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Introduction

Our knowledge of the neutrino properties has grown steadily and significantly in the
last ten years. The existence of the neutrino oscillations, discovered in 1998 by Super-
KamiokaNDE in the atmospheric neutrino spectrum and confirmed in 2001 by the SNO
experiment in the solar neutrino spectrum, proves that at least two out of three neu-
trino flavors have a non zero mass and that lepton number is not a good quantum
number. Nevertheless, while precision measurements of the oscillation parameters are
planned for the near future, there are still two important missing pieces in the neutrino
puzzle: the understanding of the nature of the mass term (Dirac or Majorana) and the
measurement of the absolute mass scale. In fact, neutrino oscillations are sensitive only
to the squared mass differences between neutrino flavors, yielding no information at all
concerning the absolute mass scale. Besides, the oscillation process does not depend
on the Majorana or Dirac nature of the mass terms.

Neutrinoless double beta decay has long been recognized as a useful avenue for the
study of electron neutrinos properties, and particularly for the measurement of the
absolute mass scale and for the determination of the nature of the electron neutrino
effective mass. In fact, the detection of such a very rare nuclear decay mode would set
a lower limit on the mass of the electron neutrino, as well as prove that the neutrino
is a Majorana particle. Moreover, characteristics of this mode such as lepton number
violation have repercussions that constitute evidence for physics beyond the Standard
Model, and impact cosmology as well.

The data obtained by the neutrino oscillation experiments put limits on possible
value of neutrino masses. There are three possible scenarios: the so called quasi degen-
erate scenario foresees three almost equal values of the neutrino masses below but not
much below 1 eV; the so called inverted hierarchy and the direct hierarchy scenarios
allow a much lighter electron neutrino mass, of the order of 10 meV and 1 meV respec-
tively. The quasi degenerate scenario is being investigated right now by the current
generation of double beta decay using different and complementary techniques with
various nuclei. A new generation of detectors is now rising up with the claim to look
inside the nverted hierarchy mass region. The bolometric detectors, which this thesis
is all about, are based on tellurium dioxide (TeOs) crystals and play a leading role in
this new generation of experiments.

This Ph.D. work has been performed in the framework of the CUORE (Cryogenic
Underground Observatory for Rare Events) experiment, a tellurium dioxide array of 988



2 Introduction

detectors with the aim to search the double beta decay. The expected sensitivity on the
neutrino mass is supposed to be better than 50 meV. A prototype of CUORE, CUORI-
CINO, is already running at the Gran Sasso National Laboratory of INFN (Istituto
Nazionale di Fisica Nucleare): the data it collected in the last five years demonstrated
the feasibility of CUOREsetting, at the same time, the best current upper limit for the
130-tellurium neutrinoless double beta decay half-life

During the past three years, two of which entirely spent at the Gran Sasso National
Laboratory, I have worked in the CUORE collaboration dealing with different aspects of
the experiment. My research activity was focused manly on two tasks: the R&D activ-
ity aimed at the reduction of the detector background, and the design and development
of the data acquisition system for the CUORE experiment.

The background reduction is the most important task in view of CUORE. Back-
ground is the only parameter that can be reduced by orders of magnitude thus allow-
ing a sizeable improvement of the experimental sensitivity. The CUORE background
reduction program foresees a reduction from the present CUORICINO level of 0.18
counts/keV /kg/years to about 0.01 counts/keV /kg/years. The performed tests during
my Ph.D work was devoted to a reduction of the surface radioactive contaminations
of the detector main components: the copper holders and the tellurium dioxide crys-
tals. These contaminations, due to the alpha particle contributions, are believed to be
at the origin of the flat continuous background in the neutrinoless double beta decay
region. The results of these tests showed a relevant reduction for the crystal surface
contribution. Unfortunately, only a smaller improvement was reached for the copper
surfaces. The last two tests regarded the background analysis but also the validation
of the final protocol for the CUORE crystals production and treatment. The aim of
these two final tests was to check ten crystals produced with a controlled procedure
completely processed in China.

The second part of my work was devoted to the development of the data acquisition
and control system of the experiment. In these years I continually cooperated with
the CUORE DAQ Working Group in order to design and test the best hardware con-
figuration and to develop the software necessary to operate it. A first prototype was
installed at the Gran Sasso Underground Laboratory and several tests were performed
exploiting the set-ups, quoted above, achieved for background measurements.

The thesis is composed of three parts: the first is a short theoretical overview on
the neutrino physics, the double beta decay and the bolometric techniques for double
beta decay detection. The second part reviews the experimental approach to study
the neutrinoless double beta decay by using sources of 130-Tellurium and bolometric
techniques for the detection. In this part I illustrate the next generation experiment
CUORE, the status of CUORICINO and the results about the CUORE background re-
ducing program which is the main activity of my Ph.D work. The third part deals
with the technical aspects of the experiments. In this last part I explain how the
CUORE electronics works, its interface with the data acquisition system, the data ac-
quisition system design status and its performances at the Hall C R&D facility.
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Chapter 1

The massive neutrino

1.1 Introduction

Neutrinos are spin-half, left-handed chirality, electrically neutral particles introduced
by W. E. Pauli in 1930 as a " desperate remedy” to the long standing problems related
to angular momentum and energy conservation in nuclear beta decay. After Pauli
suggestion, Enrico Fermi wrote the first theory of nuclear beta decay in 1934[1]. He
formulates a quantitative theory of weak particle interactions in which the neutrino
played a fundamental role.

In the same year, using Fermi’s theory, H. A. Bethe and R. E. Peierls calculated
the neutrino-nucleon scattering cross-section[2]. They obtained a value smaller than
10~* c¢m? and the scientific community concluded that there was no practical way
to detect these particles. In 1942 K. C. Wang first proposed to use beta-capture
to experimentally detect neutrinos[3]. In 1956 C. Cowan, F. Reines and co-workers
detected neutrinos for the first time and published the article ” Detection of the Free
Neutrino: a Confirmation” [4]. This result was rewarded with the 1995 Nobel Prize [5].
They placed three tanks with inorganic liquid scintillator (cadmium chloride, CdCly)
11 m far from the Savannah River reactor’s core, each of them equipped with 110
photomultiplier tubes. The neutrinos created in the nuclear reactor by beta decay
were detected by neutrino capture (7. +p — et +n). We now know that the observed
particles were antineutrinos.

In 1957 Lee and Yang[6] suggested that the neutrinos could be massless Dirac parti-
cles. This hypothesis was confirmed in 1958 by the experiment at Brookhaven National
Laboratory (BNL) performed by M. Goldhaber et al., that showed clearly how neu-
trinos were produced with negative helicity[7]. In the same year Bruno Pontecorvo
proposed the hypothesis that the existence of neutrino masses could allow for neutrino
— antineutrino transitions|8, 9].

In 1962 L. M. Lederman, M. Schwartz and J. Steinberger showed that more than
one type of neutrino exists by first detecting interactions of the muon neutrino[10],
which earned them the 1988 Nobel Prize. They installed a 10 tons spark chamber at
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the new Brookhaven Alternating Gradient Synchrotron and demonstrated the presence
of muon tracks (rather than electrons) produced by neutrinos emitted in pion decay.
Due to its different nature, this particle was labeled muon neutrino (v,), as opposed
to the electron neutrino (v.) emitted in [-decay.

When a third type of lepton, the tau (7), was discovered in 1975 at the Stanford
Linear Accelerator Center (SLAC) by M. L. Perl and co-workers[11], an associated
neutrino was also expected. The first evidence for this third neutrino type came from
the observation of missing energy and momentum in 7-decays. This led to the discovery
of the 7 neutrino. The first observation of tau neutrino interactions was announced in
summer of 2000 by the DONUT (Direct Observation of NU Tau) collaboration[12] at
the Fermi National Accelerator Laboratory (FNAL, Fermilab). It was the last missing
particle in the Standard Model and its existence had already been inferred both based on
theoretical consistency and from experimental data of the LEP collider (Large Electron-
Positron Collider at CERN).

In the late 1960’s the Homestake Fxperiment, headed by the astrophysicists R. Davis
Jr. and J. N. Bahcall, collected and counted neutrinos emitted in nuclear fusion reac-
tions taking place in the Sun (solar neutrino). Bahcall did the theoretical calculations
and Davis designed the experiment. The discrepancy between the expected number
of solar neutrinos and the detected one originated the Solar Neutrino Problem: only
one-third of the expected neutrinos was detected.

The Homestake Experiment (1968-1994) was followed by other experiments with
the same purpose, such as KamiokaNDE ( Kamioka Nucleon Decay Ezperiment, Mozumi
Mine, Japan), SAGE (Sovietic American Gallium Ezxperiment, Baksan Neutrino Obser-
vatory, Soviet Union), GALLEX/GNO (GALLium European EXperiment/Gallium Neu-
trino Observatory, Laboratori Nazionali del Gran Sasso, Italy) and Super-Kamiokande
(Super-K, also in Japan).

The experiments SAGE (1990-1994[13, 14]) and GALLEX/GNO (1991-1997[15, 16, 17]
and 1998-2002[18, 19]) confirmed the deficit in the measured solar neutrino flux. Super-
K (1983-1998) detected neutrinos from SN 1987A, a supernova which was observed in
the Large Magellanic Cloud in February 1987, and observed solar neutrinos in 1988.
In 1998 the experiment also showed a deficit in the atmospheric neutrino' flux. An
anomalous number of muon neutrino events compared to electron neutrino events was
measured: it was the first evidence for neutrino oscillations [20, 21, 22].

In 1985 S. Mikheyev and A. Smirnov[23| (expanding on 1978 work by L. Wolfenstein
[24]) noted that flavor oscillations can be modified when neutrinos propagate through
matter. This so-called MSW effect is important to understand neutrinos emitted by
the Sun, which traverse its dense atmosphere on their way to detectors on Earth.

The SNO (Sudbury Neutrino Observatory) experiment was the first detector able to
detect neutrino oscillations, solving the solar (and atmospheric) neutrino problem. The
results of the experiment, published in 2002[25], revealed the three neutrino flavors (v,

neutrinos produced in the collision of primary cosmic rays (typically protons) with nuclei in the

upper atmosphere
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v, and v,) can oscillate into each other. The precedent detectors were sensitive to only
one. In the 2003 the KamLAND experiment (Kamioka Liquid Scintillator Antineutrino
Detector, Kamioka Observatory, Japan) detected the disappearance of the electron
antineutrinos produced by nuclear reactors[26, 27].

In 2002 Raymond Davis Jr. and Masatoshi Koshiba were jointly awarded the Nobel
Prize in Physics. Ray Davis for his pioneer work on solar neutrinos and Koshiba for
the first real time observation of supernova neutrinos.

The discovery of neutrino oscillations implies a non-vanishing neutrino mass, and
this calls for a physics beyond the Standard Model. Neutrino oscillation experiments
can only measure the differences between the neutrino mass-values. The absolute scale
of neutrino masses can be obtained from direct mass measurements. The Troitsk[28, 29]
and Mainz[30] *H single (-decay experiments have placed upper limits of 2.2 eV on
the mass of the electron neutrino. KATRIN, a greatly enlarged *H decay experiment
in preparation, is designed to have a sensitivity of 0.2 eV[31]. In the case of Majorana
neutrinos?, a greater sensitivity is needed. To achieve this goal the next generation of
the neutrinoless double-beta decay will be able to test the (0.02 < 0.05) eV region.

1.2 Majorana and Dirac Neutrino

Majorana particles are identical to their own antiparticles whereas Dirac particles can
be distinguished from their antiparticles. As it is well known from the study of the
Dirac equation a spin-half massive fermion is described by a four-component wave
function (two Weyl spinor). Two spin state for the particle and two spin state for the
antiparticle, all encoded in the same wave function. In the case of Majorana character
(particle = antiparticle) the needed wave function could have only two components
(one Weyl spinor). However for many calculation purposes, it is convenient to use the
four-component form. For more details see [32, 33] and [34, 35].

The Lagragian mass terms describe transitions between right (R) and left (L)-
handed states. A Dirac mass term, which conserves lepton number, involves transition
between two different Weyl neutrinos, named v, and Ng, where the right-handed state
Np, is different from vg, the CPT partner of the v [36]. The form is:

— LDirac = MD[ﬁLNR + NRVL] = Mprrv with v =v;+ Npg (11)

The Dirac field has four component

2it is still possible that the neutrino and antineutrino are in fact the same particle, a hypothesis
first proposed by the italian physicist Ettore Majorana.
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v=| 'r (1.2)

where Ny is the CPT partner of Ng. This mass term allows a conserved lepton number
L = L,+Ly. For an ordinary Dirac neutrino the vy, is active whereas the Np, is sterile.

In the case of Majorana mass, which violates lepton number by two units (AL = 2),
is used a single right-handed antineutrino (Ng = v§,) rather than a two separate Weyl
neutrino. This it can be viewed as the creation or annihilation of two neutrinos, and,
if present, it can therefore lead to neutrinoless double beta decay (Ov3(3). The form of
a Majorana mass term is:

1 1 1
— 'CMajorana = §MM[ELI/IC_3 + E%VL] = §MM[DLCD€ + hC] = §MM§V (13)

where v = v, 4+ v, is a two-component state satisfying the self-charged-conjugated
condition v = v¢ = CPT, where the unitary matrix C' = 724" represents the charge
conjugation operator with the property Cv,C~! = —7)‘T.

It is also possible to consider mixed models in which both Majorana and Dirac mass
terms are present. In this case in the neutrino Lagrangian the Lorentz-invariant mass

term can appear in three forms[37]:

My r: triplet Majorana mass matrix (Higgs triplet)
Majorana =
My,s: Dirac mass matrix (Higgs doublet) (1.4)

Dirac = Mp: singlet Majorana mass matrix (Higgs singlet)

The Dirac mass term (with the mass parameter Mp) requires the existence of both
chirality eigenstates vr and v, and conserves the lepton quantum number. The Majo-
rana mass terms violate the lepton number and can be present even without vg (for
the term with mass parameter My, r) or v (for the term with mass parameter My, s).
Assuming that the states are respectively active and sterile, these terms transform as
weak triplets (M) and singlets (M s).

The most general Lorentz-invariant mass term of the neutrino Lagrangian has the
form:

3a sterile neutrino is a hypothetical neutrino that does not interact via any of the fundamental
interactions of the Standard Model.
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c T

Ir . —c
Ly = —§|:VLNL:|M < Ny > +h.c where M= ( My Mp

where vy, < v, and Nf < Np are two Weyl states and where M is the Dirac-Majorana
neutrino mass matriz. Rewriting the Lagrangian in terms of two new field x, and xg:

vy, + NE VR + N}C%
_ : =& 'R 1.6
XL NG XR /2 (1.6)
arranged in a doublet y = (i; ) one obtains:
— L = X7.0,X + XMx (1.7)

In general, the terms Mp, Mg and M, might coexist, and then the mass Lagrangian
must be diagonalized, resulting in two generally non-degenerate mass eigenvalues for
each flavor. Diagonalizing the mass matrix by a rotation in the two-dimensional space
of the vector y one obtains the usual free Lagrangian for two particles v, and vy, with
masses my and meo, respectively.

Considering the Seesaw mechanism|[36, 38] the Majorana mass is comparable to the
GUT scale (Mgyr ~ (10" =+ 10'%) GeV) whereas the Dirac mass is of order of the
electroweak scale. Under this hypothesis one has Mr >> Mp (electroweak symmetry
breaking)) and My ~ 0 (from phenomenological constraint). This model produces
two Majorana neutrinos, the former corresponds to the three known neutrino flavors
while the latter is a very heavy undiscovered neutrino not interacting. Their respective
masses are:

2

my ~ MD << Mp = light neutrino (left-handed)
R

my >~ Mg = heavy neutrino (right-handed)

Thus, there is one heavy neutrino and one neutrino much lighter than the typical Dirac
scale. Such model represent the popular and natural way of generating neutrino masses
much smaller than the other fermion masses. The Seesaw mechanism is used to explain
why the neutrino masses are so small.

1.3 Neutrino Oscillations

A phenomenological consequence of neutrino mass is the possibility of neutrino flavor
oscillations. This phenomenon was first predicted by Bruno Pontecorvo in 1957 [8,
9] while the possibility of arbitrary mixing between two massive neutrino states was
first introduced by Z. Maki, M. Nakagawa, S. Sakata in 1962[39]. If neutrinos have



10 The massive neutrino

masses the neutrino state produced by electroweak interactions is generally not a mass
eigenstate. The weak eigenstates v, with a = e, u, 7, produced in weak interactions
are, in general, linear combinations of the mass eigenstates v; with ¢ = 1,2, 3:

o) = > Uz (18)

where U represents the PMNS matriz (Pontecorvo-Maki-Nakagawa-Sakata matriz also
called MNS matriz, Neutrino Mizing Matriz), a mixing matrix analogue of the CKM
matriz for quarks[40, 41]. Using the L. L. Chau et al.[42] parameterization one has:

Ve Uel UeQ Ue3 141
m = Ulﬂ UMQ ng : 1) (19)
Vr UTl UT2 UTS V3
where:
—id
C12€13 512€13 513€
_ 19 19
U = —512C23 — C12523513€"  C12C23 — S12523513€" 593C13
19 19
S12823 — C12C23513€" —C12523 — S12C23513€" C23C13
1 0 0
0 e/ 0 =
0 0 eia3/2
1 0 0 C13 0 8136_7'6 C12 S12 0
= 0 Ca3 S93 0 1 0 —S12 C12 0
0 —s93 €93 —8136716 0 C13 0 0 1
1 0 0
0 62a2/2 0 s Cij = COS eij s Sij = sin Hl-j (110)
0 0 eia3/2

The mixing is a function of three mizing angles (012, 023 and 6;3). The phase factors
as and ag are no-zero only if neutrinos are Majorana particles, and do not enter
into oscillation phenomena regardless. The phase factor § is no-zero only if neutrino
oscillation violates the CP symmetry. If experiment shows this 3 x 3 matrix to be not
unitary, a sterile neutrino or some other new physics is required.

