.4
L2#2 3.4 ± 0.3 3.5 ± 0.4 4.2± 0.6 2.5

Table 7.2: FWHM resolution (keV) obtained with the two bolometers. The baseline widths,
after Optimum Filtering, are shown in the last column.
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Figure 7.3: Calibration spectrum in the γ-ray energy region obtained with one detector exposed
for 25 h to a 232Th source . The peak at 2615 keV of 208Tl, magnified in the inset, shows a
FWHM resolution of 3.6 keV.

thermistors (#1 and #2), are summarized in Tab. 7.1. The thermistor L2#2 was the only one
acquired through the cold buffer stage. The energy calibration was performed using a 232Th
γ-ray source placed outside the cryostat. The energy resolutions FWHM obtained with the two
detectors are summarized in Tab. 7.2. The thermistors mounted on the same crystal showed
only slight differences (≤ 20 %) in energy resolutions, probably due to the different micro-
phonic noise coming from the different read-out wires, while the results obtained with the same
thermistor at the two TB were equal within the statistical error. The energy dependence of the
resolution is surprisingly very loose, respect to the usual behavior of real calorimeters. The
calibration spectrum obtained with the L1#1 detector is shown in Fig. 7.3. A very good result
was obtained for the α line at 5407 keV due to the internal contamination of 210Po, a common
impurity in Te-based materials [150]. We obtained 4.3 ± 0.4 keV with L2 (see Fig. 7.4) and
5.0 ± 0.5 keV with L1. These results were obtained without any temperature stabilization of
the detector holder, which was slowly cooling down during data taking. This probably caused a
slight asymmetry on the full energy peaks, that smeared the energy resolution.

If one tries to evaluate the deviation from linearity of the detectors, expressed as ∆L%=(Eexpected-
Emeasured)/Eexpected, where Eexpected is obtained assuming a linear response of the detector cal-
culated from the lowest calibration line (583 keV) with no offset, an evident dependence from
energy shows up, as can be seen in Tab. 7.3. This can be explained by the changes of the thermal
parameters of the detectors during the evolution of the signal: the temperature increase due to
an energy release in the absorber is small, but finite, with respect to the working temperature.
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Figure 7.4: The α peak of 210Po at 5407 keV

L1#1 L1#2 L2#1 L2#2

∆L [%] @911 keV 0.2 (0.5) 0.1 (0.1) 0.3 (0.4) 0.2 (0.2)
∆L [%] @1461 keV 0.5 (1.0) 0.4 (0.8) 0.9 (1.0) 0.4 (0.3)
∆L [%] @2615 keV 1.0 (2.2) 0.5 (1.5) 2.0 (2.2) 0.7 (0.6)
∆L [%] @5407 keV 1.5 (3.8) 0.4 (2.3) 3.6 (3.9) 0.6 (0.6)

Table 7.3: Deviation from the linearity of the detectors at the holder working temperature of
Tbase= 7.3 mK (Tbase= 8.8 mK) normalized to the 583 keV γ-line of 208Tl



7.4 Conclusions 105

∆E
   

[k
eV

]

600 1000200 1400 1800 2200 2600

−1.8

1.0

Energy  [keV]

1.8

1.4

0.6

0.2

−0.2

−1.4

−1.0

−0.6

Figure 7.5: Deviation between the reconstructed energy and the nominal values for L1#1 (circle)
and L2#2(triangles). The symbols in bold represent the γ lines used for the linearization fit.

This causes a non-linear energy response of the detector. Fitting with a polynomial it came out
that the non linearity can be well described by an empirical quadratic form, E = ax + bx2 ,
where x represents the signal in mV. On the contrary, the differences within the same crystal
and between the two working temperatures can be ascribed to the different working points of
the thermistors, chosen in order to maximize the S/N ratio.

The linearization fit was calculated including only the most intense lines of the calibration
spectrum: 511, 583, 911, 1461, and 2615 keV γ-lines. The corresponding energy of all the lines
appearing in the spectrum was then evaluated. The deviation between the reconstructed energy
and the nominal value of each identified peak is shown in Fig. 7.5. As it can be seen, the
energy reconstruction in the γ region is better than ' 0.6 keV, showing that the non-linearity of
the detector is well under control.

In many rare event searches the low threshold is essential. Therefore, to evaluate it, the
low energy region of detector L2#2 background spectrum was studied. This channel, being
the only one read through the cold buffer stage at 4.2 K, showed in fact a less pronounced
thermophononic and microphonic noise, which can worsen the threshold level. A 12 hour mea-
surement was performed with the threshold set at 12 keV, applying a pulse shape analysis [156]
to discriminate noise from physical pulses. A typical low energy pulse from L2#2 detector is
shown in Fig. 7.6.

7.4 Conclusions

It is the first time that two bolometers heavier than 1 kg show energy resolutions similar to those
obtained with Ge diodes. In the Neutrinoless Double Beta Decay region for 130Te (2528.8 keV)
the obtained energy resolution is better than the mean energy resolution of the CUORICINO
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Figure 7.6: Typical low energy pulse of L2#2 detector without amplification, corresponding to
a deposited energy of 18 keV.

experiment, which is 8 keV. This was achieved thanks to the improved holder design and to the
two-stage damping system that minimize the noise induced by the vibrations of the cryogenic
apparatus. Thresholds could be certainly improved with less microphonic read-out wires, but
this was not our main goal, at least during this test.

The statistic on different detectors is not very high of course, but the good agreement be-
tween the two detectors is a good indication of reproducibility.

The information we can certainly get is that there is a future for large macrobolometers as
rare events detectors, even bigger than 1 kg. This, of course, needs to match with the possibility
of growing crystal so big. Probably more R&D is needed on these detectors.

After some investigation the CUORE collaboration decided not to include the “6×6x6”
option in the experiment project. This was done mainly for two reasons. The first is that the
indication of the detector’s behavior described in this chapter are not conclusive in respect to the
possible secondary effects due to the new absorbers. The second reason is that the experimental
volume in the R&D setup of hall C does not allows to test a four detectors module without
dramatic modifications of the setup. This modifications are not compatible with the CUORE
time schedule.

Finally this test remains as a window on future applications for rare events physic with very
large mass detectors.



Chapter 8

Reducing radioactivity

In this chapter I will present the second R&D activity developed during my PhD work, that is
the reduction of the background for improving the sensitivity (as exposed in sec. 6.2.4). Two
experimental tests, Rad1 and Rad2, were performed in the Hall C cryostat during 2004 and
2005. This was a very important R&D activity in view of CUORE. In fact only background
reduction can improve the sensitivity to reach the desired level (see sec. 6.2.4).

The results presented in the following show that we have built and operated one of the most
radio-clean detectors ever built and that we completed at least one of the two main goals of the
CUORE background reduction program.

8.1 Physical goal

The Q of the 130Te 0νDBD (2528 keV) focus our attention for the energy region between the
gamma line of 208Tl at 2615 keV and its Compton edge (2382 keV). In the CUORICINO spec-
tra one can observe that, away from the peaks, we have a more or less flat and continuum
background in the 0νDBD region. This is not a peculiar property of the 2.5 MeV region but is
characteristic of all spectrum between the 208Tl and the alpha peaks (above 4 MeV), a region
where natural radioactivity background is not present.

Starting from this experimental evidence, the origin of the background was suggested to
be due to degraded alpha particles, that is alpha particles coming from decays near the surface
escaping from the crystal before releasing all their energy. Two different processes are consid-
ered: alpha decays in the crystal near the surface, and alpha particles escaped from the surface
of some other component of the detector impinging on the crystal, respectively. In the first
case the alpha particle releases part of its energy in the absorber and then escapes and releases
the remanent energy on a different part of the detector (another crystal, the holder, the external
shields, etc.). In the second process the alpha particle hits the crystal coming from a different
source and having already lost part of its energy in the source material.