After travelling a distance L (or, equivalently for relativistic neutrinos, a time t), a
neutrino originally produced with flavour « evolves as follows[43, 44]:
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w(B)) = & E TN (0)) (1.11)

In the ultra-relativistic limit (|p;| = p; > m;) one can approximate the energy as:

m2 m2
Ei=/p2Am2op+ 2 B4 — 1.12
p? +m? p+2pi +op (1.12)

assuming p; ~ p; = p ~ . Using ¢t ~ L and also dropping the phase factors, the wave
function becomes:

v;(t ~ L)) = e "™ 28 |15(0)) (1.13)

Considering this last relation, the probability that a neutrino originally of flavor o will
later be observed as having flavor 3 is given by:

2
* —zmQL
Pacp = [(valva()* = |> UzUsie™™ 2" (1.14)
or in more convenient form:
AmZ L
_ * * 102 L
Pacp = 823 =4 %(UmUmUajUﬁj) sin < o ) (1.15)
1>)
Am2 L
* * : 1)
237 %(UmUmUQjUﬂj) sin ( o ) (1.16)
1>
where Am; = m; —m? with 7,5 = 1,2,3. Restoring ¢ and & the oscillation phase,
that is responsible for oscillation, is often written as[45]:
L[Km]
®;; = 1.27Am7 [eV? 1.17
J mlj [e ] E[GeV] ( )

where L = ¢t ~ t is the distance between the source of v, and the detector (i.e. the
detection point of v3). The transition probability P,z has an oscillatory behavior,
with oscillation length:

Lo = (1.18)
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The transition amplitude is proportional to the elements present in the mixing matrix.
Thus, in order to have oscillations, neutrinos must have different masses (Am?; # 0)
and they must mix (U,;Ugs; # 0), since flavor oscillation is due to interference between
different mass eigenstates.

In order to be sensitive to a given value of Am?j, an experiment has to be set up

with £/L ~ AmZ; (where L is the source-detector distance, table 1.1). If E/L >>
Am?j (= L << L% the oscillation does not have time to give an appreciable effect
because sin® z;; << 1. For E/L << Am?, (= L >> L), the oscillating phase goes
through many cycles before detection and, since in general neutrino beams are not
monochromatic, the phase is averaged to < sin®;; >= 1/2 and the oscillation pattern
is vanished.

Experiment L [m] E [MeV] Am? [eV?]
Solar 10t 1 1071
Atmospheric 10% =107 102 = 10° 107t =10
Reactor 102 + 10° 1 1072 +107°
Accelerator 102 10% + 104 > 0.1
Long Baseline Accelerator 105 + 106 10% 1072 +1073

Table 1.1: Characteristic values of L and E for various neutrino sources and experiments.

For a two neutrino case, the mixing matrix depends on a single parameter # and
there is a single mass-squared difference Am?.

U:

< cosf sind

Am?L
_ s N w290 win
Ry cos@) = P,_.3 =003 — (2003 — 1) sin” 26 sin ( 1 > (1.19)

1.4 Neutrino mass hierarchy

The combined information on neutrino oscillations and the upper mass limit from
tritium decays show that the heaviest active neutrino state is nine to eleven orders
of magnitude lighter than the other fermions in the third family[46]. The oscillations
experiments measure only mass squared differences and the mixing parameters (table
1.2), so cannot give information about the absolute neutrino mass. The hierarchy scale
among the eigenvalues m; is still unknown.

Neutrino oscillation data are compatible with three types of neutrino mass spectra
(figure 1.1):
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Parameter Best fit 20 30 40
Am2, [107° eV?] 7.9 7.3+ 8.5 7.1+ 8.9 6.8+ 9.3
Am?, [107% eV?] 2.6 2.2+ 3.0 2.0+ 3.2 1.8+ 3.5

sin? 65 0.30 0.26+0.36 0.24+0.40 0.22+0.44
sin? fy; 0.50 0.38+0.63 0.34+0.68 0.31+0.71
sin? 6,5 0.000 < 0.025 < 0.040 < 0.058

Table 1.2: Best-fit values, 20, 30, and 40 intervals for the three-flavour neutrino oscillation parameters
from global data including solar, atmospheric, reactor (KamLAND and CHOOZ) and accelerator (K2K and
MINOS) experiments[47]. The values are updated at 2006.

1) Normal Hierarchy (NH)

(A3 = Amg

A%Z = ATn’itm
my < (<)mg < my3 - My = Mpin << \/Am2 (1.20)

My = /i + A ~ \/AmZ

_ 2 2 2
( ma = /m2,, + Am2,, ~ /Am2,,
where m,;, is the lightest neutrino mass.

2) Inverted Hierarchy (IH)

( 2 2
Az = AmZ
A2 — Am2
32 = 2mM

atm

ms < My 5 mo m3g = Mmpin << ATngmtm (121)

_ 2 2 2 2
my = /m2,, + Am2, — Am2 ~ \/Am2,

_ 2 2 2
\ M2 = \/mmin + Af'natm = \/Amatm

3) Quasi-Degenerated Hierarchy (QDH)
In this third possibility the lightest neutrino mass is much larger than /Am2,,,
and one has m; ~ my ~ ms.

As it will shown in the next chapters the study of the double-beta decay could
distinguish neutrino mass hierarchies setting a limit on the neutrino mass.
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Figure 1.1: Normal, inverted and quasi-degenerated mass hierarchies schemes



Chapter 2

Double Beta Decay

2.1 Introduction

Double Beta Decay (DBD) is a rare spontaneous transition in which the nuclear charge
changes by two units while the mass number remains the same (two neutrons simulta-
neously transmute into two proton). This decay may occur with the emission of two
neutrinos (two neutrino double beta decay, 2v3[3) or without (neutrinoless double beta
decay, Ov(3[3). The latter hasn’t been officially observed yet .

In 1935 paper M. Goeppert-Meyer first calculated the probability for the 2v33-decay,
using the new Fermi theory of weak decays and predicted half-life time in excess of
10%° years[48]. In the 1937 Ettore Majorana proposed that the neutrino particle might
be indistinguishable from its antiparticle[49]. In the same year G. Racah, following
the fundamental suggestion of Majorana, discussed the possibility of a neutrinoless
transformation of two neutrons into two protons plus two electrons[50]. W. Furry in
1939 realized that Ov((-decay could be mediated by virtual neutrino and predicted
the half-life on the level of 777, = (10" = 10'%) years [51].

The first laboratory search for double-beta decay was made in 1948 by E.L. Fireman[52].
The experiment involved a search for coincident pulses in Geiger counters in proximity
to a source '**Sn. A limit of T}js >~ (3 + 9) - 10" was assigned to the two neutrino
decay mode. The existence of double-beta decay was first confirmed in a series of
geochronological experiments by M.C. Inghram and J. H. Reynolds[53] in 1950 using
130Te. These results were confirmed by Takaoka and Ogata[54] in 1966 and again by
T. Kirsten et al.[55] in 1968. T. Kirsten and co-workers also reported measurement of
double beta decay for %2Se in 1967. These experiments relied on mass-spectrometric
measurements of the noble gas daughters entrained in very old ores. Excesses of 13'Xe
and *2Kr were used to determine the double-beta decay half-lives from ores that were
independently dated by other techniques. While these measurements unequivocally
demonstrated that double-beta decay was a real phenomenon, nothing could be in-
ferred about the particular mode of double-beta decay (two neutrinos or neutrinoless)
responsible of the daughter products.
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The discovery by C.S. Wu (1957) of parity violation in weak interaction[56] opened
the Dirac-Majorana question, since the long Ov33-decay half-life limits could be ex-
plained by parity alone, a virtual antineutrino had a wrong helicity to be absorbed as
a neutrino. Modern theories allow for the helicity reversal of Majorana neutrinos due
to non-zero neutrino mass or for contribution from right-handed weak processes.

The utilization of a high-resolution germanium diode gamma-ray spectrometer as
both the source and detector for a double-beta decay experiment was introduced by
Fiorini and colleagues[57] in 1967. They were able to assign a limit to the "*Ge neu-
trinoless double-beta decay mode of T7 5 > 2 - 10% years.

The double beta decay, and in particular the neutrinoless mode, has been long
recognized as a powerful tool to study lepton number conservation in general, and
neutrino properties in particular. Since 1950 many experiments have been realized
using different techniques and different 33-candidate nuclei.

2.2 Possible decays

The 3 decay can proceed only if the initial nucleus (A, Z) is less bound than the
final one (A, Z +2), but more bound than the intermediate nucleus (A, Z + 1). These
conditions are realized in nature for a number of even-even nuclei and never for nuclei
with an odd number of protons or neutrons. Since the lifetime of S3-decay is always
much longer than the age of the Universe (the half-lives is normally in excess of 10'8
years) both the initial and the final nuclei exist in nature.

An excellent parametrization of the binding energies of nuclei in their ground state
is given by the Semi-Empirical Mass Formula (SEMF, also called Bethe-Weizsicker’s
formula) proposed in 1935 by H. Bethe and C. F. von Weizsécker[58]. This formula
relies on Liquid Drop Nuclear Model' but also incorporates two quantum term: the
asymmetry energy and the pairing energy. The analytic expression is:

Ve N — 7)?
B(Z,A) = a,A — agA5 — ae— — aau +6(Z,A)
As A
(2.1)
+33.64Y2 MeV Aeven Z,N even
where §(Z,A) = 0 MeV A odd

—33.64Y2 MeV Aeven Z,N odd

where §(Z, A) is the pairing energy term and where the parameters ¢; with i = v,s,c, a
(volume, surface, Coulomb repulsion and asymmetry) are determined empirically. The

!The liquid drop model is a model in nuclear physics which treats the nucleus as a drop of incom-
pressible nuclear fluid, first proposed by George Gamow. The fluid is made of nucleons, and is held
together by the strong nuclear force.
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Figure 2.1: Atomic mass as a function of the atomic number Z in the case of a isobar multiplet with A
even (left) and A odd (right).

pairing term is a correction that arises from the tendency of proton pairs and neutron
pairs to occur. An even number of particles is more stable than an odd number[59, 58].

For a given value of A the nuclear masses follows a parabolic behavior (figure 2.1.
For odd-A the binding energy follows a parabola in Z and only one stable nucleus
results. The other isobars decay 3%, or by electronic capture, towards the only stable
nucleus (figure 2.1(a)). For even-A, both even-even and odd-odd occur so two parabolas
are implied by the mass equation. The two parabolas are shifted by 20 and, usually,
more than one stable nuclei result. These are cases where double-beta decay can occur
(figure 2.1(b)). Double beta decay can occur at the bottom part of the mass valley
where a given nucleus Xy has an adjacent nucleus 2,,Yy_; with higher mass while
the nucleus 4, Y y_» has a lower mass.

For these reasons a possible 33-decay can be observed, in a given nucleus in the
initial state (A, Z), only if one of the two following conditions is satisfied:

a) The single-3 decay in any state of (A, Z 4 1) is not allowed energetically;

b) The single-/ is allowed energetically but strongly inhibited by an associated large
spin change so that the double-3 decay in the final state (A, Z £ 2) is more
probable.

These condition are fulfilled in nature for the elements given in table 2.1. In table 2.2
are shown double beta-decay candidates with )-value of at least 2 MeV.

The two-neutrino double beta decay mode (2v3(, figure 2.2(a)) is expected in the
Standard Model as a second order weak semileptonic process, and it imposes no special
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Decay Ab. [%]

6Ca — T .004
BCa — BT 187
7Zn  —  Ge .6

©Ge — "5Se 7.8
808e — 89Ky 50

88 — 82Kr 9

86Ky —  8Sr 17.3
MU7Zr  — %Mo 17.4
%7r  —  9Mo 2.8
%Mo — ®Ru 24.1
10Mo —  1009Ry 9.6
iRy — 10p( 18.6
Hopq —  H0Cq 11.7
Hicqd — M4Gp 28.7
necq —  16gp 7.5
1226y — 12T 4.6
124Gy 12T 5.8
28T —  128Xe 31.7
B30Te  —  130Xe 33.9
BiXe — 131By 10.4
136Xe — 136Bg 8.9
M20e  — 12Nd 11.1
M6Nq — 1M6Gy 17.2
H48Nd —  18Sm 5.8
IONd  — 1908y 5.6
1B4gm  —  1%4Gd 22.1
160Gd  — 160Dy 21.9
gy —  170Yp 14.9
6yp  —  17OHf 12.7
186y —  186Qg 26.6
19205 — 192pg 41.0
198Pt N 1981_1g 792
2041_1g N 204Pb 6.8
232Th N 232U 100
28y —  28py 99.

Decay Ab. [%]
BAY — 35S .34
0Ca —  OAY 97
0Cr — 0Ty 4.3
MEe  —  %Cr 5.9
Ni —  %8Fe 68.3
647n  —  OINi 48.6
Se —  T™Ge .9
BKr —  ™Se .35
2Mo — P 15
%Ru  — Mo 5.5
102Pd N 102}{u 1
106Cq —  106p(q 1.25
IOBCd — 108Pd 9
12g, ., 11204 1
120e 120Gy 1
124Xe N 124Te 1
126%a  _, 1267 1
1303, ., 130X, 1
1323, _, 182Xe 1
B6Ce — 136By 2
138Ce — 13%Ba .25
152Gd N 1528H1 2
156Dy 156G 06
158Dy 1580 1
162gy  — 162Dy .14
4y, 164Dy 1.6
168yhH —  168Er 13
IMygf  —  17yp .16
1810 _, 184y 02
e — 196pg .15

Table 2.1: Double beta decay (left) and double electronic capture (right), with positron emission, candi-

dates.
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Decay Q i.a (Go)~1 (G*)~!
keV] % revd] [yl

#(Ca — BTy 4274.0 + 4.0 0.187 4.10E24 2.52E16
Ge — 6Se 2039.0 + 0.05 7.800 4.09E25 7.66E18
82Se — 82Kr 2995.5 + 1.9 9.000 9.27E24 9.27E24
%7y — %Mo 3347.7 + 2.2 2.800 4.46E24 5.19E16
100Mo — 100R 3035.0 + 6.0 9.600 5.70E24 1.06E17
Hopq — HoCq 2004.0 + 11.0 11.800 1.86E25 2.51E18
H6Cq — H6Sy 2809.0 + 4.0 7.500 5.28EK24 5.28EK24
1248n — 124 2287.8 + 1.5 5.640 9.48E24 5.93E17
130T — 130X e 2530.3 + 2.0 34.500 5.89E24 2.08E17
136X e — 136B4 2462.0 + 7.0 8.900 5.52E24 2.07E17
150Nd — 1508 m 3367.7 + 2.2 5.600 1.25E24 8.41E15

Table 2.2: Double Beta-Decay candidates with Q-value of at least 2 MeV[60]. The Q-values with errors
are deduced from [61], the natural abundances and the phase-space factor for Ov33 and 2v33 are taken
from [62].

requirements on the properties of the neutrino. It will occur independently of whether
the neutrino is a Majorana or a Dirac particle and also independently of whether it has
mass or not. Its lifetime is proportional to (G cos 0.) ™%, where Gp = 1.166-107° GeV 2
is the Fermi coupling constant and 6, is the Cabibbo angle. The possible 2v decay modes

are:
(A, 2) — (A, Z+2)+2e +2U, [0~ (i
(A Z) — (A, Z —=2)+2"+2v, (0T (71) 59
(A,2)+ 2 — (A,Z-2)+w, ECEC (i) (2:2)
(A, Z) + — (A, Z=2)+e" + 20, EC/T (iv)

It is simply to see that in all processes the lepton number is conserved (AL = 0). The
nuclear transition accompanied by positron or electron capture processes (2.2, (i),
(#i), (iv)) are characterized by poorer experimental sensitivities.

The first direct laboratory observation of 2v33 decay was reported by Elliott, Hahn,
and Moe[63] in 1987. They used a Time Projection Chamber to measure the two-
neutrino double-beta events from a source consisting of 14g of 97% isotopically enriched
82Se contained between thin aluminized Mylar® sheets. Their value of T}/, = 1.1-10%
years was in excellent agreement with the geochronological half-life reported earlier for
this isotope. Afterwards this decay was observed in more than ten nuclei [64, 65].

More interesting is the neutrinoless double beta decay (0v3g, figure 2.2(b)), first
suggest by G. Racah in 1939[50], with the emission of a neutrino from one neutron and
its absorption on another.

(A, Z) — (A, Z+2)+2 (2.3)
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This process violates the lepton number conservation (AL = 2) and is therefore forbid-
den in the standard electroweak theory. For this reason it could be a possible window
into a physics “beyond the Standard Model”. In fact the Ov/3(3 decay can occur only if
two requirements are satisfied:

a) the neutrino exchanged has to be a Majorana particle. This means that antineu-
trino and neutrino are actually the same particle (v = v);

b) the neutrino has to have a non-vanishing mass and/or the neutral current has
to have a right handed (V+A) component. This 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 (figure 2.2(b)) is right-handed, while in order
to be absorber in the second one, it needs to change its helicity. This is possible
only if the neutrino has a finite mass and, in this case, the decay amplitude is
proportional to m,,.

If the global symmetry associated with lepton number? is broken spontaneously, the
model imply the existence of a Goldstone boson, called Majoron (x), which couples to
neutrinos. The possible process is the following:

(A, Z) — (A Z+2)+2 +x (2.4)

Double beta decay with majoron emission, the 55y mode (eq. 2.4 and figure 2.2(c)),
is classified in the category of lepton-number-violating decays, even though the lepton
number is formally conserved when Y is assigned the lepton number L, = —2[66].

It is easy to distinguish the three decay modes by the shape of the electron sum
energy spectra, which are determined by the phase space of the outgoing light particles.
In the 2v decay (figure 2.3), the summed kinetic energy K, of the two electrons displays
a broad maximum below half the endpoint energy. In contrast, in the O mode, the two
electrons carry the full available kinetic energy (the nuclear recoil is negligible for all
practical purposes) and the spectrum is therefore a single peak at the endpoint. In the
majoron decay the electron spectrum is again continuous, but the maximum is shifted
higher, above the halfway point, as required by the three-light-particle phase space.

From a Particle Physics point of view the neutrinoless double beta decay is a very im-
portant process insofar as representing a unique tool to establish the absolute neutrino
mass scale, its nature (Dirac/Majorana) and the values of the Majorana CP phase.
Starting from experimental results on Ov 3 decay lifetimes it’s possible to determinate
the very important quantity (m,) called effective neutrino mass. In order to extrap-
olate this parameter a precise knowledge of the nuclear transition matrix elements is
required.

The experimental study of OvG3 decay presents a formidable challenge. This decay
must be detected in the presence of an inevitable background of similar energy caused

2the B-L symmetry, baryon number minus the lepton number.
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Figure 2.2: The three possible 33 transitions.
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Figure 2.3: Schematic electron sum-energy of the three 33 decay modes. Each is normalized arbitrarily
and independently of the others. The abscissa is the ratio K./Qgs of the sum of the electron kinetic
energies divided by its maximum value.

by trace radioisotopes with half-lives 15 or more orders of magnitude shorter. Thus the
present-day experiments are characterized by an optimum separation of the signal from
the background combined with the requirement of kilogram quantities of the source
isotopes.

2.3 Decay rate and Majorana Mass

Considering only the case of left-handed V-A weak current and light massive Majorana
neutrinos, the differential decay rate (inverse half-time) for the 350v transition can be
written as:

_ " v 9V o
1—‘1/2 - [T1/2(0+ - O+)] b= GO ( max; ) MgT gVMO |<ml/>|2

- Goy( max) )|M0V’2 ‘<ml/>‘
[ () [?

= v (2.5)
2 2 F

with | M2 = |M%, — :Z‘Q’Mg” and m—Z:GO”(EmaX,ZMMO”F (2.6)
A e

G is the exactly calculable[67, 68] phase space integral (G* o< Q35 where Qg rep-
resents the Q-value of the decay), |M%|? is the specific nuclear matriz element of the
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nucleus undergoing the decay (Mgt and Mg are, respectively, the Gamow-Teller and
Fermi matrix elements), gy and g4 are the vector and the azial-vector coupling con-
stant and, at last, the parameter m, is the electron mass. The nuclear structure factor
Fy is calculable using different nuclear models.

The parameter |(m,)| is the effective electron neutrino mass (often written |(me.)|)
also called effective Majorana mass. This mass is directly derivable from the measured
half-life of the decays as follows:

[, = |(mee)] = my —moe— 2.7)

Fy 17},

The value of |(m,)| is derived from nuclear structure calculation and, for this reason,
is model dependent. In table 5.2 is reported the case of the 1*Te. Using the oscillation
parameters the effective Majorana mass is given by:

2
2
- )]U61|2m1 + |Uea|Pmae’®? + |Ugs|*mze'®® (2.8)

n=3

Z Ueimy;

i=1

[{mu )| =

where €'*2 and €'** are the Majorana CP Phase (£1 for CP conservation), m; with
t = 1,2, 3 are the mass eigenvalues. The parameters U,; are the elements of the mixing
matrix PMNS, they are given by:

|U.1| = cos? 03 cos? 019
|Ueo| = cos? 03 sin? 0, (2.9)
’Ue;g’ = Sil’l2 013

The presence of the phases e’ implies that the CP 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 Ov33 can occur only through the exchange of Majorana neutrinos.

From a Particle Physics point of view, the neutrinoless double-beta decay represents
a unique tool in order to measure the neutrino Majorana phases and to estimates the
absolute scale of the neutrino masses. As in evidence from eq. 2.5, the derivation of
the crucial parameter |(m,)| from the experimental results on the lifetime requires a
precise knowledge of the Nuclear Matrix Elements (NME) of the transition. Many, often
conflicting, evaluations are available in the literature and it is unfortunately not easy to
judge their correctness or accuracy (table 2.3). There are two well established approaches
for the calculation of the double-beta decay nuclear matrix elements: the Shell Model
(SM; [69]) and the Quasi-particle Random Phase Approzimation (QRPA, [70, 71, 72,
73]).
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The values of |(m,)| also depends on the neutrino mass spectrum. According with
the mass hierarchies scenario (presented in section 1.4) three mass scheme are possible:

1) Normal Hierarchy

(my) = | cos® O13[Am2 e*?sin®0,| + / Am2, €9 sin® 0131/ Am?, | (2.10)

From this expression we can also derive an upper and a lower bound for < m, >:

(m,) < |cos? 0138in” Oo\/Am2 + sin® 0131/ Am2,,,|

my) > | cos? 013 8in? O/ Am?2 — sin® 05
©

2) Inverted Hierarchy
By Neglecting the small correction due to |Ug|? one obtains:

(m,) ~ /Am2,,| cos?® O13(cos? O, + e***5in%0,,)| (2.12)

where ap3 = as — a3 is a Majorana CP-phase difference. In the case of HI the
value of the (m,) can lay in the range (in the case of CP conservation):

(2.11)

(my) < /Am?

atm
(2.13)
(my,) > cos 20/ Am2,.,
3) Quasi-Degenerated Hierarchy
By Neglecting the small correction due to |U,s|* one obtains:
(m,,) ~ my| cos® O13(cos? O + 3 sin® 6| (2.14)
thus in the case of QDH the value of < m, > can lay in the range:
(m,,) < my
(2.15)

(m,) > cos20,my

From the previous equations it is simple to see that unless (m,) depends on the
unknown phases «;, the upper and lower limits for effective mass depend only on the
absolute value of the mixing angles. Thus, if the search for Ovgg is successful and
the value of (m,) is determined, and, at the same, time the mixing angles |UZ%| and
the mass square differences Amfj are known from oscillation experiments[74, 47], a
range of absolute values of the neutrino masses can be deduced (figure 2.4). Using
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Figure 2.4: The effective Majorana mass (m,) as a function of the lightest neutrino mass [34, 75, 76].
The disfavored regions are given by the present limits on double-beta decay experiments (table 2.5[77])
and by cosmological bounds.[78, 79, 80]

other constraint, for example a successful determination of the neutrino mass square
(my) = (me) = >, |UZ|m? in single-beta decay experiments, it’s possible to use the
knowledge of (m,) to determine or constrain the phases «;.

It is also possible to constrain the Majorana neutrino contribution to the to the sum
of neutrino masses[81, 82| ¥ = ¥;m; (cosmic microwave fluctuations):

2| (my)| + V() |2 = Amd,, cos?(2013)
| cos 2613

20(m )|+ /) 2 & A, <5 < (216)

where the plus sign is for NH and the minus sign is for IH. In the case AmZ, << X2
the above inequality can be simplified as follow:

< 2[{(m,)| (2.17)

The ((-experiments developed up to now, often called First Generation Experiments,
were designed to explore only the degenerate mass scenario. The proposed Second
Generation Ezperiments are designed to explore the inverted hierarchy scenario, with
an expected sensitivity on |me| of the order of (10 < 50) meV.
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Finally, in the case of double-beta decay with emission of two neutrinos and in the
case of neutrinoless double-beta decay with Majoron emission, the inverse half-time is
given by:

[y = [TT5(07 = 09)]7 = G* (Bmax, Z)| Mr|* 2vpp

(2.18)
Ov,x 2v (n+ +\1—1 Ov,x Ov 9%/ Ov 2
F1/2 = [T1/2(0 — 0Nt =G" MGT_EMF (gvx) OvBBX

where g,,, is the effective majoron-neutrino coupling constant|67].

2.4 Nuclear matrix elements

As shown in 2.5 and 2.6 for the Ovff3 mode (but also for 2v33 and OvFBy modes)
one can separate the phase space and nuclear parts of the rate formula. All nuclear
structure effects are then represented by the nuclear matrix elements. These values have
become an important issue because they play a central role when one starts to extract
quantitative neutrino properties. The matrix elements are weak spots of the double-
beta decay research for the neutrino mass determination. In fact, the uncertainty in
the elements calculation determines the spread width for the neutrino effective mass.

In the case of two neutrinos double-beta decay mode the nuclear matrix elements
are given by[83]:

v (f[o - 7m) (m|a - 71i)
MéT = Z

AT (2.19)
m 2

m

where [f) (|i)) are the 0T ground states of the final (initial) even-even nuclei of masses
M; (M;), and |m) are the 17 states in the intermediate odd-odd nucleus of energy Fi,.
Owing to the isospin conservation there is only the Gamow-Teller contribution (M&4)
without the Fermi part (M2 = 0).

The individual factors in equation 2.19 have straightforward physical meaning; the
last factor in the numerator is the amplitude of the 8~ decay (or of the forward-angle
(p , n) reaction) of the initial nucleus, and the first factor is the amplitude of the 57
decay (or of the (n , p) reaction) of the final nucleus.

Considering the neutrinoless double-beta decay mode, the process can proceed via
exchange of a light virtual Majorana neutrino the nuclear matrix elements are defined
as:
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Mg” =Y (fllhe(l7n = 7DD

m,n

(2.20)
M = > (fllhar(|7m = 7l ) (@ - 3l

m,n

where the summation runs over all the intermediate states and the integration is taken
over the relative coordinate |7, — 7| between the nucleus m and n. The term Ay (|7, —
m|), with k = F, GT, is the neutrino potential[83].

There are two basic approaches to the evaluation of the nuclear matrix elements
for both the Ov33 and 2v((5 decays: the Quasi-particle Random Phase Approzimation
(QRPA) and the Nuclear Shell Model (NSM).

NSM attempts to solve the nuclear many body problem as exactly as possible. Hence,
it is the best choice for the calculation of the nuclear matrix elements. Despite of the
advantages of calculation techniques up to now only a limited set of single particle
states can be used.

QRPA is the nuclear much body method most widely used to deal with the nu-
clear structure aspects of the double-beta decay process. This method has been found
successful in explaining the quenching of the Ovf33-decay nuclear matrix element and
bring them into closer agreement with experimental values. But despite this success the
QRPA approach to double-beta decay has some defects. The main problem is that re-
sults are extremely sensitivity to the renormalization of the attractive particle-particle
component of residual interaction, which is large part responsible for suppressing cal-
culated two neutrino decay rate. Including proton-neutron pairing, several alternations
have been made in QRPA (RQRPA[72, 73], pnQRPA[84]).

Alternative models, as the Operator Ezpansion Method (OEM), the broken SU(4)
symmetry, the pseudo SU(3) and Single State Dominance Hypothesis (SSDH) have
their own problems. Recently, deformation structure in nuclei has been taken into
account in calculation of nuclear matrix element.

Unfortunately, at the present time, the calculated matrix elements are far away from
the experimental results. This is a very strong limitation for the neutrino effective mass
determination using the double-beta decay search.

2.5 Experimental overview

Up to now, in order to measure double beta decays, there are two main experimental
approaches:

1) Indirect (or Inclusive): These techniques, which had an important role in the
past, measure the anomalous concentration of daughter nuclei in samples with a
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130 76
Ref. Authors Method EIS(B ;Fel)] [11?0N (13 Sel)]
QRPA  [85]  Staudt et al. (1992) pairing (Paris) 29-34 5.9-10
pairing (Bonn) 24-29 4.5-8.9
[86] Pantis et al. (1996) no p-n pairing 3.0 0.73
p-n pairing 1.24 0.14
87]  Vogel, (1986) 3.96 0.19
88]  Civitarese, (1987) 5.0 1.2
[89]  Tomoda, (1991) 5.03 1.2
[90]  Barbero et al. (1999) 7.77 0.84
[91]  Simkovic (1999) pn-RQRPA 1.79 0.62
[70]  Suhonen et al. (1992) 3.13 0.72
92  Muto et al. (1989) 5.34 1.1
93]  Stoica et al. (2001) large basis 2.44 0.65
short basis 2.66 0.9
[71]  Faessler et al. (1998) 2.78 0.83
[68]  Engel et al. (1989) generalized
seniority 10.9 1.14
[94]  Aunola et al. (1998) WS 5.72 0.9
AWS 5.06 1.33
95]  Rodin et al. (2003) 0.95 0.45
SM [96]  Haxton et al. (1984) weak coupling 16.3 1.54
[97]  Caurier et al. (1996) large basis 0.45 0.15
OEM  [98]  Hirsh et al. (1995) 7.3 3.6

Table 2.3: Example of OnuB3-nuclear structure factor Fy for 139Te and "Ge according to different
evaluation methods. QRPA: Quasi Random Phase Approximation, SM: Shell Model and OEM: Operator
Expansion Method).

long accumulation time. They have been used to give indirect evaluations of the
Ovp33 and 2v(60 lifetimes. This category includes two of measurements:

(a) Geochemical measurement: determination of the total decay time through
the measurement of the daughter nuclei (A, Z + 2) produced by the parent
nuclei (A, Z +2) in a sample of old geological rocks (for example by extrac-
tion of Kr and Xe from very old Se and Te minerals).

(b) Radiochemical measurement: determination of the total decay time by
extraction of the radioactive daughter nuclei from the parent nuclei. For
example the double-beta decay rate of ?**U (also an alpha emitter) has been
measured radiochemically; 23¥Pu is produced by this type of radioactivity.

2) Direct (or Counter): these are the presently most diffuse techniques, and are
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based on the direct observation of electrons emitted in the process. These detec-
tors can identify the double-beta reaction modes: Ov3[3 process should be easily
identified because of a mono-energetic line at the Q value. The better the de-
tector energy resolution, the stronger the signal. Two technical approaches are
possible:

(a) Passive source: the source is external to the detector: the experimental
configuration usually consists of foil shaped sources with two detectors (e.g.
scintillators, TPCs, drift chambers, etc) analyzing the electrons emerging
from the foil. Using tracking detectors a background rejection is possible
studying the event topology. The limits of this approach are the energy
resolution and the small source mass.

(b) Active source: the source is internal to the detector (calorimeter): only
the sum energy of the two electrons is measured and the signature for Ov3s3
decay is therefore a peak at the transition energy (Jsg. The detector can
be a scintillator, a bolometer, a semiconductor diode or a gas chamber.
Calorimeters can have large mass and high efficiency. Depending on the
technique, high energy resolution and also some tracking are possible.

Geochemical and radiochemical experiments, a mainstay of double beta decay physics
through the 1970s and 1980s, do not distinguish the different §(-decay. Thus, there is
little interest in pursuing these techniques further. Instead, relatively new technologies
such as bolometers and scintillating crystals are receiving attention. Using these it
is also possible to search for the decay without neutrinos, which represents the most
interesting process.

Neutrinoless double beta decays of interest to experimentalists are typically resulting
in an energy release of around 2 MeV (*8Ca has, with 4.274 MeV, the largest decay
energy, table 2.2). Many forms of natural, cosmogenic and anthropogenic radioactivity
result in a similar low energy signature constituting potential background.

In order to compare the performances of different detectors, it’s convenient to intro-
duce a parameter that work like a figure of merit called Neutrinoless Sensitivity and
denoted by S or S%. It is defined as the process’ half life corresponding to the
maximum number of signals (Npy,) that could be hidden by background fluctuation,
at a given statistical confidence level[99]. Tt’s an experimental parameter expressed, at
1o level, as:

Niuclei
0vBB _ v __ nuclei
S = T1/2 =1In2-e€ kag t (2.21)
where:
M -i.a.
kag =vB-I'-M-t 5 Nnuclei - A (222)
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Nl 1s the number of atoms candidates for the decay present in the source, i.a. their
isotopic abundance, M the mass of the BF-emitter, € the efficiency of the detector, I'
the energy resolution (around the ()gs-value), B is the background expressed in counts
per unit per energy per unit time, A the molecular mass and, at last, ¢ the measurement
time (or live time). Replacing the 2.22 in the 2.21 one obtains:

a. | M-t
SOVﬁﬁ = 11’12 € 17 ﬁ (223)

This factor emphasises the role of the essential experimental parameter: mass, live
time, isotopic abundance, background level, energy resolution and detection efficiency.
By the equation 2.8, it is also possible to deduce the experimental sensitivity to the
neutrino mass:

Fim = |(m,)| =

1
r-B\*
(2.24)
\/SOVW FN ia.-In2-e-Fy \ M-t

Because the number of background counts increases linearly with time (eq. 2.22), the
decay rate sensitivity scales as the square root of time (eq. 2.23). In turn, the neutrino
effective mass scales as the square root of the decay rate, and therefore as the fourth
root of the counting time (eq. 2.24).

According to eq 2.23 and eq 2.24, it is straightforward to conclude that to obtain the
best sensitivity to [(m,)|, a Ov3 experiments must have the following characteristics:

- a very large mass (approximately a ton of isotope will be required);

a good resolution and high efficiency around the @)gs-value;

a very low background. Any radioactive isotope with ()-value greater than the
OvpB33 endpoint may be a potential background. To suppress the background
contribution it is desirable to select a double-beta candidate with a large ()gs as
possible performing the experiment in a low activity environment and, eventually,
using event topology reconstruction;

a long measurements time;

a chosen ((-emitter isotope with a high natural isotopic abundance is preferred.
If enrichment is not necessary the result is a significant cost savings.

A sensitivity of >~ 0.01 eV is required in order to check inverse hierarchy. The
background is a fundamental issue: to reduce it, all passive (e.g. heavy shielding in
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underground sites, material selection and purification) and active (e.g. Pulse Shape
Discrimination, topology analysis through granularity and segmentation) expedients
must be taken. However the background caused by the high energy tail of the con-
tinuous 2v33 spectrum cannot be avoided and must be minimized by improving the
energy resolution.

2.5.1 Past and existing experiments

Optimal neutrinoless sensitivities have been reached in a series of experiments based
on the active source approach. In particular, the best limit on 033 comes from the
Heidelberg-Moscow (HM) experiment[100, 101] on "Ge even if similar results have
been obtained also by the IGEX experiment[102, 103]. In the following a selection of
the most sensitive past and running experiments is presented (table 2.5).

1) Calcium-48

48(Ca is the most favorable isotope among other potential Or33 nuclei because it
has the largest Q-value (4274 keV), hence the possibility of the occurrence is high-
est, and the expected background should be lower than in remaining candidate
nuclei. A CaFy scintillation detector system (ELEGANTS VI), which consists of
6.6 Kg of CaFy crystals as sensitive mass, has been developed at the Oto Cosmo
observatory, near Nara in Japan. The obtained energy spectrum after all cuts
gives a lower limit for the half life of T10/V2 >1.4-10%y.

2) Germanium-76
Two experiments have looked for the double-beta decay of ®Ge nucleus.