The worst scenario is when one of the two objects hit by the alpha particle is not an active
material (that is everything but the absorber and the thermistor). In fact, as pointed out in
chapter 5, one of the main improvements of the CUORE structure is the optimization of the
coincidence technique for background selection and rejection. The fragmentation of the final
detector maximize the surface of the crystal faced to active material (other crystals) allowing
the possibility of selecting two events in time coincidence on different crystals and rejecting
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both (or eventually reconstruct the original energy summing the two energies). Unfortunately
there is still a non negligible fraction of the total surface that is faced to non active material, that
can contribute dramatically to background (more comments on this will be presented in the next
chapter).

Presently the best candidates for the role of source of this background are copper and
TeO2 crystals, because they are by far the most abundant materials inside the detector. The main
goal of these runs was to reduce the surface contamination of the crystals and copper frames.
For this reason both chemical and mechanical procedures were developed and performed.

8.1.1 Physical approach

The main problem in preparing a test for very low rate contamination is the low statistics. In
fact in CUORICINO we have a background in the 0νDBD region of 0.18 counts/keV/kg/year.
This means that, if we consider a 50 keV region and a total mass for the R&D setup of ∼ 6.24
kg (8 detectors), we will have 59.28 counts/year that is ∼ 0.16 counts/day. To measure the
background with a precision of 10% we will need 100 counts, that means 625 days of live time
of the detector. Considering that we are interested in reducing the background contaminations
at least by a factor of 10, we will never be able to test the contamination in the 0νDBD region.

There is an important physical assumption that can help us in evaluating the background,
that is that the source of background are the degraded alpha particles. The degraded alpha
processes produce, as we have already noticed, a continuum of events starting from the alpha
region (∼ 4 MeV) down to 0. If this is the main contribution to background, it is not necessary to
evaluate it in the physical region of interest but we can choose any other region wide enough and
free from other radioactive contributions. This chosen region is actually the 3-4 MeV region,
that is between the highest natural gamma peak and the alpha region.

Measuring background events in the 3-4 MeV region, instead of the 0νDBD region, in-
creases the sensitivity by a factor of 20. This means that about 1 month of live time is needed
to reach a 10% sensitivity if the background is the same like in CUORICINO. In this way, if
reduce the background by a factor of 10 we will measure the contamination in ∼ 3 months of
live time, with an error of ∼17%.

Finally, evaluating the number of events in the 3-4 MeV region we can extrapolate the con-
tribution of degraded alpha particles to the background in the 0νDBD region. A big reduction of
events in this region can confirm the capability of reducing background in the region of interest.

8.1.2 CUORE background reduction program

The background reduction program of the CUORE experiment [157] started from the estimation
of the different contributions to the CUORICINO background (0.18 ± 0.02 c/keV/kg/y) and
from the minimal goal for the background of CUORE (0.01 c/keV/kg/y). As pointed out in
sec. 5.3.3, the contribution of degraded alpha particles in the 0νDBD region from Cu surface is
estimated, via MonteCarlo simulations, to be ∼ 50% ± 20%. This means that we have between
0.05 and 0.13 c/keV/kg/y coming from Cu surfaces. This contribution must be reduced to 0.005
c/keV/kg/y. We get a reduction by factor of about 36.
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8.2 The Rad1 setup

The goal of this measurement was to clean all the surfaces of the detector and to test the result.
The guideline for the preparation of the setup was to try to control all the cleaning processes
and the handling of the detector trough the entire assembly and preparation of the detector.

The test was performed on 8 bolometers (two CUORICINO modules) assembled in two
superimposed modules of 4 detectors each (see Fig. 8.1). Half of the detectors were also
provided with a second thermistor for redundancy. The temperature of the detectors’ copper
holder was stabilized via a heater and a feedback circuit [146].

Figure 8.1: The Rad1 experimental setup inside hall C cryostat.

8.3 Surface cleaning

The best way to fix a cleaning procedure is to use only a few radioclean materials and to min-
imize the number of cleaning steps. Two important rules were followed: to use only radiopure
cleaning materials (acids, lapping powders, etc...) and, to prevent the detector parts or the clean-
ing materials to be in contact with any kind of not-clean material, respectively. The work was
subdivided in two parts: crystal surface cleaning and copper surface cleaning. The main com-
mon task to start these activities was to select a decontamination procedure for the containers
where to perform the washing and acid attach. PTFE vessels were used for crystal etching and
polyethylene pots for copper cleaning. Each material was selected and measured during the past
2 years in the Gran Sasso National Laboratory facilities using different techniques : the High
Purity Germanium (HPGE) detectors and the Inductively Coupled Plasma Mass Spectrometry
(ICPMS) tool.

8.3.1 Container cleaning

The cleaning of the vessels was performed into a ultrasonic bath with a series of washing and
rinsing procedures with ultrapure water (18 MΩ/cm) and different soaps. The various steps are
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reported in Tab. 8.1. After the treatment, the vessels were stocked in double sealed double layer

Treatment Solution Temperature [◦C] Time
washing into ultrasonic bath 5 % micro 90 basic soap 40 30 min.

rinsing ultrapure water room T
washing into ultrasonic bath 5 % of Elma 60 Acid soap 40 30 min.

rinsing ultrapure water room T
vessel filled ultrapure water room T 1 week

rinsing ultrapure water room T
washing into ultrasonic bath 5 % of Superpure HNO3 40 3 weeks

rinsing ultrapure water room T
washing into ultrasonic bath 5 % of Superpure HNO3 40 3 weeks

rinsing ultrapure water room T

Table 8.1: Vessels cleaning procedures. The solutions are always intended in ultrapure water.
In the long time cleaning the ultrasonic bath is used only during the day for safety reasons.

plastic bags in nitrogen atmosphere.

8.3.2 Crystal surface cleaning

From all the sources, the crystal surface contamination is the one we have a better understand-
ing about. The crystal, being an active part of the detector, any time a radiation passes trough
it (e.g., an alpha particle), it is detected. The observed shape of the background and the rate of
coincidence events of the CUORICINO detector indicate the presence of events coming from
the crystal surface. The number of these events is not compatible with the measured bulk con-
tamination coming from the 238U and 232Th radioactive chains. The bulk contamination of the
crystal measured in CUORICINO are at a level <0.7·10−12 g/g for 232Th chain and < 0.1·10−12

g/g for 238U chain. For 5 × 5 × 5 cm3 crystal (0.78 kg) we have that the background in the
0νDBD region is 0.18 × 0.78 = 0.14 c/kev/y. For the same crystals the contribution of degraded
alpha particles is calculated (via MonteCarlo simulations) from the measured limits to be of the
order <10−3 counts/keV/kg/y. This means that if the contribution of degraded alpha particles is
the dominant contribution, there is an excess of contaminants near the surface of the crystals.
This is reasonable since the crystals were cut and polished and lapped after being grown.

For this reason we developed procedure of surface cleaning. The idea is very simple and it
is based on the previous experience of the group. Two different ways to clean crystal surfaces
were tested previously, both with advantages and disadvantages: etching the crystal with nitric
acid or polishing and lapping mechanically.

The first one is very easy to perform, requires only to use clean materials and usually gives
very good results. This procedure was abandoned before CUORICINO due to the strange be-
havior of the detectors treated in this way. The response in pulse shape of the bolometers with
etched absorber was quite different from the usual having a very long decay time. This is prob-
ably due to the fact that the solution of acid creates a layer of molecules on the surfaces of
the crystal. This in the operating the detector constitutes an additional thermal interface that
changes the response. This is a well known problem in etching crystal surfaces. It is usually
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Figure 8.2: Lapping Machine

avoided by worming up the crystal in a pumped volume. Unfortunately warming up TeO2 crys-
tals of big dimensions is not easy because of unevenly distributed temperatures that can make
them break.