(a) The Heidelberg-Moscow (HM): this experiment searched the Ov3( decay of

Ge using five High Purity Ge (HPGe) semiconductor detectors enriched to
86-88% in "*Ge[100, 101]. Tt run in the Gran Sasso Underground Laboratory
(Ttaly) from 1990 to 2003, totalling an exposure of 71.7 Kg - y. It is by far
the longest running Ov33 decay experiment with the largest exposure. The
final background at the Q-value is about (0.113 £ 0.007) counts/keV /kg/y
and it is attributed mainly to 28U and ?*?Th contaminations in the set-up
materials.
After the conclusion of the experiment, part of the collaboration (hereafter
KKDC) has reanalyzed the data[104] claiming a 4.20 evidence for "Ge 0v 303
decay with a lifetime Tl% ~ 1.2-10% y, corresponding to a neutrino effective
mass of about 0.44 eV[101]. This claim has sparked a debate in the neutrino
physics community[105, 106, 107, 108, 109, 110] because the signal is indeed
faint and close to other unexplained peaks (figure 2.5).

(b) IGEX (International Germanium EXperiment): the detector[102, 103], which
is homed at the Spanish laboratory of Canfranc, consists of three HPGe de-
tectors enriched in *Ge up to 88%, with a total active mass of at least 6 Kg.
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Figure 2.5: The latest HM data (71.7 Kg - y, from November 1990 to May 2003) used to claim a
4.20 evidence for "°Ge Ov(33. The claimed Ov33-peak is at (2038.07 + 0.44) KeV.
X

After pulse shape discrimination analysis, the background rate (about 0.17
counts/keV /kg/y) is as great as in HM experiment in the energy interval
between 2.0 and 2.5 MeV, while the energy resolution is 4 KeV. Analysis
on 8.87 Kg(76Ge) - y of data gives a lower bound TIO/”2 > 1.57-10% y. Its
sensitivity is not enough to check the KKDC claim.

3) Molybdenum-100
Several collaborations have worked on '®Mo isotope, in particular

(a)

NEMO Neutrino Ettore Majorana Observatory: NEMO-3 experiment[111,
112], which started its data taking in February 2003, is homed at Fréjus Un-
derground Laboratory. It uses a cylindrical tracking detector (drift chamber)
to analyze the electrons emitted by foils of different enriched material. In-
teresting Ov3(3 decay sensitivities are expected only for the 1Mo and ®2Se
sources. It analyzes also the Ov33 reactions of 82Se, %Zr, 1Mo, and 16Cd.
After measures taken in 2004 to suppress radon, the background is now
about 0.5 count/kg/y. The data analysis using a maximum likelihood gives
the following 90%C.L. lower limits:

Mo TP, ~58-10% y = [(m,)| = (0.6 +2.4) eV
(2.25)
Se: TYj~21-10%y = [(m,)|=(1.2+32)eV
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n

In 2009, the expected 90%C.L. sensitivity on *°Mo will be Tl% ~2.10%y
corresponding to [(m,)| =~ (0.3 +1.3) eV.

(b) ELEGANT V: the most stringent half-life limit on “Mo is obtained by a
spectrometer at the Oto Cosmo Observatory by Osaka University. The
detector consists of three drift chambers and the passive source consists of
two foils enriched in Mo up to 95%. The lower limit thus obtained is

T% > 5.5 10% y[113].

Cadmium-116

Experiments with 'Cd have been made by the Ukrainian Institute of Nuclear
Research INR-Kiev in collaboration with a italian group (INFN Firenze). The
apparatus was housed in the salt mine of Solotvina (Ukraina). The lower limit
is 70 > 1.7-10% y[114]

Tellurium-130

130Te isotope (and also '?®Te) has been investigated by the Milano WIG Group
(Weak Interactions Group), within the project MiBETA (or MiDBD), by develop-
ing low temperature thermal detectors in the form of TeO, crystals (bolometers).

The detector was homed at Gran Sasso Laboratories, and consists of an array of
20 TeO, crystals, with a total mass of 6.8 Kg, which operate at a temperature
of about 12 mK; its resolution is 8 KeV in the O3 region (2530.3 KeV). The
background level in the same region is about 0.5 counts/KeV/Kg/y. The lower
limit is 777, > 2.1-10% y corresponding to |(m, )| ~ (1.1 < 2.6) eV[115, 116].

As it will illustrated afterwards (chapter 5), since April 2003 a prototype called
CUORICINO, which consists of an array of TeOy bolometers for a total mass of
40.7 Kg, is running at the Gran Sasso Laboratories.

Xenon-136
The Ovf33 decay of ¥5Xe has been studied by the Caltech-Neuchatel-PSI collab-
oration and the Italian DAMA collaboration.

(a) Gotthard Double Beta Decay Experiment: the Caltech-Neuchatel-PSI detector
consisted of a time projection chamber with a total active volume of ~ 180
liters, containing 3.3 Kg of Xe gas enriched in **Xe to 62.5% at a pressure of
5 atm. The detector was located in the Gotthard Underground Laboratory
in the Swiss Alps. The background rejection is assured by the time projec-
tion chamber track reconstruction, and its value is ~ 0.02 counts/Ke/Kg/y
in the Q25 region (within a FWHM interval energy). The obtained lower
limit is Tl% > 4.4-10% y[117].

(b) DAMA-LXe: the best result using '*®Xe has been obtained by the Roma
group at Gran Sasso Underground Laboratories, by using ~ 6.5 Kg of high
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HM IGEX Cuoricino
Nucleus Ge ©Ge 130 e
Q@ value of Ovg3p3 2039.0 KeV 2039.0 KeV 2530.3 KeV
Exposure in 10?° nuclei-yr 25 7 0.14
Isotopic fraction f 0.86 0.86 0.34
Efficiency e 0.5 0.7 0.84
Energy resolution op 1.6 KeV 1.7 KeV 3 KeV
Total events n 21 9.6 24
Expected background bkg 204+£1.6 17242 35.2+£2
Predicted signal s 76 - |mech ™t eV[2 23.5 - meh™t eV]2 215 meht eV|?

Table 2.4: The main present 0v (33 experiments are HM, IGEX and CUORICINO. In figure is shown the
number of events and expected background in a =3¢ region around the Q-value of the Or(33[34]. IGEX
and Cuoricino observe a number of events slightly below the expected background, while the opposite
happens for HM. The scale factor h depends on the chosen nuclear model; in the case of [85] h = 1.

purity liquid Xenon scintillator filled with (Kr-free) Xe gas enriched in *Xe
(68.8%), and in 3Xe (17.1%). The statistics is 1.1 Kg -y for ¥*Xe, and
4.5 Kg-y %Xe, and the 90%C.L. lower limits obtained for half-life are[118]:

136Xe - T10/V2 ~12-10%"y
(2.26)

134Xe T10/Vg ~ 58102y

At the present moment, only NEMO-3 and CUORICINO detectors are running.

2.5.2 Future experiments

The recently running experiment will not be able to confirm or rule out the KKDC
positive result; a second generation experiments is need. For a reliable confirmation,
Ov( decay must be observed for different isotopes with similar |(m,)|. The KKDC
claim rejection requires a negative result from either a more sensitive "®Ge experiment
or a much more sensitive experiment on a different isotope.

All proposed next generation experiments aim at sensitivities of about 0.01 eV. The
large sensitivity improvement will be obtained by scaling up to 1 ton mass experiments
and by further reducing the background. A strong effort is also demanded to nuclear
theory to reduce the uncertainties in the nuclear matrix evaluation.

Table 2.6 gives some informations about the more well-defined projects. Most of the
projects presented here are at a very early R&D stage. In the following a selection of
the these future experiments is presented (table 2.6).
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1) Calcium-48

The experiment CANDLES (CAlcium fluoride for studies of Neutrino and Dark
matters by Low Energy Spectrometer) is based on the use of CaFy immersed liquid
scintillator at the Oto Cosmo Observatory (Japan). The upgraded setup, called
CANDLES 1V, consisting of 1000 crystals (3.2 Kg each) for a total mass of ~ 3.2
tons. The limit on the sensitivity will be 1026 y (|{(m,, )| ~ 0.03 eV) for neutrinoless
double beta decay of **Ca (i.a. = 0.187%)[119, 120]. It’s also scheduled a next
phase (called CANDLES V) with enriched calcium-48 (i.a. = 2.0%)

Germanium
Several Ge detector are proposed:

(a)

Majorana (Majorana Neutrinoless Double-Beta Decay Experiment): the final
aim is a 1 ton experiment using HPGe crystals (as segmented diodes) in a
ultra low background cryostats. It will start in 2010 and will be installed
in the DUSEL (Deep Underground Science and Engineering Laboratory) or
SNOlab underground laboratories.

The background model (=~ 0.00025 counts/KeV/Kg/y) is motivated in part
from early IGEX data and predicts an achievable Orv33 half-life limit of over
(4+7)-10%*" y within 5 years of initial receipt of the enriched material[121].
The main component of the background reduction will be the granularity
of the detector. Its expected energy resolution at the ()gs-value is 4 KeV.
The expected sensitivity for an experimental running time of 10 years is the
range |(m,)| ~ (30 = 40) meV

GENIUS (GErmanium NItrogen Underground Setup): this experiment, pro-
posed by part of the HM collaboration, would consists of 400 enriched (86-
88%) HPGe naked crystals, for a total mass of about 1 ton, suspended in a
12 m diameter liquid nitrogen tank. The use of naked crystals should move
the external radioactivity to outside the liquid nitrogen region.

The quoted energy resolution is 6 KeV, while the expected background,
which should be maximally due to the external component, is ~ 0.0002
counts/KeV /Kg/y). After 10 years, the estimated sensitivity on mass is
|(my)] ~ (15 = 45) meV[122].

A test, performed at the Gran Sasso Underground Laboratories, on 10 Kg
of a naked crystal operating in a liquid nitrogen (GENIUS - Test Facility)
filled dewar was successful[123].

GEM (Gamma, Electron and Muon Ezperiment): this project should use 1
ton of naked HPGe detectors operating in super-high purity liquid nitrogen
contained in a copper vacuum cryostat. The detector is within a 5 m di-
ameter sphere placed in a water shield. The first GEM-I phase will employ
natural germanium, the GEM-II step will be enriched in Ge at 86%[124].
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Similar to GENIUS, the main difference is the reduction of the amount of
liquid nitrogen obtained by adding an external layer of pure water.

GERDA (GERmanium Detector Array): it is similar to GENIUS and GEM
but has more compact dimensions. The driving idea is to scrutinize the
KKDC evidence in a short time using the existing ®Ge enriched detectors
of the HM and IGEX collaborations. The set-up consists of a liquid argon
cryostat (4 m diameter) immersed in pure water tank (10 m diameter) at

the LNGS.

The Phase-I aims to reduce the background to about 0.01 counts/keV /kg/y
and reach an exposure of about 15 Kg - y. If the KKDC evidence is correct,
GERDA would detect a 5o signal.

In Phase-II other 20 Kg of enriched and segmented Ge detectors will be
added. A further reduction of the background to 0.001 counts/keV /kg/y and
an exposure of 100 Kg-y would give a 90%C.L. sensitivity of Tlo/”2 ~2.-10%y
corresponding to |(m,)| ~ (0.09 = 0.29) eV[125].

3) Molybdenum-100

In Japan, the MOON (MOlybdenum Observatory of Neutrinos) experiment will
use '%°Mo as active target. The setup will be a huge sandwich made by foils
of natural molybdenum interleaved with a specially designed plastic scintillator.
The molybdenum total mass will be large[126, 127]. High purity levels for the
scintillator are needed, and a great effort is required in this sector, because of the
large surface. The resolution at the Q-value (3.035 MeV) should be about the
7%. MOON would be also a solar neutrino experiment.

Cadmium
The planned experiments are:

(a)

COBRA (Cadmium-Telluride O-neutrino double Beta Research Apparatus):
the apparatus[128] uses new generation of semiconductors. These ionization
detectors, which operate at 300 K with an energy resolution of ~ 1% at
the 661 KeV line, are quite small in size, and allow systematic studies on
Cd and Te isotopes, and rare beta decays of "3Cd and 23Te. Up to now,
four 1 em?® CdZnTe semiconductor detectors are operating the Gran Sasso
National Laboratory. Half-life limits (90% C.L.) are presented for decays
to ground and excited states[129]. Four improved lower limits have been
obtained, including zero neutrino double electron capture transitions of %4Zn
and ?°Te to the ground state, which are 1.19-10'7 years and 2.68-10' years
respectively.

CAMEQ: this is an upgraded version of the experiment on "9Cd performed
in Solotvina underground laboratory. The initial step will use 24 enriched
cylindrical 16CdWO, crystals, with a total mass of 65 Kg, and will be
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placed in the middle of the Counting Test Facility (CTF), at LNGS. After
a measuring time of more than 5 years a half-life limit of more than 10% y
will be reached, corresponding to a mass of ~ 0.060 eV[130]. In a second
possible step, 370 crystals will be placed within the Borexino apparatus.

5) Tellurium-130
To date, the CUORE (Cryogenic Underground Observatory for Rare Events) is
the only fully approved next generation 1 ton size Ov(33 decay experiment: it is

being built in the Gran Sasso Underground Laboratory where it is due to start
data taking in 2011. CUORE is the subject of this Ph.D work.

6) Xenon-136
Two main projects plan to look for 3¢Xe:

(a)

EXO (Enriched Xenon Observator): this experiment[131] should use a new
approach that combines quantum optics techniques with radiation detectors,
aiming to detect single Ba™ ions, via resonant excitation with a set of lasers,
in the final state of *°Xe double beta decay.

Running for 5 years a 10 ton Xe detector with an energy resolution of 1%
and with just the 203/ tail background, a sensitivity on |(m,)| of about
(11 = 15) meV could be reached. Presently a 200 Kg enriched liquid Xe
TPC prototype without tagging is being installed at WIPP ( Waste Isolation
Pilot Plant, New Mexico, USA). Running for 2 years the expected sensitivity
for EXO-200 is 6.4 - 10% y corrinsponing to |[{(m, )| ~ (0.27 = 0.38) eV[132].

XMASS (Xenon neutrino MASS detecto): this experiment will take place at
the Kamioka Underground Laboratory, Japan. The detector will use liquid
Xenon viewed by photomultipliers. Liquid Xenon is a good scintillator,
and has a high 7 value, density and boiling point. Moreover, Xenon allows
purification to take place during the operations.

After an R&D 100 Kg prototype a 800 Kg detector is currently under con-
struction. The final step will be a 10 ton detector, which should reach a
sensitivity of about 8 - 10?' y for 2v33 and about 3.3 - 10%° y for 0v3s3,
which implies a neutrino mass limit of (0.03 = 0.09) eV without enriched
materials[133].

7) Neodymium-150
The SuperNEMO experiment will be based on the NEMO-3 concept. The prelimi-
nary SuperNEMO design is based on a planar, modular geometry with 20 modules
each containing about 5 Kg of enriched isotopes.

The main candidate isotopes have emerged to be %2Se and "°Nd. A sample of
4 Kg of #Se has been enriched and is currently undergoing purification. The
collaboration is investigating the possibility of enriching large amounts of “Nd
via the method of atomic laser isotope separation|[134].



Isotope Experiment Latest Qpp i. a. Exposure Technique Material TIO/”2 (my,)
Result [KeV] Nat. Enrich. [kgxy] [10% y] [eV]
#BCa Elegant VI 2004[135] 4274 0.19 - 4.2 scintillator CaFy 0.14 7.2+44.7
Ge Heidelberg/Moscow 2004[100, 101] 2039 7.8 87 71.7 ionization Ge 120.0 0.44
82Ge NEMO-3 2007[112] 2995 9.2 97 1.8 tracking Se 2.1 1.2+3.2
100Mo NEMO-3 2007[112] 3034 9.6  95+99 13.1 tracking Mo 5.8 0.6+-2.4
16Cd Solotvina 2003[114] 2805 7.5 83 0.5 scintillator ~ CAWO, 1.7 1.7
130e Cuoricino 2007[136] 2529 338 - 11.8 bolometer TeOq 30.0  0.16+0.84
136X e DAMA 2002[118] 2476 8.9 69 4.5 scintillator Xe 12.0 1.10+-2.9
150Nd Irvine TPC 1997[137] 3367 5.6 91 0.01 tracking Nd, 03 0.012 3.0
160Gd Solotvina 2001[138] 1791 21.8 - 1.0 scintillator ~ GdySiOs  0.013 26.0

Table 2.5: A selection of the past and present experiments giving the best result per isotope to date. All given Tf/”Q ((m,)) are lower (upper) limits
with the exception of the Heidelberg-Moscow experiment where the 99.9973% CL value is given. The spread in (m, ) is due to the uncertainties on

the nuclear factor Fly.

Experiment Isotope (gs Tech. ia. Mass ity oE bkg Tl% (m,) Project
[keV] (%] [kmol] [y] [KeV] [c/y] [10®y] [meV] Status
CANDLES IVt [120]  ®Ca 4271 sant. 2 18 5 73 035 03 30 R&D (ILL: 5 mol)
Majorana 120 [121] 6Ge 2039 ion. 86 1.6 4.5 2 0.1 0.07 90 R&D - reviewing
GERDA 11 [125] 5Ge 2039 ion. 86 0.5 5 2 0.1 0.02 90+290 funded/R&D (I: 0.3 kmol)
MOON IIT [126, 127] 100Mo 3034  track. 85 8.5 10 66 3.8 0.17 15 R&D (I: small)
CAMEO IIT [130] H6Cq 2805  scint. 83 2.7 10 47 4 0.1 20 proposed
CUORE [139] 180Te 2529  bol. 338 1.7 10 2 7.5 0.07  11+57 construction
EXO [131] 136X e 2476  track. 65 60.0 10 25 1 4.1 11+15 R&D (1.5kmol)
SuperNEMO [134] 150Nd 3367  track. 90 0.7 - 57 10 0.01 50 R&D
DCBA-F [140] 150Nd 3367 track. 80 2.7 85 0.01 20 R&D (T2: small)
GSO [138] 160Gd 22 scint. 22 2.5 10 83 200 0.02 65 proposed

Table 2.6: A selection of the proposed experiments. Except for CUORE and GSO all experiments use isotopically enriched material. Background
bkg is calculated on an energy interval equal to 0. For all tracking experiments the quoted background is due only to the 83-2v tail.
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Chapter 3

Bolometric Technique

3.1 Introduction

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 mea-
sured through temperature variation.