The second way, i.e. mechanical lapping and polishing, is another well known technique
in crystal processing and it is actually the origin of the surface contaminations in TeO2 . The
lapping tool is very simple (see Fig. 8.2): it is a rotating wheel on which an abrading pad is
fixed. The standard technique consists in pouring a solution of water and lapping powder on the
wheel and then press the crystal on it. The friction between the pad, the powder and the crystal
removes material from the surface of the crystal. This procedure was successfully adopted in
CUORICINO. The limitation of this technique is that the material removed from the surfaces,
that contains the radioactive contaminants, remains for some time on the wheel and due to the
friction can be mechanically diffused again inside the crystal. The success of this technique is
confirmed by the CUORICINO data, in which a reduction of a factor two is observed.

To prepare a new setup a simple idea was followed, that is to combine the two techniques
using radiopure materials. The crystals were first etched to remove the radioactive contaminants
and then lapped to remove the layers of acid on the surface. In Tab. 8.3 the measured values
for the used materials are reported, both for etching and lapping, compared with CUORICINO
values.

Crystal etching

The first step is to chemically etch the crystals in an ultrapure nitric acid solution. The chosen
molarity is 4.5; the time of etching is 4 hours at room temperature. These parameters were cho-
sen to remove a layer on all the surface of about 10 µm and the longer time of attach guarantees
a good uniformity. After the etching, crystals were rinsed with water and dried with nitrogen.
In Tab. 8.2 are reported the removed values for 8 crystals. The mean etched surface is ∼ 9.4
µm.
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Crystal In Weight [g] Fin Weight [g] ∆Weight [g] ∆L [µm]
B2 766.78 766.06 0.72 7.6
B8 788.40 787.50 0.90 9.5

B11 788.39 787.41 0.98 10.3
B22 799.73 798.93 0.80 8.5
B4 761.09 760.17 0.92 9.7
B5 811.30 810.23 1.07 11.3

B19 801.53 800.57 0.96 10.1
B20 800.28 799.45 0.83 8.8

Table 8.2: Results of the chemical attach on 8 crystals of TeO2 .

238U 232Th 40K Technique
[10−9 g/g] [10−9 g/g] [10−9 g/g]

Demineralized H2O <0.0005 <0.002 — ICPMS
Ultrapure HNO3 <0.0005 <0.002 — ICPMS
SiO2 Powder <0.032 0.1 <0.03 HPGE
Al2O3 (CUORICINO) <1.5 40 <0.4 HPGE
Lapping Pad (Buehler) <1 2.2±1.2 2.1±0.2 HPGE
Lapping Pad (CUORICINO) 3.1±0.9 10.3±2 3.1±0.3 HPGE

Table 8.3: Radioactive contamination of different Surface Cleaning materials for crystals, com-
pared with CUORICINO values.

Crystal polishing

The second step in crystal surface processing consisted in lapping all the surfaces. I already
described the lapping machine that was used in CUORICINO. We chose a new powder and
different cleaning pada: a rougher lapping pad (a Nylon pad of 10 µm from Buehler) and a finer
lapping powder (SiO2, particle size 1.3 - 2 µm). After some test we chose the percentage of
SiO2 40 - 60% of water (in weight). The different behavior of hard and soft surfaces was also
taken into account. In order to remove the same amount of surface, an appropriate time was
chosen: 20 minutes for hard faces and 5 minutes for soft faces, respectively. The mean removed
surface was ∼ 11 µm.

8.3.3 Copper surface cleaning

Similar considerations can be done for copper bulk and surface contaminations. Obviously,
copper was also mechanically machined after production.

The procedure of cleaning the copper was more difficult for different reasons. First of all
the shape of Cu frames is quite complicated and so one should be very careful in checking that
all the surface is cleaned in the same way. A second big problem is that Cu is quite reactive
to oxidation: this means that after cleaning the surface starts to oxidize. During this process
other kinds of contaminants present in air can be trapped on the surface. To prevent this the
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copper must be passivated. The most common passivation technique to do this is to treat the
surface with citric acid (C6H8O7). After several tests we decided to divide the cleaning process
into 3 steps: 1) rough cleaning, 2) Etching and 3) Electroerosion. In Tab. 8.5 the measured
contaminations of the different materials used during all the procedures are reported.

Rough cleaning

The first part of the procedure is developed to remove mainly the contaminations coming from
the machining of the copper, like machine oil and grease and eventually other dirt present on
the surface. The best way to remove external material (not copper nor implanted contaminants)
is to wash the copper in ultrasonic bath with some soap.

Thus, the first step was to wash in ultrasonic bath with a ultrapure water (18 MΩ/ cm) and 5
% of Micro 90 basic soap at a temperature of ∼ 40 Celsius for 1 hour. After being rinsed with
ultrapure water the frames were again washed in ultrasonic bath with a ultrapure water and 5 %
of Elma 60 Acid soap at a temperature of ∼ 60 Celsius for 1/2 hour. Then the copper was rinsed
with ultrapure water and finally passivated with a solution of 10% citric acid at 60 Celsius for 1
hour. At the end the pieces were cleaned and dried with alcohol and clean room papers.

Etching

The second step removes a layer of Cu from surface to eliminate the contaminations implanted
inside during the machining. This is done by etching the copper pieces in a solution of 0.5
Molar Ultrapure nitric acid in ultrasonic bath at 40 Celsius for 1/2 hour. The frames then were
rinsed with ultrapure water and passivated again in a solution of 10% citric acid at 60 Celsius
for 1 hour. Finally, all the copper was rinsed with ultrapure water and dried with nitrogen. The
mean etched surface of copper after this second step was ∼ 5 µm, extrapolated from the weight
difference and the surface area.

Electroerosion

The final step, copper electroerosion completed the removal of material from the surface (elim-
inate implanted contaminants) and, at the same time, applied the final passivation to the frames.
The advantage of this technique is that, using the appropriate electrolyte, this method is very
simple and can be completely controlled. The possible disadvantage is the surface roughness
obtained after the treatment, much more than in CUORICINO final frames. This can increase
the capability of the surface, even if passivated, to collect dirty material after the treatment and
partially destroy the result of the cleaning effort. To minimize this effect we kept the frame
always in clean boxes and in nitrogen atmosphere, handling everything with the proper clean
gloves.

The electrerosion setup (Fig. 8.3) is constituted by two electrodes immersed in an elec-
trolytic solution. One of the electrodes is the copper frame itself while the other is shaped in a
way that guarantees the best facing and uniformity in the attach. These two were immersed into
an electrolytic solution of citric acid (10%) in ultrapure water. Considering the weight before
and after for each piece, together with active surface faced to the cathode mask, the amount of
removed material was evaluated as reported in Tab. 8.4.
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Figure 8.3: The electrerosion setup: the catod and the anod are connected to a current supplier
that provides a current of ∼ 1 Amp/50 cm2. In the picture the test setup with a rectangular
sample of copper to be cleaned.

∆Lelectro

[µm]
Frames (4) 25
Lateral bars (2) 30
Lateral covers (2) 15
Top and Bottom cover 30

Table 8.4: Material removed via electroerosion for the different copper pieces: average on the
number of pieces of the type (reported in parenthesis). Deviations from the average are less than
2 µm.

After the electroerosion each piece was rinsed with ultrapure water an passivated again in a
citric acid solution with O2 bubbling. Then the pieces were rinsed again with water, dried only
with nitrogen and enclosed in plastic bags filled with nitrogen.