Convectional techniques, used to measure energy deposition caused by interactions,
are based on the detection of energy released in form of ionization and excitation of
the detector’s atoms. Unfortunately the amount of energy lost to channels differing
from the ones of interest is quite large. In particular most of the energy is converted
to phonon excitation of the detector’s lattice volume. This lost energy, together with
the energy needed for atom excitation or ionization (namely the elementary detected
event), increases the statistical fluctuations of the number of elementary excitations,
with a consequent worsening of the intrinsic resolution of these convectional techniques.
Bolometric Techniques, on the other hand, measure the portion of the deposited energy
converted into phonons by means of the related temperature rise. As it will be shown
in this chapter this guarantees a better intrinsic energy resolution.

In the year 1935 S. Simon|[141] was the first to propose the use of temperature detec-
tors to study nuclear phenomena. In 1949 H.D. Andrews, for the first time, detected
alpha particles using superconductive bolometers[142]. In the following years the possi-
bility of using thermal detectors for various research topics (such as solar neutrino and
X-ray spectroscopy, material contamination analysis, dark matter detection and rare
processes), was a strong motivation for the development of this technique. However
the use of large bolometric sensors is quite recent for rare event physics and was first
suggested by E. Fiorini and T.O. Niinikoski in 1983[143].

Presently the bolometric technique finds one of their best applications in rare events
physics, particularly in Double Beta Decay and Dark Matter[144]. The typical time
evolutions of the pulses do not allow high radiation rates on the detector, for this reason
bolometers are intrinsic rare events detector. Besides this time limitation however there
are many advantages. The most important are:
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1) the energy resolution is better than of most of the other particle detectors[145];
2) bolometer offers a wide choice of different materials that can be used as absorber.

This last feature is very important since in the case of DBD research it can allow to
cross check a possible evidence on different isotopes whereas in the case of DM it allows
to probe different mass region.

In this chapter I will show the working principles of the bolometric technique with
particular attention about its application in the double-beta research.

3.2 General principles
From a very basic approach a bolometer consists of two main components:

1) Energy absorber: this is the sensitive part of the detector, where the interactive
particles deposit their energies. The absorber material can be chosen quite freely,
as long as it is characterized by a low specific heat at the working temperature. Its
mass can range from a few hundred micrograms (such as for X-ray spectroscopy
or direct neutrino measurements) up to a few kilograms (such as for Dark Matter
or Double Beta Decay searches).

2) Phonon sensor: this is a crucial element; it converts the excitation produced
by particle interaction into an electrical signal. For this purpose different kinds
of thermometers exist, depending on the material and on the process through
which the temperature signal is converted into an electric signal.

Bolometers are LTDs sensitive to phonons. These devices are therefore named
Phonon Mediated particles Detectors (PMDs) where the sensitive element is conse-
quently the phonon sensor. In Figure 3.2 a simple scheme of a TeO, (Tellurium dioxide)
bolometric detector is shown.

A PMD can be schematized as a calorimeter with a heat capacity C' connected to
a heat sink, with constant temperature (7p), through a thermal conductance G (the
monolithic model of figure 3.1(b)). The heat capacity contains all the contribution of
the elements which compose the detector: the lattice heat capacity of the absorber
(C4) and the lattice heat capacity of the sensor (Cr). The conductance G represents
the thermal connection between the detector and the heat sink and its heat capacity
is considered negligible. For a given absorber with temperature T'(¢) one can assume
that:

AT :’ T(t) — Ty

<<Ty VvVt = G,C =const (3.1)

so that one can treat G and C' as constant. An instantaneous deposition of energy AFE
in the absorber gives rise to a temperature pulse:
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(a) A two-stage thermal model: G4 describes the(b) A monolithic thermal model: here the detector is
conductance between the heat sink and the ab- modeled as a single object weakly coupled to the
sorber (Teflon thermal coupling), G4 describes  heat sink. The heat capacity C' contains all the
the conductance between the absorber and the contribution of the elements which compose the
sensor (a two-component epoxy resin), and, at detector. (G describes the thermal conductance
last, G g1 describes the conductance between the between the detector and the heat sink.
sensor and the heat sink (a gold wire needed to
bias the sensor)

Figure 3.1: Two models of thermal detector.

t
AE (-— C
AT(t) = el e( ) where 7 = c (3.2)

One can easily see from equation 3.2 that the heat capacity is a very crucial parameter
for this kind of device, as a smaller C will increase the amplitude of the signals.
The heat capacity at the temperature T is given by:

C(T) = o(T) - n (3.3)

where ¢(T) is the specific heat with temperature 7" and n the number of moles in the
absorber. In order to minimize this, one has to use a suitable material (such as dielectric
crystals or superconductors below the transition phase) and, most importantly, operate
the detector at a very low temperature. In fact a 1 MeV particle impinging on a
1 mole absorber at room temperature generates a variation of the order of AT =~
(107 =10715)K, which is impossible to measure. For bolometers the typical operating
temperature is in the range of ~ (10 = 100)mK.

The PMDs can be classified as fast or slow bolometric detectors. This classification
depends on which type of phonon sensor is used. In the former case, these phonon
sensors have a response time of the order of a few microseconds. If this response time
is not larger than the thermalization time of the non-equilibrium phonons produced
by interaction, then these sensors could become sensitive to athermal phonons'. In

Iphonons out of equilibrium.
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the latter case their response time is larger; thus they are only sensitive to thermal
phonons measuring the temperature of the detector. The sensor is a thermometer in
all respects and thus the PMD works as a perfect calorimeter.

3.3 The energy absorber

As described in the above section, the most important parameter of the detector is its
heat capacity, which needs to be kept small in order to achieve large and fast signals.
To fulfill this requirement, low temperatures are needed.

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

c(T) = c(T) + ce(T) + cu(T) (3.4)

where ¢, ¢, and ¢, represent, respectively, the lattice, electron and magnetic contribu-
tions to the specific heat. The lattice contribution for a dielectric solid can be expressed
looking at the Debye Model in the low temperature approximation:

4 3
o(T) = 2 Nakn ( @%) (35)

where k, and Ny are, respectively, the Boltzmann constant and Avogadro’s number.
The constant ©p represents the Debye temperature, a parameter intrinsic to the ma-
terial, which can be expressed as follows[146]:

1 1
h h 6m2NK \°* h 62 \°®
D=, kBC< v ) gy (Ap2> (3.6)

where ¢, =4/— , ——=n=
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where V' = L, L, L, is the volume of the solid, c; is the speed of sound in the material,
p is the density, N is the number of unit cell, K is the number of atoms per unit cell
and, at last, F is Young’s modulus. The corresponding heat capacity (from equation
3.5) can be written as:

T

C(T) =B < ®—D> with T < ©p (3.7)

where 3 = 1944 J K=! mol™!, m is the absorber mass and M is the molecular weight.
As one can easily see, the heat capacity is proportional to the mass and, for T' < ©p,
to the temperature cubed.

The electronic contribution ¢, depends on the conductive or superconductive nature
of the material, as follows:

7T—ZZ Rl = conductive (3.8a)
©p Op
co(T) = (3.8)
ol

K,e T = superconductive  (3.8b)

where Z,R and ©Op are, respectively, the conduction electron number for each atom,
the gas constant and the Fermi temperature. 7T, is the critical temperature? while K
is a constant which depends on the characteristics of the superconductive material.
For conductors ¢, is proportional to T'; for superconductors however, with T' < T, ¢,
decreases exponentially with the temperature. The eventual magnetic nature of the
material gives rise to the last term in equation 3.4, inversely proportional to T°2.

Finally it is easily seen that in order to minimize the global heat capacity, one has
to work at very low temperatures and avoid conductor and magnetic materials. One of
the two optimal choices is to work with superconductive materials, characterized by a
critical temperature higher than the working temperature. Another choice is to work
with dielectric diamagnetic materials characterized by a maximized Debye temperature.
In this case only the lattice contribution is present, while the electron and magnetic
contributions can be ignored. Furthermore, since the Debye temperature depends on
the mass number A and on the material density (according to ©p A s p’%, 3.6)
low atomic mass and low density would provide lower heat capacity, even one has to
keep in mind that higher atomic number guarantees a higher detection efficiency for
electrons and gammas.

2in superconducting materials, the characteristics of superconductivity appear when the tempera-

ture T' is lowered below a critical temperature 7.
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3.3.1 Thermalization processes

When a particle interacts with the detector it releases its energy into the absorber.
This deposited energy is afterwards downgraded through two main channel: nuclear
and electronic[147].

- Nuclear channel: the energy released into the nuclear branch (Ey) in part
is converted in vibrational excitations (phonons) and in part it could produce
structural defects in the absorber’s lattice. Because of the low temperature these
defect are stable and could constitute energy traps. The statistical fluctuations
of the number of the produced defects can worsen the energy resolution of the
detector. The fraction of this lost energy depends on the incident particle; for
electrons and photons it’s negligible, whereas for alpha particle having some MeV
of energy it can cause a FWHM resolution of some eV.

- Electronic channel: the energy released in the electronic channel (E,) is spent
to excite electron-hole pairs (e/h pairs). The impinging particle is slowed down in
few pm (heavy particles) or mm (electrons) after its interaction into the crystal
absorber. Along its path it produces many e/h pairs, with, at the beginning,
very spatial density and energy. These charge carriers interact with each other
and spread very quickly in the crystal. As soon as an the equilibrium is reached,
they undergo their final degradation interacting with the lattice: these produce
phonons. In this process a large fraction of the initial pairs energy is transferred
to the lattice as vibrational phonons but also undesirable processes could occur.
In fact a fraction of this energy instead of being converted into crystal lattice
excitations can leave the crystal or can be stored in stable or metastable states.
It’s possible to have:

i) radiative recombinations, where the e/h couples generated interact with the
escape emitted photons;

it) mnon-radiative recombinations, where the e/h couples generated interact with
the other carriers;

iii) trapping (also called Shockley-Read-Hall Recombination) of electrons and
holes in the states created by an impurity defects in the lattice.

In order to understand the phonons thermalization processes inside the crystal ab-
sorber it’s useful to consider the mono-dimensional representation of the phonon dis-
persion curves (figure 3.3). 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 turn from the particle interaction region. One
optical phonons decay in the LA-Branch in a very short time (10 <+ 100) ps. The en-
ergy and momentum are conserved and two phonons, each having half of the energy
of the initial particle (of the order of the Debye energy) and opposite momentum,
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are produced. Therefore the final result is a phonon system, mainly belonging to the
LA-Branch, and having the energy of the order of Ep = hiwp (where wp is the Debye
cutoff frequency of the crystal). This energy is much higher than the average energy
of thermal phonons at the bolometer working temperature (Q7" = 10 mK, the average
energy is < F >~ peV) so that new phenomena of phonon energy degradation can
occur and the two produced phonons become thermal phonons.

These processes (thermalization of the athermal phonons) can be classified in three
channels:

1)

Phonon-phonon scattering: it is due to the anharmonic terms of the lattice
potential and can only behave as a decay. The LA-phonons decay are responsible
for the transverse acoustic TA-phonons production, differently the decay of the
TA-phonons is forbidden by the momentum conservation law. The decays allowed
are: LA — LA+TA LA — TA+TAand TA — TA+ TA. It is clear that
this degradation mechanisms is not enough to permit, in a reasonable time, the
thermalization of the energy trapped in the athermal phonons. Other mechanisms
must exist and must be able to degrade phonon energy, and also to induce the
conversion of the TA-phonons, otherwise stable, into LA-phonons so that they
can be thermalized. The following two processes owns these features.

Mass defect or impurity scattering: it is a Rayleigh-Like scattering (elastic
and isotropic) but it is irrelevant for the thermalization process.

Reflection on crystal surfaces ( or boundary scattering): this phenomenon
is composed by two terms: diffuse (due to the surface roughness) and specular
scattering. After a certain number of TA — T A+ T A decays the mean free path
of the phonons becomes larger than crystal dimensions. In a pure crystal this
means that there is a ballistic propagation of phonons until they reach the crystal
surfaces[148]. Here a fraction f of them are diffuse and directly thermalized.
The (1 — f) fraction of the phonons is reflected specularly in a way depending on
their incident direction and polarization. These phonons can suffer other decay
processes and, at the end, interact with the background thermal phonons with a
final thermalization.

In the case of the superconductor material the thermalization processes can be
long, in particular when the Debye temperature ©p is large and the critical
temperature T, is low. Indeed, under this conditions, phonons generated by
particle interaction can break the Cooper pairs and cause an energy storage in
the quasi-particle system. For this reason diamagnetic dielectric material are to
be preferred.

Since fast (ballistic) and thermal phonon have separated development times, two
kind of phonon sensor have been conceived[149]:
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Figure 3.3: Athermal model for the phonons thermalization. The abscissa k is the module of the Crystal
momentum, a momentum-like vector quantum number associated with electrons in a crystal. There are
two types of phonons: acoustic and optical[150]. The acoustic phonons correspond to sound waves in
the lattice. Longitudinal and transverse acoustic phonons are often abbreviated as LA and TA phonons,
respectively. The optical phonons are so called because they are excited very easily by electromagnetic
radiation. The optical modes are responsible of much of the characteristic optical behavior of the crystal.

i) ballistic phonon sensor, used to detected (athermal) phonons at their first interac-
tion with the the crystal surface interface and used for spatial event reconstruction
(determination of the interaction point);

i) thermal phonon sensor, used to detected thermalized phonons.

3.3.2 Energy Resolution

The energy resolution of a given detector is related to the statistical fluctuation of the
number of elementary events contributing to the signal[151]. Every elementary event
is associated to activation threshold energy . This energy is the minimum amount
required to produce an elementary excitation (ionization for the conventional detectors,
phonons for thermal detector). In reality the actual amount is generally higher than e
because of the loss energy lost in channels different from the detected one, and it can
change event by event. One can considers its average value as ¢,. For an energy release
E the number of generated elementary events is:

E
N=— = FE=¢N = og=¢,AN (3.9)
€a
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There are a number of potential sources of fluctuations in the response of the detector
which get worse the energy resolution. The main responsible are:

1) any drift of the operating characteristics of the detector during the course of the
measurements;

2) sources of random noise within the detector;

3) statistical noise arising from the discrete nature of the measured signal itself.

By assuming that these fluctuation are a Poisson process with AN = /N, the
theoretical energy resolution (FWHM) is:

" ' FWHM 2v/21n 2aE 2.35 e,/ N 235 (3.10)
Poisson . E E gaN B \/N .

Limit

where R depends only on the number of the elementary processes generated. To take
into account possible correlation effect among the events one can introduce the Fano
factor defined as[152, 153, 151]:

observed variance
F = , , = 0<F<l1 (3.11)
predicted variance

Because the variance is given by o? the equivalent expression to eq. 3.10 is now:

2.35 VNVF F Eq
R = T:z.% ”NZQ'?’E’ FEO(\/a (3.12)

Statistical
Limit

As it is shown in the eq. 3.12 the resolution is proportional to /2., so lower is the
activation threshold energy of the detector and lower is its intrinsic energy resolution.
For a thermal detector at a given temperature 7" one has:

E(T)=C(T)T , ea=kT = N= C]iTT)T = CliT) (3.13)
b b

and assuming again the Poisson statistic for intrinsic energy resolution one obtains:

o _235\/ =235 ; = AE =235 FC(TT? (3.14)

According to this last equation (eq. 3.14), the resolution for a bolometer is independent
of the energy F, so, for example 1 Kg of TeO2 crystal operating at 10 mK could measure
energy deposition of the order of few MeV with a resolution of in the range (20+-100) eV,
more than two order of magnitudes than conventional detectors.
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In the case of bolometers the effective energy resolution could be got worse because
of other energy fluctuations (metastable e/h states o long-lived non thermal phonons)
which combine themselves with the statistical ones, taking part to the energy deposition
process.

3.4 The phonon sensor

The phonon sensor is a devices able to collect the phonon produced inside the absorber
and able to generate an electrical signal proportional to the energy contained in the
collected phonons. A simple realization of this devices can be filled using a thermistor
whose resistance, as a function of temperature, has a steep slop. In this way a lit-
tle variation of temperature could generate a significant and measurable variation of
resistance.

There are two main classes of thermistor with the best performances: semiconductor
thermistors (STs) and transition edge sensors(TESs). These type of sensors are usually
characterized by their Logarithmic Sensitivity A, which describes the sensor capability
of transforming a small temperature increase in a significant resistivity variation. This
parameter is defined as (appendix B.1):

dln R(T)

A= T

(3.15)

The value of the sensitivity is typically in the range (1 + 10) for STs and in the range
(10? = 10%) for TESs.

3.4.1 Semiconductor Thermistor

This type of sensor are intrinsically slow so that they are sensitive mainly to ther-
mal phonons. For these reasons they could give information about system in thermal
equilibrium and work as temperature sensors.

Normally the semiconductor thermistors consist of Ge or Si small crystal with a
doped region. A technique used for fabricating such devices in order to lead an uniform
dopant distributions down to the atomic level is the Neutron Transmutation Doping
(NTD). In this approach all wafers are irradiated at a nuclear reactor with thermal
neutrons for the duration of 4 hours[154]. This procedure leads the formation of a
homogeneous distribution of p-type dopant. The compensation level K = N /Np
between donor and acceptor atoms can be controlled by changing the flux of the neutron
irradiation, thus tuning different behavior in the sensor.

A doped semiconductor near absolute zero can behave whether as insulator or a
metal, according to the number of dopant atoms planted, which trim the conduction
mechanism. In fact, if this number is greater than the critical concentration N, the
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Figure 3.4: Representation of the hopping conduction mechanism.

devices has a metallic behavior. The region near this concentration is called metal-
insulator transition region (MIT)[155].

At temperature 7' < 10K, the conduction mechanism is due to the migration of
charge carries from an impurity site to another. When the donor concentration is in-
creased, 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 happens by electrons jumping from a
donor site to another without using the conduction band. This mechanism is called
hopping mechanism (figure 3.4). This migration is due to quantum-mechanical tunnel-
ing through the potential barrier which separates two dopant sites. This conduction is
activated by phonons absorbed into the sensor. The phonon assisted tunneling of lo-
calized electrons between different sites depends by hopping length (the mean distance
between two contiguous sites) which increases with the decreasing temperature.