8.4 Analysis and result

The final tower of 8 detectors was cooled down inside the hall C experimental facility in late
August of 2004. The data is divided into 4 runs that differ one from another by minor changes
in the stabilization system. One channel (crystal B19) and one heater (on crystal B22) were lost
during the cooling down of the cryostat (contact or wire broke due to the thermal contractions).
An external 10 cm lead shield was added between Run I and Run II. Each run consists in
a set of data with a calibration to linearize the spectrum. The heaters power was tuned to
stay in the range between 1700 and 2100 keV and not in the usual 6 MeV region to prevent
degraded heater pulses to appear in the 3-4 MeV region and distort measure results. The detector
without heater (B22) was stabilized on 2615 keV gamma line in Run I and on the 5.3 meV
alpha line in the following runs in which the gamma events are suppressed by the additional
lead shielding. The total measurement time (background data taking) was about 1125 h (about
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238U 232Th 40K Technique
[10−9 g/g] [10−9 g/g] [10−9 g/g]

Elma 60 430 0.8 — ICPMS
Micro 90 4.9 4.4 — ICPMS
Rodastel soap (CUORICINO) 5.6 0.4 — ICPMS
GP17-40 SUP soap (CUORICINO) 208 7.1 — ICPMS
Citric Acid (pure) <0.024 <0.14 <0.1 HPGE
Citric Acid (10% solution) <0.0005 <0.002 — ICPMS
Demineralized H2O <0.0005 <0.002 — ICPMS

Table 8.5: Radioactive contamination of different Surface Cleaning materials for copper, com-
pared with CUORICINO values.

47 days) acquired during 3.5 months. In the final analysis the detector B22 (the one without
heater) was excluded because of some linearization problem. The total statistics is [0.13 y]·[6
(number of channels)]·[0.78 kg (weight of each detector)] = 0.6 kg·y.

8.4.1 Background analysis

The analysis of the data is done mainly comparing the sum spectrum of the 6 channels of the
Rad1 array with the CUORICINO data. To have a better comparison for the background coming
from copper we decided not to use all the CUORICINO data but only those coming from the
top and bottom planes (Btb spectra). In fact most of the CUORICINO 4 detector modules are
located between two other modules while the Rad1 modules have one of the two horizontal
faces faced to the external copper cover. The same situation is present in the CUORICINO
top and bottom modules. For this reason the comparison is with the summed top and bottom
spectrum is the most relevant.

The different contamination contributions in the different energy regions can be summarized
as follows [158].

• Gamma region: the comparison is not very significant due to the different shielding of
CUORICINO with respect to the hall C. The addition of the Lead shield gives a reduction
by a factor of about 1.5 in the whole spectrum rate. In the hall C spectrum the heater
peaks are visible in the energy region between 1.7 and 2.1 MeV (see Fig. 8.5).

• DBD0n region: in the hall C the rate in this region is higher. This is in agreement with
the higher intensity of the 2615 keV peak> 3.8±0.4 10-2 counts/h in respect to 0.71±0.03
10-2 counts/h of CUORICINO (about a factor of 5 higher in hall C). The 2.6 MeV peak
is reduced in the hall C by a factor 1.5 after increasing the lead shield.

• Region 2700-3200 (continuum): the rates measured in hall C are compatible with those
of CUORICINO.

• Region 3400-4000 (continuum): reduction by a factor of about 1.8±0.3 with respect to
the Btb CUORICINO spectrum.
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Figure 8.4: The Rad1 detector connected to the hall C cryostat (right). On the left the 8 detectors
at two different stages of the assembly.

• Region 4000-4350: (containing the peaks of 232Th and 238U) reduction of the counting
rate by a factor of about 2.0±0.3 with respect to the Btb CUORICINO spectrum (see Fig.
8.6). In the hall C spectrum it is clearly visible the 232Th peak at the transition energy
(4104 keV). This corresponds to a decay occurring in the crystals. In addition the peak has
a gaussian shape indicating a bulk contamination. In the same region in the CUORICINO
spectrum a structure that can be ascribed 238U is visible. The non-gaussian shape and the
existence of coincidences in nearby crystals give indications of surface 238U contamina-
tions of the crystals. For the hall C sum spectrum the approximated values are: 0.003 ±
0.001 counts/h for the line ∼4104 keV and < 0.004 counts/h for the 238U “structure”. For
CUORICINO Btb the values are: 0.0018 ± 0.0007 counts/h for the line ∼4110 keV and
0.017±0.005 counts/h for the 238U “structure”. The U surface contamination seems to be
reduced by a factor of about 4 with respect to CUORICINO.

• Region 4350-4600 (continuum): the rates measured in the hall C are compatible with
those measured in CUORICINO.

• Region 4600-4950(containing the peaks of 234U, 230Th and 226Ra of the 238U chain):
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Figure 8.5: Comparison between CUORICINO and Rad1 spectra in the region between 500
keV and 3 MeV.

Figure 8.6: Comparison between CUORICINO and Rad1 spectra in the region between 3 and 5
MeV.

in the hall C spectrum only a gaussian peak at 4774 keV is visible (bulk 230Th?). In
CUORICINO is visible a structure that could be ascribed to the sum of a bulk 230Th
and a surface 238U contamination. The integral is reduced by a factor of 3.8±0.5. The
hall C measurements seem to give indications of crystal bulk contamination in Th out
of secular equilibrium. Only the long living Th isotopes from both chains seem to have
survived. Added to this internal contamination a U surface contamination (clearly evident
in CUORICINO) in secular equilibrium is present. In hall C it is only possible to evaluate
upper limits for this contamination. Nevertheless a reduction by a factor of about 4 with
respect to CUORICINO can be evaluated.

• Region 4950-5200 (without peaks). In this region no peak is present. A tail of the 5.3
MeV Po peak is instead a possible source for the background in this region. A reduction
factor of about 3.3±0.6 is observed. This reduction can not be ascribed to a reduction of
the 5.3 MeV peak, since in hall C the peak is higher than in CUORICINO.

• 5.3 MeV peak: its intensity (see Fig. 8.7) is higher in the hall C measurement (by a factor
of about 2). In the coincidence spectra (Fig. fig:R1Q5-6coinc:RedRad), both for hall C
and CUORICINO, the 5.3 MeV peak is visible, this indicating that at least part of the
contamination responsible for it must be on the crystal surface.
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Figure 8.7: Comparison between CUORICINO and Rad1 spectra in the region between 5 and 7
MeV.

Figure 8.8: Comparison between CUORICINO and Rad1 multiplicity 2 events spectra in the
region between 5 and 6 MeV.

• 5.4 MeV peak: its intensity is higher in CUORICINO where, in addition, it is seen to
decrease with time (the CUORICINO spectrum regard a period of about 6 months). A
global reduction by a factor of about 4.0±0.6 is found. The observed reduction in the
region above the Po peak and the disappearance of the structures that were present in
CUORICINO are again indications of a reduction of the crystal surface contamination
(also in this region we have a reduction by factor 4).

Finally in order to evaluate possible contributions to the 3-4 MeV energy region due to the
sources responsible of the 5.3 MeV peak the integral in the 3-4 MeV region has been plotted
versus the intensity of the 5.3 MeV peak both for hall C detectors and for CUORICINO. As it
is clear from Fig 8.9 no correlation seems to exist between the two energy regions. The same
analysis done for the 238U peaks (surface contaminations of the crystals) both for CUORICINO
and hall C detectors yielded identical results validating the hypothesis that a minor contribution
came in the DBD region from the surface contamination of the crystals.

8.4.2 Conclusions

The comparison with CUORICINO shows a reduction of the surface contamination of the crys-
tals by a factor of ∼ 4. This result is very important since this reduction is one of the CUORE
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Figure 8.9: Integral in the 3-4 MeV region plotted versus the intensity of the 5.3 MeV Po peak
and of the 238U peaks for CUORICINO and Rad1.

milestones.
Moreover a bulk contamination of the crystals in long living Th isotopes from both chains

is observed. This contamination was not easy to be identified and up to now the 4 MeV line was
always interpreted as an indication of Th surface contamination of the crystals.