If T' << 10K and if the doping concentration is slightly lower than N, the resistivity
is strongly dependent on the temperature. So, in order to obtain optimized phonon
sensors, one chose to operate semiconductor thermistor slightly below the MIT region.
Under these conditions the main electric conduction mechanism is the Variable Range
Hopping (VRH)[156] belongs to Sir N. F. Mott. Here the carriers can migrate also in
far sites if their energy levels are located in a narrow range around the Fermi energy.
For a semiconductor the electron phase-space density near the Fermi level is related to
the compensation level K adjusted in the doping phase.

In the case of VRH the resistivity depends on the temperature in the following way:
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T )" 1
p(T) = po 6(70) with = i1 (3.16)

where pg and T{) are parameters depending on the doping concentration, and where d
is the dimensionality of the phase space of the system. For a three-dimensional system,
considering the Mott Model, one has d = 3 and v = 1/4. For larger values of K the
Coulomb repulsion among the electrons leads to the formation of a gap (called Coulomb
gap) in the phase-space density near the Fermi level. In this case the dimensionality
decreases and vy becomes 1/2[157].

Starting from eq. 3.16, the sensitivity parameter A for a NTD thermistor takes the
following form (appendix B.1):

dln R(T)

A=
dT

_ %%)” (3.17)

3.4.2 Transition edge sensors

A transition-edge sensor is a thermometer made from a superconducting film operated
near its transition temperature 7,.. They are intrinsically fast, and so they can detect
athermal phonons. The incident phonons are absorbed directly and the temperature of
the electron system in the film raise. If the detector is biased in its superconducting-to-
normal transition, this energy deposition results in a macroscopic resistance change. A
typical example of a resistance-temperature curve for a TES is shown in figure 3.5(a).
Typically, each TES is inductively coupled to its own SQUID (Superconducting QUan-
tum Interference Device) channel (figure 3.5(a)) to amplify and read out these resistance
(and corresponding current) changes.

The detector time constant can reach a value around 100 us and, consequently, this
kind of sensor allows a reasonable counting rate. The theoretical resolution for a TES
calorimeter in the non-saturation regime can be approximated as:

AF ~ 2.355\/4k T, Eq (3.18)

where Fjg,; is the saturation energy. Since the lower the saturation energy, the lower
the Eg,, one would like to operate at the lowest saturation energy possible (and also
at the lowest critical temperature).

3.5 Detector operation

Taking into account bolometers with semiconductor thermistor as phonon sensor, in
order to obtain the best performances a proper biasing circuit is needed.As it shown in
figure 3.6(a), the bias current I, = Ipjas is supplied by means of a voltage generator
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Figure 3.5: Example of thin-film tungsten (W) TES device.
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Figure 3.6: Thermistor biasing technique.
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closed on a load resistor Rj, in series with the thermistor R, whose resistance is
negligible in comparison to Ry, (Ry, >> Rpo)-

Fixed a working point by forcing a bias current (figure 3.6(b)), across the thermistor
there is a voltage drop Vio (7)) = IgiasRpo(7). This voltage drop causes a power
dissipation P = IgiasViho with a consequent temperature raise. At this point the
thermistor resistance decreases until the electrical power dissipation becomes equal
to the thermal power absorbed from the detector by the heat sink. Now a thermal
equilibrium is reached and the absorber temperature is give by

T =T+ - (3.19)
b — 40 G .

where is G the thermal conductance between the detector and the heat sink and 7Ty is
the temperature of this last one. This phenomenon makes the V-I characteristic curve
(also named volt-amperometric characteristic or load curves) deviate from the linearity
and, above a certain value bias current, leads to a non-ohmic behavior. This behavior
is very usual in bolometric technique and is often referred to as Electrothermal Feedback
(figure 3.7(a)). For a given bias current the static resistance is simply the ratio Vie1/Ipol
while the dynamic resistance is the tangent at the V-I curve in the point (Vie , Ipol)-
If the current bias is further increase at a certain point the dynamic resistance crosses
the so called inversion point (IP), here first it vanishes and then becomes negative.

The intersection of the load curve with the load line imposed by the biasing system
(figure 3.7(a)) determines the working point (WP) of the sensor. Usually this is chosen
before the inversion point in such a way that the signal amplitude (Mazimum Amplitude
Point, MAP) or the signal-to-noise ratio (Optimum Working Point, OWP) is maximum.

By a combined fit to a set of load curves measured at different base temperatures is
possible evaluate the thermistor intrinsic parameter (R, Ty e ), as it shown in figure
3.7(b).

3.5.1 Signal amplitude

If one considers the monolithic model (figure 3.1(b)), in first approximation the thermal
pulse produced by an energy release into the absorber have the following characteristic
(figure 3.8):

1) rise time: if the thermalization time is assumed negligible, it can be considered
instantaneous. For a TeOy absorber mass of 760 g the rise time is in the range
t, = (40 + 80) ms;

2) fall time it assumes an exponential decay where the time constant depend on
the physical characteristics of the individual detector (7 = C'/G). For a TeO,
absorber mass of 760 g the fall time is in the range ¢; = (130 < 700) ms.
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Figure 3.7: Characteristic curves of a typical NTD Thermistor.

Typically the decay time turns out to be larger than the rise time by an order of
magnitude.

The relationship between the electrical pulse height AV and the energy deposition
AF can be obtained using the following partial derivation:

Vol Vot ORpol
AV = 2 gy = kel
" DRy T ORpe OT

dr (3.20)

Considering the biasing circuit shown in figure figure 3.6(b) and the equations 3.16
3.17, and assuming Ry, >> R}, one obtains:

AP - Ry,
AVie = const - Tbl AL (3.21)

where T is the temperature of the detector, C' is the heat capacity of the absorber
and P is the power dissipated in the thermistor Ry, by Joule Effect (for more details
see appendix B.2). This expression vanishes in the limit P — oo and in the limit
C — 00. An energy deposition of 1 MeV into a TeO, absorber typically produces
a temperature increase of AT = 7-107° K with a related voltage drop variation of
AVl = (100 + 200) V. The best working point (Vie , Ihol) maximizes the voltage
drop variation or its signal-to-noise ration.
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3.5.2 Detector noise

The energy resolution of a bolometric detector is limited by the noise sources. These
sources can be classified in two main categories:

1)

intrinsic noise: it’s strictly dependent on the physical characteristic of the
absorber and of the sensor. This is a unavoidable source of noise and gives the
reachable theoretical limit for the energy resolution (AFEyax);

extrinsic noise: it accounts for all the noise sources dependent on the exper-
imental set-up. In this category are included the sources due the cryogenics
system, the sources due the electronics read-out, the electromagnetic interfer-
ences and the mechanical microphonic noise. This kind of noise dominates the
energy resolution of the low temperature experiments.

The two main contributions at the intrinsic noise are the following:

1)

Johnson-Nyquist noise: considering the semiconductor thermistors as a resis-
tor, the Johnson-Nyquist noise (or thermal noise) is the electronic white noise
generated by the thermal agitation of the charge carriers inside the device at
equilibrium, which happens regardless of any applied voltage. For a typical value
of resistance Ry, = (50 =+ 100) MS, working at a temperature 7' = 12 mK, the
spectrum noise density is given by:

o [ a i e v
612)01 = <€%ol(t)>t = 4k'BCZijol =~ 1078 E (322)

As it shown in figure 3.6(b) the sensor is biased using a load resistor that is, in
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general, at room temperature (71, ~ 300 K). One could take into account the

Johnson noise leads to this resistor on the thermistor, this contribution is given
by:

Ryl Ryo1
\/ \/ €k =4k T, Ry, ————— 3.23
6det ( Ry, + Ry ) PR Ry, + Ryl ( )

and comparing this contribution with the thermistor one:

V et Y i Riol | 4kBTLRL [ Ryol Riol TL (3.24)
5 —— \ RL+ Rva /| \ 4kgTRyo \ RL Ry '
€hol €hol

Therefore the detector contribution is dominant and it’s mandatory to reduce it
as much as possible choosing a large enough

Thermodynamic noise: it is due to the statistical fluctuations of the number
of phonons exchanged between the heat sink and the thermistor (as previously
said in the section 3.3.2). This phenomenon limits the intrinsic energy resolution,
according to the equation 3.14, in the range AE = (10 = 100) eV. In addition,
considering the monolithic model, a detailed calculation of noise due to the intrin-
sic thermodynamic noise shows that the real energy resolution is the theoretical
multiplied to a dimensionless factor &.

AE = 2.35¢ \/Fk,C(T)T? (3.25)

The & value depends on the details of the temperature sensor, of the thermal
conductance and of the temperature dependences of the heat capacity. By means
of a proper optimization it’s possible to made this of the order of the unity.
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Chapter 4

CUORE experiment

4.1 Introduction

The next generation of experiments for the double-beta decay search should be able
to observe the phenomenon and measure the effective Majorana mass of the electron
neutrino, |(m,)|, which would provide a measure of the neutrino mass scale. In partic-
ular they should be able to explore the inverted hierarchy neutrino mass region. This
aim corresponds to a sensitivity in [{(m, )| better than 50 meV.

The use of bolometers as rare events detectors and in particular for the double
beta decay research, has been first suggested by Professor E. Fiorini in 1984[143].
Under his guidance the Milano WIG Group (Weak Interactions Group), during the
past twenty years, have developed bolometric detectors, of increasing mass, made of
tellurium diozide (TeOsq, also called paratellurite).

CUORE (Cryogenic Underground Observatory for Rare Events[158, 159]) will be the
last step of this research line: with its total mass of about 741 Kg it will be the largest
cryogenic detector operated so far. The preliminary step performed (table 4.1), in order
to achieve this goal, are (in chronological order): a single crystal of 334 g[160] (riv.0),
an array of four crystal with a mass of 340 g each[161] (array.4), a tower-like array of
340 g crystal[162, 163, 115, 116] (MiDBD) and, at last, a CUORE-like tower composed
by 62 crystal with a total mass of 41.5 Kg (the running experiments CUORICINO).
These experimental activity was carried out in the underground location offered by
the Laboratori Nazionali del Gran Sasso (LNGS) of INFN (Istituto Nazionale di Fisica
Nucleare).

The CUORE detector will consist of an array of 988 TeO, bolometers arranged in a
cylindrical configuration of 19 towers each one composed by 52 5 x 5 x 5 cm? crystals.
Each tower will have four columns and each column will be composed by 13 crystal.
Its total mass will be about 18 times that of CUORICINO; this will allow CUORE to
achieve the sensitivity required for the next generation of Ov/3( experiments.

The excellent performance of the 5 x 5 x 5 cm? crystals to be used in CUORE was
already proved with the pilot experiment CUORICINO[166, 167, 168, 169, 164, 165].



N Mass Live Time Tcl’l/’2 Bkg AErwim Ref.
¢ [g/each] [h - N| [years| [c/KeV /Kg/y] [KeV]
Riv.0 1 340 9234 1.8-10% 4.4+0.3 9+15 [160]
Array.4 4 340 3096.8 3.3-10% ~4 <12 [161]
. g 340 1537 5.6 - 102 - 110 [162]
MibDBD 20 340 94335.3 2.1-10% 0.33+£0.11 5+15 [163]
44 790 408466.31 0.18 £ 0.01 8
CUORICINO 14 330 116810.54 3.0 - 10% 0.20 £ 0.04 12 [164, 165]
4t 330 20866.22 0.40 £ 0.11 22

Table 4.1: List of TeOs-experiments performed from 1993 to the nowadays by the Milano Weak Interactions Group. The detectors were calibrated
by a combined radioactive source of 233U and 232Th. The FWHM energy resolutions are measured at the 2615 KeV 20%T] line. The half life limit
is given at a confidence level 90%. The CUORICINO live time is equivalent to 55+415 days per crystals.

N, is the total number of TeOs crystals.

*In the first phase only 8 channels were acquired.

TTwo crystals are enriched to 82.3% in '®Te and two are enriched to 75% in '30Te.
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Reproducibility was tested, the pulses amplitude is in agreement with the thermal
model and the full width at half maximum (FWHM) was ~ 1 KeV for low energy
gamma peaks and ~ 8 KeV at the 2615 KeV background v-ray line from the thorium
chain[167].

4.2 The location

CUORE will be located in the underground Hall A of the The Laboratori Nazionali
del Gran Sasso (LNGS, L’Aquila, Italy). These laboratories are situated at 150 Km
North-East of Rome and are excavated aside the 10 km highway tunnel passing under
the Gran Sasso mountain. The altitude is 963 m and the average dolomitic rock
cover is 1400 m (or 3700 m.w.e.) This rock, in addition of being a natural shield
against cosmic radiation, is entitled to good radiopurity conditions, compared to similar
underground physics sites. Table 4.2) shows the environmental background components
(neutrons, gammas and muons) measured in the LNGS compared with other european
underground laboratories.

The LNGS are a facility especially designed and excavated for underground physics.
The underground laboratory comprises three experimental halls (named A, B and C)
with a variable length around 100 m and height above 18 m for an overall volume
exceeding 180000 m?. Experimental setups are situated in the halls or in the net of
service tunnels that complete the structure (figure 4.1).

HallA Hall A .
Cresst Gerda  Tir Tunnel
CUORE
Cuoricino

Luna

L'Aquila & Hall B

Side

Hall C
Cuore R&D
Borexino
Opera

Teramo
Side

Roma-Teramo
highway tunnel

Figure 4.1: Laboratori Nazionali del Gran Sasso, map of the underground experimental halls.



62 CUORE experiment

Muon
Location m.w.e. D, [cm 2571 Ref.
LNGS? 3800 (1.19 4+ 0.05) - 107% - sr~! (170, 171]
LSMP 4800 (5.14 £0.39) - 107? [172]
[Use 2805 (4.09 +£0.08 £0.13) - 108 [173]
LSCd 2500 (3.94 + 0.05 + 0.40) - 10~ [174]
CUPP* 3960 (1.10 £ 0.10) - 10-% [175]
Gamma
C —2 1
Location m.w.e. 0 Mean ACtzl;’SIEY [y-em™-s 2]3 v Ref.
LNGS* 3800 ~ 1 (for the whole natural chain) [176]
[Use 2805 | (1130 & 200) ppm (67 = 6) ppb (127 = 10) ppb [177]
LSCd 2500 (0.33 £ 0.20) (0.71 +£0.12) (0.85 4+ 0.07) [174]
Neutron
Location m.w.e. Neu];:o[rli/lfilft]ergy B, Egl_lgior;rf_l;l]x 1 Ref.
LNGS? 3800 | HALL A: Thermal Neutron 1.08 £ 0.02 [178]
HALL A: E, > 2.5 MeV 0.23 +0.07 [178]
HALL C: 1 MeV < E, < 10 MeV 0.42 +£0.12 [179]
LSMP 4800 | Thermal Neutron 1.60 £0.10 [180, 181]
2 MeV < E, < 6 MeV 4.00 £ 1.00 180]
1use 2805 | By > 0.5 MeV 1.72+0.61 £ 0.38 [182]

& Laboratori Nazionali del Gran Sasso.

b Laboratoire Souterrain de Modane.

¢ Institute of Underground Science, Boulby Mine.
d Laboratorio subterraneo de Canfranc.

¢ Centre for Underground Physics in Pyhésalmi.

Table 4.2: Measurement of environmental activity at the ILIAS Underground laboratories. ILIAS is an
european network-project that groups the most important Underground laboratories and Gravitational
Waves observatories in Europe.

4.3 CUORE bolometers

In this section it will presented an overview of the configuration adopted for the
CUORE bolometers. Their main important parts are: the double beta decay source,
the energy absorber and the sensor.

4.3.1 The Double Beta Decay source: *'Te

As shown previously the bolometric technique offer a freedom in the choice of double
beta candidates isotope (table 2.2). The only requirement is the following: the cho-
sen candidate nucleus must be part of a crystalline structure with good thermal and
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mechanicals properties.

The isotope 130 of the tellurium, chosen for the past WIG experiments and also
chosen for CUORICINO and CUORE, is a good candidate for testing the neutrinoless
DBD in a isotope different from "®Ge and, at the same time, with a competitive sensitive
to obtain crosschecked information and to prove the consistency of the Majorana-
neutrino hypothesis. The decay searched is:

B0Te — B0Xe4+2e7 = Q=(2530.3+2.0) KeV [60] (4.1)

The main features of this choice are the following:

1) Isotopic Abundance: the sensitivity of a DBD experiment is proportional to
the square root of the number of nuclei under control i.e. to the square root of the
detector’s mass. Since it’s impossible to increase easily the mass of some order
of magnitude, it is very important to choose an isotope with an high isotopic
abundance without expensive enrichment procedure. As shown in table 2.2, the
isotope 39Te is an optimal choice since its isotopic content in natural tellurium
is i.a = 34.50%]60].

2) Transition energy: the Q-value of f3—decay is very important parameter be-
cause its relation with the natural radioactivity background. The Q-value of
130Te is @ = (2530.3 + 2.0) KeV, this value is located in a clean energy windows
between the photo-electric peak and the Compton edge of the 2615 KeV line of
2081, and out of the background induced by #%U.

3) Phase space: the parameter G% is the element of phase space of the transition.
This represents the pure kinematic contribution of the decay process. For a
BB—decay one has G% o @Q°, so the higher is the Q-value, the bigger is the
probability for the decay to occur. The 33 Q-value for *°Te is reasonable high.

4) Nuclear dynamics: as shown in the previous chapters, the life time for Ov3( is
inversely proportional with the matrix elements |M%|? by means of the nuclear

structure factor Fy defined as:
29 -1
Fy ( |<m”>|> ] (4.2)
Me

The nuclear matrix elements are dominated by the nuclear dynamics. Their
values are model dependent and different from one nuclide to another. In most
of the nuclear models used to compute the matrix elements (for example RQRPA
and QRPA methods[72, 73|, figure 4.2) the nuclear structure factor of 39Te is
more favorable than that of "*Ge (table 4.3)).

FN — GOV‘MOV‘Q

and Tl% =
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Nuclear ga MF (M%) Eerp. 11}y ({Mgp) = 50 meV)
transition [MeV~!] RQRPA QRPA [yrs]
6Ge — TSe 1.25 0.154+0.006  3.92(0.12)  4.51(0.17)  +0.05 0.867005 1077

.00 0.23+0.01 3.46(0.13)  3.83(0.14)  40.06 1.10%913 1077
828 — 2K 1.25  0.1040.009  3.49(0.13)  4.02(0.15)  40.08 2.4470:32 10%
1.00  0.164+0.008  2.91(0.09)  3.29(0.12)  =+0.08 3.501035 10%
BZr —SMo 125  0.11100%8 1.20(0.14)  1.12(0.03)  *042 0.98%4:3, 107
100 017100 1.12(0.11)  1.21(0.07) 012 1125081077
00070 — 10Ry  1.25 0224001  2.78(0.19)  3.34(0.19)  £0.02 2.377035 10%
1.00  0.3440.015  2.34(0.12)  2.71(0.14)  £0.02 3.337030 10%
16Cd — 16Gn 125 0.1240.006  2.42(0.16)  2.74(0.19)  +0.02 2.861059 10%
1.00 0.1940.009  1.96(0.13)  2.18(0.16)  +0.02 4.391077 10%
287 - 128Xe 125 0.0344+0.012  3.23(0.12)  3.64(0.13)  40.09 4.53708% 107
1.00  0.053+0.02  2.54(0.08)  2.85(0.08)  +0.10 7.351 05 1077
B07e — 130Xe 125  0.0367093, 2.95(0.12)  3.26(0.12) 026 2.1675750 10%
.00 0.056%59% 2.34(0.07)  2.59(0.06) 52 3.4210:38 10%
B6xe - 130Bg  1.25 0.030 1.97(0.13)  2.11(0.11) 4.55702% 10%
1.00 0.045 1.59 (0.09)  1.70 (0.07) 6.38% a1 10%
1.25 0 1.67(0.13)  1.78(0.11) 7.0070%] 10%
1.00 0 1.26 (0.09)  1.35 (0.07) 1114547 1077
BONG —1508m  1.25  0.07+09%° 4.16(0.16)  4.74(0.20) 996 2.231051 10%
1.00  0.110 3.30(0.16)  3.72(0.20) 5% 3.5510:8 10%

<M%> L

- e RQRPA (gp=1.25)

5.0 m RQRPA (g,=1.00)
i e QRPA (g5=1.25)
- ¢ s QRPA  (g,4=1.00)

4.0 _—E E §

‘0 SERT ¢ o #

T ’ 5 _¢ EE E

20 | B

1.0 | EE

0 I I | | I I |

76Ge SZSe 96ZI‘ IOOMO 116Cd 128Te 130Te 136){e

Figure 4.2: Average Ov33 nuclear matrix elements < M > and their variance evaluated in the RQRPA
and QRPA[72, 73].
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Parent Isotope ][';Nl] [I?(f 6]
BCa (547301071 4274.0
6Ce (7.340.6)- 107 2039.0
828e (1.7703) - 10713 2995.5
100Mo (5.00 £ 0.15) - 1013 3035.0
16Cq (1.3707) . 10713 2809.0
130Te (4240.5)-10713 2530.3
136X e (2.8+0.4)-1071 2462.0
150Nd (5.7739) - 1071 3367.7

Table 4.3: The most popular parent isotopes, their average nuclear structure factors and the
Ov33-decay energy[60].

4.3.2 The energy absorber: TeO,

The WIG group decided to use 3Te in dioxide form (TeOs). The choice of using TeOs
crystal (figure 4.3) instead pure Te crystal was motivated by the useful properties of
the first one.

1)

Debye temperature: the 0y of the tellurium dioxide is higher than of pure Te
and so, at the same temperature, the former has a lower specific heat and thus
higher pulses can be achieved[183]. Moreover TeO, crystals, being dielectric and
diamagnetic material, have only the lattice contribution to the specific heat, the
others are negligible.

Mechanical properties: pure Te has poor mechanical properties and breaks
after few thermal cycle. Differently large crystal of TeO, can be grown with
excellent mechanical properties.

Compound quality and mass: the tellurium dioxide mass is dominated by
tellurium, this means that it’s possible to work with a large quantity Te (about
80%). Moreover the radiopurity obtained is high: R < 1 pg/g both for #*Th
and 238U,

Taking into account these consideration it’s possible to see that the isotope *°Te in
form of TeO, crystals it is a very good available choice with moderate cost and good
features for rare events research.

4.3.3 The sensor

The sensor used for CUORICINO are NTD-Ge thermistor working in the variable range
hopping conduction regime with Coulomb gap.
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Figure 4.3: Example of 5x 5 X
5 cm? TeOy crystal. The crys-
tal are produced by Shanghai
Institute of Ceramics, Chinese
Academy of Sciences SICCAS.
The single crystal are grown us-
ing the Bridgman technique

As described in the section 3.4.1 this kind of devices are able to convert the thermal
pulse into an electrical signal thanks to the temperature dependence of its resistivity.
The resistance behavior (figure 4.4) follows the relation:

l
S

/s

o =pel®) = R=pT) Z=Rye(?) (4.3)

where the parameter Ry depends on the sensor geometry (I is the distances between
the electrical contacts where the wires are bound and S is the area of the pad where
the contacts are made), py the intrinsic electric resistivity and v = 1/2 (critical con-
centration in the MIT region and working temperature lower than 1 °K).

The CUORICINO thermistors have been developed and produced by a group ! leaded
by E. Haller, using a reactor?. The Neutron Transmutation Doped Germanium is
produced by irradiating an ultrapure germanium crystal by means of a flux composed
by thermal neutrons (E,, ~ 0.025 eV), epithermal neutrons (E,, ~ (0.025+ 1) eV) and
fast neutrons (E, > 1 eV). Ge nuclei capture the thermal and epithermal neutrons
and form various radioactive Ge isotope, which subsequently decay into As, Ge and

Lcomposed by people from Lawrence Berkeley National Laboratory (LBNL) and University of Cal-
ifornia Berkeley Department of Material Science
2University of Missouri-Columbia and Massachusetts Institute of Technology reactors
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5000 —

4000 —

3000 —

2000 —

Resistence [Ohm]

1000 —

T T T T T I
50 100 150 200 250 300
Temperature [K]

Figure 4.4: Resistance of a NTD-Ge thermistor as a function of temperature.

Ga. The occurring reactions are the following:

WGeli.a. =21%) +n — "Ge+v [op = (3.43+0.17) b]

lop = 1.5 b] Acceptor
MGe+e — "Ga+r, (712 = 11.4 d]
"Ge(i.a. = 36%) +n — ™Ge+~v [or = (0.51+0.08) b]

lop = (1.0£0.2) b] Donor
PGe — PAs+e +1, [71/2 = 83 min]
“Ge(i.a. =74%) +n — Ge+y [or = (0.160 £ 0.0014) b]

[og = (2.00 £ 0.35) b] Double
TGe — "As+e +1, [T1/2 = 11.3 L] Donor
77AS — 7786 +e + 1, [7'1/2 = 38.8 h]

(4.4)

where o7 and o are, respectively, the thermal and epithermal, neutron cross-section.
The most important aspect is that "°Ge transmutes into Ga, an acceptor, and that
"Ge transmutes into As, a donor, the primary active dopant in NTD-Ge. The dopant
concentration is given by:
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m : wafer mass

i.a : isotopic abundance

M : molar mass of the
target isotope

®r : flux of the (4.5)
thermal neutrons

&5 flux of the
epithermal neutrons

t . irradiation time

NA(O’T(I)T + O'ECI)E) ;
M

Naopant = m - 1.a.

By means of this procedure it’s possible to obtain a dopant concentrations per neutron
unit flux as follow[184]:

Ga=294-10"%2cm™®  per neutron/cm?/s

As=8.37-10"3cm™  per neutron/cm?/s

The intrinsic parameters Ry, Tp and v must be experimentally measured for each
thermistor (as described in [185]). In the case of CUORICINO the characterization
process was done at the INFN cryogenic laboratories of Milano and Firenze (see tables
4.4). The series #31, used in CUORICINO, have the best parameter values according
with the detector requirements.

Up to now, the current mounting procedure (CUORICINO-like) provides that the
NTDs are first bonded and then glued on the crystals. The order is constrained by the
position of the golden-pads that provide electrical contact to the wires: in fact the pads
are deposited on the opposite large sides of each thermistor by ion implantation and
gold coating along the whole surface (figure 4.5(a)). The current operation of bonding
and gluing can sometimes lead to the breakage of wires; moreover, it slows down the
whole assembly process and affects its reproducibility.

For CUORE a possible simplification could be obtained if the gold pads are set on
the upper face of the thermistors. In this way, the order of the assembly procedure
can be inverted by making wire-bonding the last step. This could lead, in principle,
to a simpler, faster and more reliable wiring. Such thermistors are called Flat-pack
NTDs (figure 4.5(b)).

A preliminary set of this kind of thermistors are currently under test at the cryo-
genics laboratory of Como. The goal is to obtain Flat-pack thermistors with the same
characteristics of the #31 CUORICINO series.
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NTD Label | Ro[2] T, [K] ~ NTD Label | Ro[2] T, [K] ~
B31.3A | 7.2639 3.3840 0.5 H3I_1A | 7.1374 32955 0.5
B31.3B | 88157 3.7485 0.5 H31.1B | 7.3534 3.3651 0.5
B31.3C | 7.4606 3.4111 0.5 H31.1C | 7.2339 3.2874 0.5
B31.3D | 6.8204 3.3709 0.5 H31.1D | 7.3362 3.3046 0.5
B31.3E | 84670 3.5887 0.5 H31.S1 | 0.8378 29550 0.5
B31.3F | 87392 33927 05 H31.82 | 0.8216 29110 0.5
B31.3G | 5.6102 3.2202 0.5 H31.83 | 08150 29810 0.5
B31.3H | 7.5310 3.4469 0.5 H31.F1 | 05137 29160 0.5
B31.31 | 7.8025 3.4108 0.5 H31.F2 | 0.5605 2.8790 0.5
B31.3J | 7.7662 3.3002 0.5 H31.L1 | 1,5250 2.8650 0.5
B31.3K | 7.0633 3.3074 0.5 H31.L2 | 14770  2.9500 0.5
B31.3L | 87439 33264 05 H31.L5 | 1.2000 3.2400 0.5
B31.3M | 88996 3.2432 0.5 H31.L6 | 1.1700 3.4000 0.5
B31.3N | 9.0574 3.3792 0.5 H31.L7 | 1.1300 3.4200 0.5
B31.30 | 83850 3.1776 0.5 H31.L8 | 1.1500 3.3900 0.5
B31.3P | 88738 3.1168 0.5 H31.LO | 1.1200 3.4100 0.5
B31.3Q | 5.0797 3.1612 0.5 H31.L10 | 1.1200 3.3700 0.5
B31.3R | 7.6408 3.1991 0.5 H31.L11 | 1.1600 3.3700 0.5
B31.3S | 81979 3.2235 0.5 H31.L12 | 1.1600 3.2000 0.5
B31.3T | 7.0348 3.3846 0.5 H31.L13 | 1.1700 3.2300 0.5
B31.3U | 7.4667 3.2807 0.5 H31.L14 | 1.1800 3.3800 0.5
B31.3V | 6.3431 3.4101 0.5 H31.L15 | 1.1300 3.3200 0.5
B31.3W | 7.6356 3.4346 0.5 H31.L17 | 1.2100 3.3600 0.5

B31.3Z 6.5470  3.3568 0.5
B31.4A 7.0414  3.6111 0.5
B31.4B 7.8019  3.3666 0.5
B31.4C 7.7159  3.2975 0.5
B31.4D 6.1891  3.1647 0.5
B31 4E 8.6275 2.9761 0.5
B31.4F 6.3581  3.3016 0.5
B31.4G 10.248  3.6859 0.5
B31.4H 9.2200  3.3479 0.5
B31.L1 1.7939 2.8924 0.5
B31_L2 1.7601  3.0418 0.5
B31_L3 1.6830 2.9918 0.5
B31.14 1.5834  2.9589 0.5
B31.L5 1.3865  3.2459 0.5
B31_L6 1.2776  3.2965 0.5
B31_M1 2.8365 29544 0.5
B31_M2 2.4525 3.0613 0.5

Table 4.4: Example of a set of NTD-Germanium thermistors characterized for the CUORICINO experi-
ments. The values are taken from the Milano-Como Thermistor Data-Base. In the case of the #31 series
the Ty is around 3 °K, for a logarithmic sensitivity A in the range between 7 and 10.
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/ Gold wires \ / Gold wires o
Tmm| | 0.6 mm|

3 mm g%mm 2.2 mm %mm

(a) Series #31 3 x 3 x 1 mm?® Ge thermistors. The(b) Flat-pack NTDs, the gold-pads are on the top of
50 pm gold wires are bonded to the gold-pads of ~ the device. This solution allows a frontal bonding
the device sides. also when the thermistor is already glued to the

crystal.

Figure 4.5: Comparison between the old and the new possible solution.

4.4 The modular structure

The CUORE detector comprises 988 TeOs bolometers grouped in 247 modules of 4
bolometers each. Each module is called Single Module (SM). The bolometers are ar-
ranged in 19 towers of 52 crystal each (super module), or in a stack 13 single module
high. The towers are assembled in a cylindrical structure as shown in the figures 4.8

and 4.9.

4.4.1 The single module

The single module is the elementary unit of the TeO, array detectors. The main goal
of this unit is to secure the different parts of the every floor in order to prevent power
dissipation caused by friction caused, in its turn, by unavoidable vibrations. The only
constraint come from the need to use only clean materials reducing the amount of
radioactive contaminants on the surfaces facing the detectors.

The fundamental components of the SM are: the crystal absorber (section 4.3.2),
the NTD thermistor (section 4.3.3), the heater, the PTFE® supports and, at last, the
copper structure (OFHC copper, Ozygen-Free High Conductivity).

1) The bolometer: each single module is composed by four TeOy bolometers.
The NTD germanium thermistors are glued to the each crystal by nine spots of
Araldit® rapid epoxy deposited over the crystal surface by means of an array
of metal pins (figure 4.6). The height of these spots is hgyor = 50 pm and their

3polytetrafluoroethylene is a synthetic fluoropolymer. PTFE is most well known through its trade-
mark brand name Teflon®.
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Araldite
Epoxy

NTD-Ge
Thermistor

Figure 4.6: The NTD germanium thermistors are glued to the each crystal by nine spots of
Araldit® rapid.

3)

diameter it is in the range Dgpor = (0.4 = 0.7) mm. The gluing procedure was
already tested and used for both MiDBD[145, 186] and CUORICINO mounting
process and, currently, it is characterized by an reasonable level of reliability and
reproducibility. Anyway CUORE needs an higher level of automation.

The heat conductance of the epoxy spots was measured at the INFN cryogenic

laboratories of Milano and the phenomenological relation for its temperature
dependence was found to be C(T) ~ 1.6 - 107*T% W/T per spot[187].

The heater: Every crystal has its own heater. These devices are used as Joule
heaters to inject a periodically a fixed energy in the crystal in order to monitor the
thermal gain during the measurement and correct its variations off-line. Thanks
to this procedure it’s possible to stabilize the bolometers response. As in the
case of the thermistors, they are glued to the crystal by means of few spots of
Araldit® epoxy.

The heaters are silicon chips with a heavily doped structure that produce a re-
sistance between 100 to 300 KS2. The resistance value is selectable through four
metal pads present on the top side of the chip. The excitation signal is provided
using two 50 pum gold wire bonded to two of these pads and the resistance value
depends on the length present between the two pads chosen.

The heaters are driven by means of a dedicated electronics board (section 7.4).
The CUORE series are produced by cutting Si-wafer at ITC-irst Center (Trento,
Italy).

The copper structure: the copper structure is a frame used to secure rigidly
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Figure 4.7: Thermal heater chip, top view. The resistance depends on the path length between
the chosen metal pads.

the crystals. The copper frame is composed by two part (top and bottom) joined
by means of four cylindrical supports (figure 4.9). These frames are connected to
each other and with the mizing chamber of a dilution refrigerator that provides
the base low temperature (7}, ~ 10 mK) to operate the bolometers. The single
frame is shared by two single module, the top frame of one module coincides with
the bottom frame of the module above.

Copper has a thermal conductance and specific heat high enough to be ideal heat
sink, furthermore it has excellent mechanical properties. The copper structure of
the entire detector constitutes the heat sink; being in thermal contact with the
coldest point (mizing chamber) of the dilution refrigerator.

The Teflon supports: each crystal is held to the copper frame by means of
PTFE supports. Copper guarantees a rigid structure without frictions between
the different elements while the PTFE provides an elastic but tight holding of
the crystal (figure 4.9). Thus, adopting this solution, it is possible to prevent the
differential thermal contractions that could break the crystal or leave them too
loose.

The behavior of the single module (detector+PTFE+4Cu frames) is determined by
the differential thermal contraction of the different components between room and base
temperature. While copper and crystals contraction is of the order of 0.1% the contrac-
tions of PTFE are about 2%. The length of the critical dimensions have been calculated
in a way that, at base temperature (73,), the crystal cannot move independently to the
frame.

The final tests on the CUORE-single-module indicate that, when the system is cooled
down, the PTFE supports held the crystals tightly without breaking them while, at
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room temperature, the PTFEs are keeping the crystals in place without applying any
force.

OFHC copper and PTFEs will be treated separately with acid (nitric acid, HNOj)
to remove any possible surface contamination. Moreover the copper will be covered by
a polyethylene foil with thickness greater than 60 pum in order to absorb the a-particle
emitted from a possible residual surface contamination. The penetration depth of an
« particle, for example emitted by a °Po (T} 2 = 138.376 days and E,, = 5.407 MeV),
in the polyethylene is lgepn =~ 20 pm so for having an optimal absorption the thickness
must be greater than 3lgepn = 60 pm. The arrays will be assembled in a underground
clean room using box with a Ny atmosphere to avoid radon (Rn) contamination.

4.4.2 From the super module to the entire detector

The CUORE super module is a tower-like structure composed of thirteen single modules.
As said in the previous section, the single modules of the each tower are connected
together by means of a shared copper frame avoiding the use of additional copper
supports (CUORICINO mounting). This solution is intended to reduce the amount
of copper present in the final structure in order to minimize the background due the
surface contamination. In the CUORE design the lateral copper bars, that held the
modules and present in CUORICINO, are eliminated. The structure is held together
only via the copper columns. Each column has a threaded hole on the tops and ends
with a screw. In this way the columns of one module are screwed directly on the
columns of the module immediately below.

Thanks to this compact design there is no more separation between the different
single modules inside the tower because they are all connected together. The super
module must be assembled in sequence starting from the bottom to the top.