The higher intensity of the 5.3 MeV peak in hall C with respect to CUORICINO is an indica-
tion of a higher contamination in 210Pb (it could also be a Po contamination but we should have
had a longer measuring time to see if the rate is decreasing in time). Part of the contamination is
on the crystal surface. In fact a fraction of the 5.3 MeV events had low energy coincidences in
facing crystals. In order to reproduce the Po peak, with a low energy tail, a surface contamina-
tion of an inert material facing the crystals is needed. The continuum background in the region
between 3 and 4 MeV does not seem to be changed with respect to CUORICINO. This is a
further proof of the fact that the crystal surface contaminations do not give high contributions
to the continuum in this region (confirming the estimate of 20 ± 10 %). Candidate sources for
this background are the surface contaminations in U and Th (with all the possible chain breaks)
of the inert materials facing the crystals.

The worst results obtained in this run regards the, so called, copper contaminations. In
fact the integral in the 3-4 MeV region is compatible with the CUORICINO background. This
is a strange result if the origin of the background is really the copper surface contaminations.
The copper was treated with materials as clean as the ones used for crystals (in some cases
exactly the same materials). It is difficult thus to explain why this cleaning procedure should
have worked for the crystals and not for the copper. Moreover it is a strange coincidence that
completely different treatments (CUORICINO and Rad1) give the same results.

These results opened the way to hypothesis about the origins of the background different
from that coming from copper surfaces.

8.5 The Rad2 setup

Starting from the results of the Rad1 test, a second measurement was performed to search for
possible sources of background different from the copper inside the detector.

The idea of the measurement was to exclude all the other small parts of the detector as
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possible background sources. Apart copper the other materials faced to the absorber are the
thermistors, heaters, gold wires (that connect the chips with the output copper pins) and the
PTFE supports (see Fig. 3.4). All these materials were tested in the last 15 years with HPGE
and selected for their very low bulk contamination.

The thermistors can be rejected as a background source, since radioactive contaminations
coming from the surface must release at least part of their energy inside the thermistor. This
energy release will generate a very fast pulse signal on the thermistor. The heat is released
directly on the thermistor without the mediation of the glue spots’ conductance. This will lead to
shorter rise time (almost negligible). On the other hand the heat is dissipated immediately via the
gold wires without passing trough the PTFE supports. This should lead to shorter decay times.
Since the background events in the 0νDBD region are identical with all the events elsewhere
the hypothesis of thermistor events was rejected.

To reject the other components a test was prepared in the following way. The idea is to
face a square (5 cm2) of material to be tested to a crystal of known background. To do this the
Rad1 tower was used. After the experimental test this tower was disconnected from the cryostat
and stored, without dismounting anything, under nitrogen atmosphere. For Rad2, 6 dedicated
squares of different materials were fixed to the top and bottom frames. In Fig. 8.10 the tower
of the Rad2 test and the samples are visible. PTFE pieces were faced to 4 detectors while the
heaters and wires to 2 crystals each, respectively.

Figure 8.10: The Rad2 tower (left); the PTFE sample is visible on the top, faced to the crystals.
On the right the samples of gold wires and heaters are visible; the chess effect of the heater is
due to the fact that they are arranged both front and back.

In Tab. 8.6 the amount of material of each sample is compared with the amount of the same
material present inside the CUORICINO tower.

8.5.1 Analysis and Result

The results of the Rad2 measurement were very clear. In fact the contribution of these samples
to the CUORICINO background was completely excluded.
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Volume (mm3) Surface (cm2)
CUORICINO 1544 5

PTFE Rad2 7890 30.25
Ratio (R/C) 5.11 6.05

length (cm)
CUORICINO 8

Wires Rad2 638
Ratio (R/C) 79.75

number
CUORICINO 1

Heaters Rad2 169
Ratio (R/C) 169

Table 8.6: Comparison of the amount of material per detector between the Rad2 setup and
CUORICINO. Note that while in CUORICINO each detector is exposed to all the samples in
Rad2 each detector sees only one sample.

The tower was cooled down in April 2005. During the cooling process the electrical contact
of one of the 4 detectors faced to PTFE was lost. The total collected statistics was about 540
hours. This means 1080.02 h·detector for heaters and the wires (2 detectors each) and 1620
h·detector for PTFE (3 detectors).

In Tab. the results are reported with the comparison between Rad2, CUORICINO and Rad1.
The results showed that the contributions of the heaters and wires are completely negligible. The
PTFE contribution is still compatible with being at maximum the source of 15% of the CUORI-
CINO background (see Tab. 8.7). In Tab. the new limits for bulk and surface contaminations
for these samples are reported.

8.6 Conclusions and Prospects

The results of Rad2 maintain open the problem of background reduction. We considered two
different strategies for the future tests and R&D activities.

The first was based on the believe that the sources of the contaminations are really degraded
alpha particles. This means that the main background source is the copper and that during the
cleaning procedure a failure must had happened. The definitive test we suggested to understand
this problem is to cover all the surface of copper facing the crystals with a special radio-clean
plastic layer to stop alpha particles eventually escaping from copper. The main advantage of
this plastic foil is that, since is very thin, the bulk contamination and the surface contamination
are the same. This allows a measurement with HPGE which is in the same time a measurement
of bulk and surface contamination. Once selected a clean foil (that came out to be a commercial
plastic foil for alimentary applications) all the copper holder will be covered and then measured
(the so called Rad3 test). In Fig. 8.12 (left) the detector during the assembling phase is pre-
sented. The plastic foil is clearly visible on the internal surface of the copper covers and on the
frames.
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mass = 0.79 Time [h] 2700-3200 Err. 3200-3400 Err. 3400-4000 Err.
PTFE 1620 0.28 0.07 0.46 0.13 0.21 0.05
Ratio (Rad1) 1.46 0.39 0.94 0.30 1.63 0.47
Heaters 1080 0.12 0.05 0.35 0.14 0.12 0.05
Ratio (Rad1) 0.61 0.28 0.71 0.30 0.92 0.40
Wires 1080 0.14 0.06 0.75 0.21 0.14 0.05
Ratio (Rad1) 0.73 0.31 1.53 0.47 1.07 0.44
Rad1 0.19 0.03 0.49 0.06 0.126 0.019

4000-4350 Err. 4350-4600 Err. 4600-4950 Err. 4950-5200 Err.
0.35 0.09 0.25 0.09 0.24 0.07 0.46 0.12
1.32 0.37 1.44 0.58 0.73 0.24 1.68 0.51
0.10 0.06 0.23 0.10 0.23 0.09 0.19 0.09
0.37 0.22 1.36 0.66 0.70 0.28 0.67 0.35
0.27 0.09 0.09 0.07 0.33 0.11 0.56 0.16
0.99 0.37 0.54 0.40 0.99 0.34 2.02 0.66
0.27 0.04 0.17 0.03 0.33 0.04 0.28 0.04

5200-5350 Err. 5350-5450 Err. 5450-6500 Err. 6500-10000 Err.
4.70 0.53 2.32 0.39 0.13 0.03 0.03 0.01
0.54 0.06 0.75 0.14 0.94 0.25 1.53 0.47
5.62 0.71 2.32 0.47 0.21 0.05 0.03 0.01
0.65 0.08 0.75 0.16 1.58 0.40 1.31 0.51
9.19 0.91 3.38 0.57 0.08 0.03 0.02 0.01
1.06 0.11 1.09 0.20 0.58 0.23 0.82 0.39
8.7 0.3 3.1 0.2 0.13 0.01 0.020 0.003

Table 8.7: Background measured in Rad2 (in counts/keV/kg/y) per energy interval (in keV)
compared with the Rad1 results in the same energy intervals.

PTFE 232Th 238U
bulk g/g 6.30·10−10 3.80·10−10

surface λ = 1µm Bq/cm2 3.20·10−8 1.30·10−7

surface λ = 5µm Bq/cm2 5.90·10−8 1.40·10−7

Si heaters 232Th 238U
bulk g/g 2.80·10−8 1.30·10−8

surface λ = 1µm Bq/cm2 1.60·10−6 8.20·10−7

surface λ = 5µm Bq/cm2 3.30·10−6 7.50·10−7

Gold wires 232Th 238U
bulk g/g 3.10·10−7 1.20·10−6

Table 8.8: Contamination values measured for the different materials.
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Figure 8.11: Final spectra from the Rad2 measurement. In purple PTFE, in red the heaters and
in green the wires.

Figure 8.12: Assembling of the Rad3 tower with transparent plastic foil covering the copper
(left). The CRESST experiment solution to substitute PTFE with copper-beryllium clamps
(right).

A second solution is, on the other hand, based on the hypothesis that the copper was cor-
rectly cleaned and that the source of background are not degraded alpha particles but more exotic
effects. One suggestion is that these background pulses can be originated from thermal release
coming from the PTFE supports. This phenomenon can arise from mechanical adjustments of
the PTFE (already observed in other bolometric detectors at lower energy [159]. Another possi-
bility is that these energy releases are originated from radioactive decays inside the PTFE very
near their surface. To exclude this “exotic” possibility a new test has been projected (Rad4) us-
ing copper-beryllium supports instead of the usual PTFE, as already suggested by the CRESST
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collaboration for their detectors (see Fig. 8.12 right).

8.6.1 A possible contribution: the Liquid Bolometer approach

Finally I want to present a possible personal contribution to the study of background contamina-
tions that I started to develop during the last months of this PhD work. This is just a preliminary
R&D activity but the prospects can be quite interesting.

The idea is very simple and consists in using as the absorber a compound that is liquid at
room temperature. A small “glass” is filled with the solution and a heater and a thermistor are
suspended inside the solution. While cooling down the solution freezes trapping the thermis-
tor and the heater inside. At low temperature this detector should work as a bolometer. The
absorber will be an amorphous material and not a mono-crystal and this will, for sure, worsen
the behavior of the detector due to dispersion on impurity sites and crystallin lattice irregularity.
Nevertheless, several amorphous materials have been tested obtaining promising results (i.e.
lead).

The important feature of this technique is the possibility of testing many different com-
pounds or solutions that do not have available crystallin structures. The application that was
at the origin of this development was the test of measuring the surface contaminations in cop-
per. By etching a copper frame we remove the surface contaminations that in the end form a
compound with the acid (CuNO3). Measuring this solution (with the contaminations inside the
absorber but not on the surface) will allow us to get a precise test of the contaminations by
observing the corresponding lines in the spectrum.

Up to now two tests had been performed. The first one, with a PTFE glass and 2 g of CuNO3,
failed (no evidence of pulses was seen in the thermistor circuit). The second measurement (still
going on) is performed with a tin glass and the same solution. In this measurement some
evidence of pulses was observed but at the moment a complete spectrum is not yet available to
understand the performance of the detector.

If the results will be confirmed a wide choice of applications will be possible using this
technique.

Figure 8.13: First prototype of the Liquid Bolometer: the PTFE glass with CuNH3.



Chapter 9

Improving detector behavior: the new
design

As widely reported in the previous Chapters, CUORICINO demonstrated the feasibility of a
large mass experiment such as CUORE. The CUORE detector setup consists of an array of 19
towers with a structure identical to the CUORICINO one. Nevertheless big developments can
be achieved by only slightly changing the detector setup.

In this chapter I will present the development, project and test of a new design for the
CUORE detector. In the first part of the chapter the motivations and guidelines that I have
followed are reported. The possible contribution to CUORE sensitivity and behavior are high-
lighted.

In the second part the experimental test and results are presented.

9.1 Motivations

The first indication of the possibility of obtaining good improvements on the detector’s behavior
with small changes in the experimental setup came from CUORICINO. The final design of the
PTFE supports of the TeO2 crystal, presented in section 3.4.2, was introduced just before the
assembly of CUORICINO after a systematic study of the thermal contractions of the different
components of the detector (copper, TeO2 , PTFE, etc...). This new design produced important
improvements. The most important of them was the suppression of the, so called, “very noisy
detectors”. These detector behavior, observed for the first time in MiDBD, showed after a few
thermal cycles (cooling down and warming up of the tower) big baseline fluctuations (i.e. vibra-
tional power dissipation), often higher than the particle signals. Obviously these detectors were
useless for the measurement. This phenomenon was associated with the thermal contraction of
the PTFE supports that left the crystal free to vibrate. In CUORICINO this behavior almost
disappeared.

In the case of CUORE, the setup modifications can be summarized in two different task: the
improvement of sensitivity and the improvement of detector behavior.
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9.1.1 Improving sensitivity

As mentioned in Chapter 8 the reduction of the copper surface contamination is considered a
primary task in the Contamination Reduction Program part of the CUORE project. One straight-
forward method of reduction can be the reduction of the amount of copper facing the detectors.
This reduction will lead to: the increase of the visibility between active surfaces and the reduc-
tion of the copper surface and consequently the reduction of the amount of contaminant coming
from copper surface, respectively.

Improving visibility

One of the significant gain passing from CUORICINO to CUORE is the granularity of the
detector. In CUORE most of the detectors are surrounded in any direction by other detectors.
This characteristic offers a natural tool to reject radiation passing trough different detectors,
like high-energy muons or multi-interacting gamma rays. Granularity is at the same time an
important tool to reject surface alpha contaminations by observing a signal in coincidence on
two facing detectors. This technique has been already successfully tested in CUORICINO, even
though the geometrical coverage of the solid angle seen by each detector is not so favorable. In
CUORE the most important limitation in degraded alpha particles rejection will be due to the
copper structure of the holder that partially shields one detector from the others. Reducing the
dimensions of this copper structure will proportionally improve the efficiency of a multi-alpha
events rejection.

Reducing Contamination

Since the copper surface is presently believed to be the most important source of background
(see Chapter 8), a reduction of this surface implies a reduction of the background.

9.1.2 Improving Detector Behavior

The improvement of the detector behavior can be split in two branches: the necessity of having
more uniform resolutions on different detectors and the challenge to improve the reproducibility
of the response on different detectors (time evolution of the pulse, pulse hight, etc.), respectively.

Resolution

The presence of different resolutions on different detectors generates problems in analyzing
summed spectra, especially in fitting summed peaks. Due to the statistical effects, the shape
of a radioactive peak (alpha or gamma) is gaussian and the FWHM of the peak is the reso-
lution of the detector. When one sums the spectra of different detectors, the shapes of the
summed radioactivity peaks are not anymore gaussian but they are a sum of gaussian distribu-
tions with different FWHM corresponding to the resolution of each of the summed detectors.
In the CUORICINO experiment the distribution of resolutions on the different detectors even
if small is not negligible (see Fig. 4.2). The average value on the 5×5×5 cm3 detectors is
7.5 ± 2.8 keV . This means that the resolution on different detectors can differ by ∼ ±30%.
Summing a small number of channels this problem can be fixed by using a “summed gaussians”
fitting function. Increasing the number of channels both the summing operation and the fitting
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are becoming more difficult and can generate broadening of the peak and thus worsening the
resolution.

Detector Response

The irreproducibility of the response of the different detectors is a well known problem in mac-
robolometers, observed both in MiDBD and CUORICINO. A more reproducible response from
different detectors will allow the use of automatic analysis tools to deal with a big number of
channels.

The observed reduction of thermophononic noise in CUORICINO, thanks to the introduc-
tion of PTFE supports, showed that the detector’s structure can contribute to the energy resolu-
tion.

Figure 9.1: The new design of the PTFE supports to be fixed to the copper columns (left). First
prototype of the new holder (right) with a dummy crystal, made of copper, to test mechanical
properties. The holes in the dummy were made to reach the same weight as a TeO2 crystal.

9.2 A New Design For the Single Module

I started to project the new crystal holder in 2003 after the start up of the second CUORICINO
run. The starting point was the observation that the new PTFE supports introduced in CUORI-
CINO reduced significantly the sensitivity to noise of the detectors but did not improve at all the
reproducibility of the detector behavior (pulse evolution in time). This irreproducibility usually
affects the thermal conductance and capacitance. These affect the thermal structure of the de-
tector as presented in sec. 2.2. As an example the irreproducibility of the thermal conductance
between the copper and the crystal, i.e. mainly the thermal interfaces between copper and PTFE
and between PTFE and the crystal is always present. As can be seen from the picture 3.4 the
PTFE supports in CUORICINO are often deformed due to their thickness and to the spread in
dimensions of the TeO2 crystals. In CUORICINO the dimensions of the 5×5×5 cm3 crystals
can differ from the average with almost 1 mm (maintaining the cubic shape). This deformation
produces big variation in the conductance between PTFE and crystal. In fact the conductance
at low temperature is proportional to the contact area and to the pressure applied on that area
(Kapitza conductance [119]). It is obvious that PTFE deformations can change the PTFE-crystal



128 Improving detector behavior: the new design

contact area from one detector to another. To solve this problem I designed new pieces much
stronger for which the deformation should be much less (see Fig. 9.1).

9.2.1 Reducing the Amount of Copper

At the same time, since the big effort deposed for background reduction as described in Chapter
8 was in the run, I designed the new holder trying to contribute also to this effort. The first
improvement I introduced was the elimination of the copper screws. This components that
are present in big quantities in CUORICINO (16 screws for each four-detectors module) need
a complicated and dedicated machining. Moreover, the design of the screw is intrinsically
complex with many corners and thus the clean procedure of the screws is not so easy and can
fail. To prevent this the first step was to eliminate all the screws faced to the detector, fixing
the PTFE supports directly on the copper columns of the holder. In Fig. 9.1 a picture of the
first prototype I prepared is shown: a dummy crystal made of copper was prepared, of the same
weight like the usual TeO2 crystals.

9.2.2 An Easy Assembly

The final input for the new design came from the experience in assembling CUORICINO. This
activity, that was performed in the second half of 2002 took more than 5 months to build and
assemble the entire detector. For the 19 towers of CUORE this time per tower must be strongly
reduced.

To simplify the assembly procedure one important task is that the dimensions of all the
different pieces must be fixed and controlled. This is not an easy goal, due to the fact that
both the copper and PTFE are soft materials. Specially PTFE suffers deformation both during
the machining and during the assembly and its dimension are very difficult to control with a
precision better than 1-2 tens of mm. Big improvements have been achieved in the past years in
dimension control and for CUORE further gains will be obtained. The final production of the
copper will be done via electroerosion with a precision on the dimensions of 0.5 tens of mm,
while the PTFE will be produced with special blank modules that guarantee the same precision
avoiding any mechanical machining.

9.3 First Test: the 6 × 6 × 6 cm3 Detectors

Since I was directly involved in the test of the large mass bolometers described in Chapter 7, the
collaboration decided to test the new holder design for these detectors. The goal of this measure-
ment was to test the resolution and sensitivity to noise of the detector and the reproducibility
of the signal obtained with two detectors. This was not a radioactivity test and no particular
care was devoted to background suppression. Thus no information could be gained about the
contribution of screws suppression. The details of the apparatus and of the experimental setup
are reported in sec. 7.2.

As mentioned in sec. 7.3 the results were encouraging from the point of view of the detector
resolution (sensitivity to noise and baseline stability). The resolution on the two detectors for the
208Tl gamma line was 3.6 and 4.2 keV, respectively (CUORICINO average 7.5 keV). Of course
the number of detectors tested is not statistically significant, but it is an encouraging indication.
Nevertheless a few problems related to the new holder came out, that needed a solution.
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The biggest one was the breaking of some of the corners of the two crystals during the
first cool down. This was probably due to the fact that the new PTFE supports deformed much
less than the previous ones and tensioned very strong on the crystals. Unfortunately this was
the first time that we used 6 × 6 × 6 cm3 and thus we do not know if the problem can be
partially addressed to some intrinsic fragility of the big crystals. In the second cool down the
problem was partially fixed by changing the orientation of the crystals. In fact the TeO2 crystals
were always mounted inside the holder with the top face perpendicular to the <001> axis. In
this way, the force applied by the PTFE supports, when they undergo thermal contractions, is
parallel to the <001> axis. The force is thus parallel to the breaking crystalline planes and the
possibility of cracking the crystal increases. After the second cool down no further cracks were
observed. This behavior is encouraging even though not definitive because the crystals were
already broken.

Another negative answer came from the irreproducibility in the pulse shape and time evo-
lution of the signals. The most interesting result, even if negative, was the big difference in the
behavior of the two thermistors on the same crystals (see Tab. 7.1). Each couple of thermistors
saw the same set of thermal capacitances and conductances apart their own connections with
the crystal (glue) and with the heat sink (gold wires). This was an indication that the major
uncertainties in the detector behavior are related to the thermal system of the thermistor. This
indication is confirmed by the observation (statistically more significant) made in CUORICINO
that the resistance at base temperature of different thermistors can be quite different (up to an
order of magnitude), even if the intrinsic characteristics of the thermistors (ρ0 and T0) where
measured to be very reproducible. This was usually addressed to the irreproducibility of the cou-
plings crystal-thermistors (via glue spots) and thermistor-heat sink (via gold wires). Moreover
the possibility that mechanical stress can change the behavior of the NTDs is also considered.

After collecting all the possible information from the results of this test I started the second
phase of the project designing the four-detector module.

9.4 Four-Detector Module Design

The four detector module was designed following the additional goal, described in sec. 8.1, of
reducing the copper amount and improving the visibility of different detectors.

The first problem was to scale the structure of the single module to a four-detector module.
There are in fact just 4 columns for each module and I did not want to reintroduce screws. This
problem was solved by introducing copper teeth on which the PTFE supports are fixed (see Fig.
9.2). An important additional task of this design is that the four crystal of a module must have
the same vertical width. In fact the PTFE pieces are designed, as in CUORICINO, in a way that
to support more than one crystal but they deformed much less than in the CUORICINO case
and so they do not adapt to the different dimensions of the crystals.

This last request on the dimensions of the crystal materialize in a much more easier way of
assembling. In the new design there is no need to compensate the different dimension of the 4
crystals tuning the screws and the position of PTFE.

The second important development of the holder is the reduction of the amount of copper
present in the holder. This work was done in two steps: first reducing the copper of the four
detectors module, and second reducing the big amount of copper used to connect together the
different modules. The first contribution was to remove one of the arms of the cross of the base



130 Improving detector behavior: the new design

and top frame of each module.

Figure 9.2: The new design 4 detector module design.

9.4.1 From a Module to a Supermodule

The biggest change in the final design is the elimination of the lateral copper bars that held the
four detectors modules in the tower. To do this I decided to connect the different modules via
the copper columns. Each column has a threaded hole on the top and ends with a screw. In this
way the columns of one module are screwed directly on the columns of the module immediately
below. This allows a second important improvement that is the removal of the top frame of each
module. In the new design the top frame of one module coincides with the bottom frame of the
module above.

Following these ideas I designed for CUORE a new “supermodule”, that is the entire tower
(see Fig. 9.3). Thanks to the new compact design there is not anymore a separation between
the different 4–detector modules inside the tower because they are all connected together. The
supermodule must be assembled in sequence starting from the bottom to the top.

9.4.2 A Contribution to Background Reduction

The possible contribution to background reduction, in the case the main radioactive source is
the copper surfaces, comes from the reduction of the amount of this surface. In Tab. 9.1 the
calculated surface for CUORICINO and for the new holder are compared. The advantage of this
reduction technique is that the background is now independent from the level of the contami-
nations and from the cleaning procedure. In any case the new design provides a reduction of a
factor of about 2 of the copper surface and thus on the amount of contaminants. Nevertheless
in CUORE the contribution of the covers (in Tab. 9.1 normalized per detector) is not uniform
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Figure 9.3: The supermodule tower as it will be in the CUORE setup.

because of the arrangement of the detectors; in the external ones it is much higher and in the
internal it is almost zero.

Note that the contribution of the suppression of the copper external covers is not related to
the new design but it is an intrinsic task of the CUORE design.

9.5 Second Test: The CAW Tower

The second test will be a dedicated measurement projected to test the mechanical behavior of the
structure. The test is intended to show that the new holder has at least the same characteristics
as in CUORICINO with respect to resolution and baseline stability. If this will be confirmed
then the new holder can be adopted as the official CUORE holder and further developments on
different topics can be done using this new structure. This test took the name CAW tower (from
CUORE Assembling Working group, the R&D group that in charge of this development).

To make a reliable measurement it is necessary to reproduce at least the situation of the
detectors inside CUORE. To do this I prepared a setup of 3 four-detector floors, since the top
and bottom ones do not reproduce the situation of most of the floors in CUORE. In fact being
the tower a 13 floors modules, 11 floors will be internal, i.e. between two other floors, while
just 2 are in the top and bottom configuration, respectively.
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Frame Column Frame Other Total
surface surface surface frame Screws Total Covers +

(int) (upper) surface Covers
CUORICINO 40 12 44 48 4 148 68 216
CUORE 34 12 34 – – 80 17 97
Ratio 1.17 1 1.29 – – 1.85 4 2.23
Reduction 14.6% 0% 22.4% 100% 100% 45.9% 75% 55.1%

Table 9.1: Average copper surface that one detector can see in CUORICINO and in the new
CUORE design, calculated using a rough geometrical model of the frames.

9.5.1 Modification of the PTFE supports

In April 2005 a test was performed in the Seismic and Dynamic Laboratory of the Casaccia
Center of Ente Nazionale per l’Energia Atomica (ENEA). This test intended to be a part of an
ongoing program to study the sensitivity of the detector to vibrations and to develop the anti-
vibration damping system. The test was performed on a vibrating platform. A prototype of one
floor of the tower with 4 TeO2 crystal was fixed on the platform inside a special dewar with an
interspace filled with liquid nitrogen and a vacuum chamber for the prototype.

During this test some of the measurements were dedicated to study the breaking point of the
crystal as a function of the force applied by the PTFE supports at room temperature. For the test
new PTFE pieces were prepared with reduced vertical dimension. In fact detailed calculations
showed that vertical dimensions of 4 mm instead of 8 mm (used in the first test) are enough to
apply a force just below the breaking point of the crystal.

The 4 thermal cycles at 77 K (liquid nitrogen temperature) showed that the the best condition
for not to break the crystals is to have, at room temperature, the distance between upper and
lower PTFE supports exactly equal to the crystal dimension (no force applied).

This modification, together with the change of orientation of the crystals, seemed to com-
pletely fix the problem of breaking crystals.

9.5.2 Experimental Setup

The experimental setup was prepared with a 12 crystals arranged in 3 floors of 4 detectors each.
To reproduce at best the CUORE configuration I decided not to add copper covers screwed
directly on the crystals holder. These covers can increase the rigidity of the structure and change
the behavior of the detectors in terms, for example, of the sensitivity to noise. For this reason I
designed a copper vessel that is separated from the mini-tower and is connected only to the top
frame (see Fig. 9.5). The wires of the DAQ chain run on copper bars, also not mechanically
connected to the tower.

The 12 crystals used as absorbers in this test came from 3 different sets each of 4 crystals.
Eight crystals (with codes from B63 to B70) were just arrived at that time from the SICCAS
company, 4 of which lapped with a rough SiO2 powder and 4 just cut after production with no
additional treatment. The dimensions of these crystals are uniformo within 1 tenth of mm. The
other 4 crystals came from the CUORICINO spear detectors. Unfortunately these crystals were
in fact discarded from the CUORICINO set due to their dimensions. This set was thus quite not
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Figure 9.4: The CAW Tower during the assembling. In the lower floor the SSB detector are
visible.

uniform in dimension.
Inside the tower an independent test was done. On the lower floor of the tower, the four

detectors (see Fig.9.4) were prepared to be a test of Surface Sensitive Bolometers (SSB). These
detectors [160] consist in normal bolometers on the surface of which 6 thin slabs are glued.
Each of these slabs is a bolometer itself and is used to tag the alpha particles coming from
outside the detector. This project is developed as a possible alternative solution to suppress the
external background source. These slabs (in this case Si slices) do not affect the behavior of the
detectors when used as simple bolometers. For this test 4 old crystals were used,those with big
differences in dimensions.

The tower was successfully cooled down and operated between June and September 2005.

9.6 Results

The CAW tower constituted the second biggest TeO2 mass ever built and operated (equal to a
fourth of CUORICINO). The assembly of the detectors was very fast in what regards the me-
chanical connections. The positioning and fixing of the crystals in the holder was very easy
and did not required any particular assembling skill. Unfortunately there were still big prob-
lems when gluing the chips (thermistor and heater) on the detector. There were also several
irreproducibility and failures in making the electrical connection of the gold wires.

During the cooling down process a thermistor and three heaters were lost due to the breaking
of electrical connection at low temperatures. The main measurement consisted in a calibration
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Channel Crystal FWHM comments
1 *B3 - no heater - bad
2 *B33 7.1
3 B64 5.9 no heater
4 B65 4.8
5 B67 4.1
6 B70 6.2

13 *B21 6.8 tail on the left
15 B63 5.7 no heater
16 B66 6.0 tail on the left
17 B68 4.2
18 B69 5.7

Average 5.7±1.0
Average no SSB 5.5±0.9

Table 9.2: Resolution at the 2615 keV 208Tl gamma line.

with the usual CUORICINO 232Th sources, to obtain the resolution at the 2615 keV line (reso-
lution in the 0νDBD region).

The results, reported in Tab. 9.2 show an average resolution of 5.7±1.0 keV comparable
with the CUORICINO resolution 7.5±2.8 keV (see sec. 4.2). The very important result is not
the average resolution, that is by the way slightly better than CUORICINO one, but the deviation
from the average that is significantly better. The average resolution excluding the SSB detectors,
that were of different dimensions, 5.5±0.9 keV did not show significant improvements.

Almost no damage on the crystals with new teflon supports was observed. Only on crystal
B64 a broken piece of about 0.5 mm3 was found.

9.6.1 Prospects

The results obtained with the CAW tower were very encouraging, even though not definitive
due to the small number of crystals. Nevertheless the test demonstrated that the new design can
work being as good as the old CUORICINO providing at the same time improvements on the
resolution and on the easiness of the assembly. The CUORE collaboration gave a first positive
evaluation and is considering the possibility of accepting the new design as the official CUORE
design.

On the other hand there are still open questions and problems that need to be solved. Two
important topics will be involved in the next developments: the detector behavior and a new
design for the electrical connections.

Detector Behavior

As already pointed out, one of the major failures of the CAW Tower test was the fact that no
appreciable improvements appear in the time evolution of the pulses. Nevertheless, important
developments are still possible on the standardization of the other thermal conductances that
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Figure 9.5: The CAW Tower during the assembling on the cryostat (left) and with the external
covers (right).

connect different parts of the detector. Major gain is expected from the thermistor–crystal con-
nection (glue) and from the thermistor–heat sink connection (gold wires and copper pins).

Electrical Connections

From the point of view of the design the main developments needed are related to the DAQ
acquisition chain. The first problem concerns radioactivity. In fact while in CUORICINO all
the wires are outside the copper shields and thus their surface contaminations are suppressed, in
CUORE since the towers are faced one to the other the wires cannot be shielded by the copper
covers. Several solution have been proposed (mainly based on the idea of having small copper
or PTFE tubes shielding the wires) and must be tested.

The second problem concerns the easy assembling of the detector. The connection between
the gold wires of the thermistor and the external wires in CUORICINO were performed with a
very delicate procedure that must not be adopted in CUORE. The work on this topic is presently
in progress.
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Figure 9.6: Finally the new design of the CUORE setup.
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