The 19 super modules of CUORE will be independently hooked and suspended to
a large cylindrical copper plate (84 cm of diameter, figure 4.8), thermally connected
to the mixing chamber of the dilution refrigerator. The plate, and the overall arrays,
will be suspended from the upper part of the cryostat by a vertical ropes (springy-
pendulum suspension, figure 4.10) to decouple the detector from the vibrations of the
dilution refrigerator. Each rope is composed by several part of Kevlar®49* with a
final support made of copper connected to the copper plate. Each part is thermalized.
The detector and the plate are surrounded by a cylindrical copper shield, at 10 mK,
connected to the mixing chamber plate.

4Kevlar is the DuPont Company’s registered trademark for a light, strong synthetic fiber created
in 1965. The Kevlar grade (49) describe the tensile characteristics of the material.



74 CUORE experiment

Calibration source
/ position

147 147 147 147

i
i
i
L1
o = —
|
/
/
/
7
)
/
/
,
™~

[D-840] \

=—¢
N
142

Figure 4.8: Top view of the
suspension copper plate. The all
towers (super modules) are sus-
pended from a plate connected
to the upper cryostat flange by
means of vertical springy-ropes.

&

u

&
~52

426

304

152
P— — —
— - —

.

—=
720

=
<
N

147 157 147
720

4.5 The cryogenics setup

The CUORE bolometers will operate at temperatures between 7 and 10 mK. This
will require an extremely powerful dilution refrigerator (DR). At these temperatures,
the cooling power of a DR varies approximately as T7%. The detector and the coldest
part of the refrigerator receive some parasitic power from three main sources: the heat
transfer of the residual helium gas in the Inner Vacuum Chamber (IVC) and the power
radiated from the 10 mK shield facing the detector and from vibrational energy. The
estimated value is about 1 W @7 mK, using reasonable values for the residual gas
pressure and achievable surface quality for radiation transfer. The resulting estimate
for the radiation contribution was negligible.

The total mass to be cooled, including the detector support copper structure and
the radioactivity lead shielding (300 K, 40 K, 4 K, 600 mK, 50 mK, and 10 mK) is of
about 4-tons: refrigerators with the required characteristics are technically feasible as
demonstrated by the cryogenic gravitational wave antennas[188, 189, 190]. CUORE will
utilize a similar system to that of the Nautilus Collaboration that cools a 2-ton gravi-
tational antenna[191, 192]. That system experienced a parasitic power of 10 uW from
unknown sources. The CUORE detector will be cooled by a *He/*He refrigerator with
a cooling power of 3 mW @120 mK. Refrigerators with the required characteristics
are technically feasible. One example is the DRS-3000 DR model constructed by the
Kamerling Onnes Laboratory (Leiden, Netherlands).

The cryogenics setup used for CUORICINO, and also used in the past for the MiDBD

experiment, consist of a conventional 3He/*He Dilution Refrigerator (appendix A.1)
having powers of 1000 xW at 100 mK (Oxford®1000[193]). In this type of refrigerators
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Figure 4.9: The CUORE modular structure. (i) two contiguous Single Modules. Each frame is shared
between two consecutive single modules. The copper columns join the two frames to fasten rigidly the
crystals. (ii) The super module tower, 13 single modules are held together. (iii) the CUORE entire detector
(cylindrical-shaped) built of 19 super modules.
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any variation of the Main Bath level produces small changes on the mixture flow and,
therefore, on the refrigerator cooling power. These changes are harmful for the stability
of the bolometers output and could spoil the offline stabilization procedure used to
adjust the baseline drift due to the temperature variations. These problems could be
even more serious in the CUORE cryogenics system, due to the much larger boil-off of
the cryostat

An alternative solution to keep the 4 K temperature constant for the whole duration
of the measurement is based on a commercial devices called Pulse Tube Cryocooler
(PTC or PT and also Pulse Tube Refrigerator, PTR, for more details se appendix A.2).
This type of cryocoolers are specially developed for applications where the object to
be cooled is extremely sensitive to vibrations. The absence of moving parts in the
pulse tube cold head diminishes the influence of most of the disturbances at the cooler-
detector interface. The combination of one or more PTRs with a 3He/*He dilution unit
allows to reach temperature below 10 mK.

The CUORE refrigerator (figure 4.10) will use an appropriate number of Pulse Tubes.
From a preliminary analysis it is expected that the cooling power of 3+2 Pulse Tubes
PT415 from Cryomech®should be enough (two for redundancy). The aim is to remove
the Main Bath boil-off getting rid of the cryogenic fluids.

4.5.1 Shielding requirements

As usual for rare events experiments, the structure of the detector and the cryogenics
system must be realized using low radioactive contamination materials. The design of
the effective shields, specially those directly surrounding the detector, is a very crucial
point to reach the sensitivity goal of CUORE.

As for CUORICINO, the dilution refrigerator will be constructed with materials spe-
cially selected for low levels of radioactivity. Nevertheless, these levels might be higher
than can be tolerated by the sensitivity requirements. For these reasons a lead shielding
system is needed. Part of the bulk lead shielding will be placed inside of the cryostat
(inner shield), and part outside (outer shield). The main parts are the following (figure
4.11):

1) A lead shield inside the cryostat will cancel the contributions to the background
level due to the construction materials of the external part. It consists of a lateral
and bottom a layer, 6 cm, thick made of ultra-low background lead that constitute
a wall surrounding the bottom and the sides of the detector array. This layer,
probably, will be composed by two sub-layer: the inner sub-layer will be Roman
lead whose 2'°Pb activity was measured to be less than 4 mBq/Kg[194], whereas
the outer sub-layer will be modern low activity lead (16 Bq/Kg of ?1°Pb).

2) The top of the detector array will be protected by a Pb layer of 30 cm thickness,
facing the detector support plate. As in the case of the lateral shield, this layer
will be composed by two sub-layer: the internal one made by Roman lead whereas
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Figure 4.10: CUORE cryostat. The Pulse-Tube-assisted solution is a novel type of mechanical cooling
system consisting of a compressor, a rotary valve and a cold head. A PT cooler exhibits extremely low
vibration performance not reached by conventional Gifford-McMahon or Stirling coolers.
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the more external made by modern lead. This top shield will be placed inside
the Mixing Chamber but thermalized with the 50 mK plate (Cold Plate).

3) Another layer of lead, ring shaped 30 cm thick, will be placed inside the IVC
directly on the top face of the 600 mK plate (Still Plate). This shield is needed
to cover the unprotected space between the lateral shield and the top shield. It
will be constructed from low activity lead of 16 Bq/Kg of 2'9Pb.

4) Finally, outside the dewar, there will be a 25 cm thicknesses of lead with octagonal
shape. The lead shield will be surrounded with a 18 cm thick box of polyethylene
with a 2 cm thick gap filled with boric acid (B(OH)3). The polyethylene is used to
thermalize the fast neutron while the boron atoms capture the thermal neutrons.

The entire dewar, detector, and shields will be hermetically sealed in a radon-box
to exclude radon. It will be flushed constantly with dry nitrogen. Moreover the whole
system will be enclosed in a Faraday cage to exclude electromagnetic disturbances that
also constitute a source of background. The addition of a muon veto surrounding the
entire structure will be also considered.

4.6 The Hut

After the approval of CUORE by the Gran Sasso Scientific Committee its final lo-
cation just near the CRESST installation has been decided (figure 4.1). The entire
CUORE setup will be installed inside a proper building which will have to guarantee
room for all the setup parts (cryogenics, electronics, shielding), for a controlled area
to be used during assembling procedures (clean room) and for all normal monitoring
activities (counting room).

The CUORE hut will be divided in three levels.

1) Ground floor: On the ground level will be placed the pumps and the com-
pressors for the Pulse-Tube-assisted solution liquefiers. A platform of reinforced
concrete, with a central aperture of about 3 m diameter, will also be placed. In
this aperture a lifting platform, able to raise at least 80 tons, will be realized with
four mechanical jacks, driven by by one electrical motor simultaneously. The ra-
dioactivity shielding will be placed on the lifting platform; in this way it will be
easy to pull down the shieldings whenever is necessary to open the cryostat.

2) First floor: the first level will consist of two separated sections: a clean room,
where all the CUORE detector parts will be assembled and stored, and a control
room for the cryostat.

3) Second floor: also the second level will be separated in two sections. The first
one, containing the top of the cryostat, the support structure and the front-end
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Figure 4.11: Shielding system inside the the cryostat.
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electronics crates, will be surrounded by a Faraday cage. The second will be used
for the data acquisition system and for the counting room.

4.7 CUORE performances

In CUORICINO the background in the 0v33 region (2530.3 KeV for the !30Te) is
improved by a factor 1.5 with respect to the one measured in MiDBD. The goal of
CUORE is to achieve a background rate in the range of (0.01+-0.001) counts/KeV /Kg/y

with an energy thresholds of 5 KeV and energy resolutions lower than 1 KeV at the
46 KeV line of 21°Pb.

4.7.1 Background interpretation

In order to understand the CUORICINO background the possible sources are:

1) Bulk an surface contaminations of the construction materials from 28U, 232Th
and the “°K, 2!19Pb isotopes. This is the main contribution expected. Bulk
contaminants are present the cryostat structure (cryostat radiation shields), in
the heavy structures close to the detectors (the copper mounting structure of the
array, the Roman-lead box and the disks on the top of the array) and from the
detectors themselves (the TeOq crystals). Surface contaminations contribute to
the background when they are localized on the crystals or on the copper mounting
structure directly facing them. The goal of CUORE is to reduce the surface
contribution by a factor at least 20 with respect to this evaluation, obtaining a
background coming from surfaces of about 3 - 107 counts/keV /kg/y.

2) Bulk contaminations construction materials due cosmogenics activation. This
phenomena is produced by cosmic rays when the crystals are above ground dur-
ing fabrication and shipping of the crystals from the factory to the underground
laboratory. The radionuclei that contribute to background through their 5~ de-
cay are the long living °Co isotope and, with minor contribution, the isotopes
HOAg and 124Sh. On the basis of the present knowledge of the cosmic rays pro-
duction rates, a possible time schedule for the crystal growth and shipping to
Gran Sasso has been studied that can guarantee the required low level of °Co.

3) Neutron and muon flux (table 4.2) in the Gran Sasso Laboratories. The depth
of the LNGS (3800 m.w.e) reduces the muon flux down to 2 - 1078 ecm—2s™'.
The environmental neutron flux is due to muons interacting in the rocks and in
the CUORE external lead shield. These contributions are negligible if compared
with the background level due to the radioactive contaminations in the detector’s
materials.



4.7 CUORE performances 81

4) Gamma ray flux (table 4.2) from natural radioactivity in the Gran Sasso Labora-
tories. A preliminary evaluation of the influence of the environmental v resulted
in a negligible contribution for the Ov33 region.

The expected threshold and resolution (5 KeV and lower than 1 KeV severally) were
obtained in some test measurements carried out at LNGS Hall C facility according with
the CUORE R&D program|[195, 196]. More details about the CUORICINO background
interpretation and about the CUORE background reducing program will be given in
the following dedicated chapters.

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 a
possible muon veto.

4.7.2 Double beta decay prospects

The main scientific goal of the CUORE detector is the search for the neutrinoless double-
beta decay of the 1**Te isotope contained in the (natural) TeO, crystals. As said in the
previous chapters a Ov(@3-decay experiment is characterized by its sensitivity defined
as follow:

0089 _ g . [ M
S In2-e T\ BT (4.7)

In the case of a 5 x 5 x 5 cm?® TeO, bolometers with detector efficiency € = 0.86 one
has

M-t
011,3,6': ) -1 23 4.
s 750102 | 2 (4.8)

where M is the crystal mass in Kg, B is the background in counts per KeV per year and
per Kg of detector mass, and t is the live-time. Assuming a background of B = 0.01
counts/keV /kg/y and two different energy resolution one obtains:

(25 MeV) =5KeV = 9.4-10%/t years
(4.9)
['(2.5 MeV) =10 KeV = 6.5-10%/t years

Considering the better resolution, t years of statistics would provide an effective neu-
trino mass in the range:

PN

[(m,)| = (0.036 = 0.2) - t 77 eV (4.10)
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according to QRPA model. If successful, the CUORE R&D program could provide a
value of B = 0.001 ¢/keV /kg/y and, thus, a detection sensitivity of:

(25 MeV) =5 KeV = 2.96-10%/t years
(4.11)
['(2.5 MeV) =10 KeV = 2.1-10%\/t years

and

PN

[(my)| = (0.02+0.11) - £ 77 eV (4.12)

For an exposure of 5 years, the corresponding |(m, )| bounds would range from 8 meV
to 45 meV depending on the nuclear matrix element calculations.



Chapter 5

The pilot experiment: CUORICINO

In this chapter it will be discussed the CUORICINO experiment. In particular it will
be illustrated the detector behavior, the most recent results and the background inter-
pretation. These information, together with the detector modelling described in the
previous chapters, are the starting point of my Ph.D works, as it will illustrated in the
next chapters.

5.1 Introduction

The CUORICINO array was built during the second half of the year 2002 and is running
at the LNGS since 2003. This experiment represents the first step of the bolometric
technique toward a large scale experiment and it has been a unique test bench for the
next experiment CUORE. Its good results and performances have demonstrated the
feasibility of a large bolometric array of TeO, crystals in a tower-like structure.

CUORICINO crystals are arranged in a CUORE-like tower made by 13 plane[166, 167].
The single module is similar to the CUORE one (section 4.4.1) but not identical. In
this old configuration two contiguous single modules don’t share the same frames seeing
that they have their own top and bottom frame. Comparing this solution with the one
designed for CUORE results that the copper amount is almost the double

The tower structure is as follows: each of the upper 10 planes and the lowest one
consists of four TeO, crystals of natural isotopic abundance of 5 x 5 x 5 cm?®, while the
11th and 12th planes have nine, 3 x 3 x 6 cm?® crystals. In the 3 x 3 x 6cm?® planes the
central crystal is fully surrounded by the nearest neighbors. The smaller crystals are
of natural isotopic abundance except for four. Two of them are enriched to 82.3% in
128Te and two are enriched to 75% in 39Te. All crystals were grown with pre-tested low
radioactivity material by the Shanghai Institute of Ceramics (SICCAS) and shipped to
Italy by sea to minimize the activation by cosmic ray interactions. They were lapped
with specially selected low contamination polishing compound. All these operations,
as well as the mounting of the tower, were carried out in a nitrogen atmosphere glove
box in a clean room. The mechanical structure is made of OFHC Copper and Teflon®,
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and both were previously tested to be sure that measurable radioactive contaminations
were minimal and consistent with the required detector sensitivity.

The array was cooled down to approximately 8 mK, with a temperature spread of
~ 1 mK among the different detectors, by a conventional *He/*He Dilution Refrigerator
(appendix A.1) having powers of 1000 yW at 100 mK (Oxford®1000[193]). The tower
is mechanically decoupled from the cryostat, to avoid heating due to vibrations, by
means if a a steel spring fixed to the 50 mK plate of the refrigerator. The temperature
stabilization of the tower is made by means of a thermistor and a heater glued on it.
An electronic channel is used for a feedback system[197].

The entire set-up is shielded with two layers of lead of 10 cm minimum thickness
each. The outer one is made of common low radioactivity lead, the inner layer of special
lead with a measured content of (16+4) Bq/kg in 2'°Pb. The electrolytic copper of the
refrigerator thermal shields provides an additional shield with a minimum thickness of
2 cm. An external 10 cm layer of borated polyethylene was installed to reduce the
background due to environmental neutrons.

The detector is shielded against the intrinsic radioactive contamination of the di-
lution unit materials by an internal layer of 10 cm of Roman lead (*'°Pb activity
< 4 Bq/kg[194]), located inside the cryostat immediately above the tower of the ar-
ray. The background from the activity in the lateral thermal shields of the dilution
refrigerator is reduced by a lateral internal shield of Roman lead that is 1.2 cm thick.
The refrigerator is surrounded by a Plexiglas® anti-radon box flushed with clean N,
from a liquid nitrogen evaporator, and is also enclosed in a Faraday cage to eliminate
electromagnetic interference.

A routine calibration is performed using two wires of thoriated tungsten inserted
inside the external lead shield in immediate contact with the outer vacuum chamber
(OVCQ) of the dilution refrigerator. This calibration, normally lasting one to two days,
is performed at the beginning and end of each run, which lasts for approximately
two/three weeks. The more intense gamma-ray peaks visible in the calibration spectra
are used to make the spectra linear. The ~-ray lines used are those at: 511, 583,
911, 968, 1588, and 2615 KeV, and the single escape peak of the 2615 KeV gamma
ray at 2104 KeV. The resulting amplitude versus energy relationship is fitted to the
calibration data, and all pulse amplitudes are converted into energies. These calibration
data are also used to determine the energy resolution of each bolometer.

5.2 Neutrinoless double beta decay results

CUORICINO measurements began since 2003. Excluding two long interruption and
several short stops required for the refrigerator maintenance, the duty cycle of the
experiment proved to be satisfactory although a not negligible large fraction of the live
time is spent in calibration (~ 10%). The data-taking is divided in two runs: run #1
and run #2 (table 5.1).
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5x5x5em® 3x3x6cm® 3x3x6cm?enriched
Statistics run #1 [kg(**’Te)- y] 3.41 0.34 0.05
Statistics run #2 [kg(**°Te)- y] 33.43 4.06 0.74
FWHM run #1 [keV] 9.2 14 24
FWHM run #2 [keV] 6.3 10 20
Background run #1 [c/keV/kg/y] | 0.18+0.04 0.22+0.13 0.52+0.52
Background run #2 [c/keV /kg/y] | 0.1840.01 0.18+0.03 0.37+£0.11
130Te §.a. 33.8% 33.8% 75%
0v 303 efficiency 86.3% 84.5% 84.5%

Table 5.1: Summary information concerning the six spectra used for OvG/ study. In the upper part of
the table the exposure, the FWHM (as fitted with a symmetric gaussian plus a linear background) and the
Ov3f background counting rate (2510 — 2550 keV window) corresponding to the three kind of detectors
is reported. In the lower part of the table the isotopic abundance of 3°Te in the crystals (i.a.) and the
Ovf3p efficiency (geometric efficiency computed through a GEANT4 MonteCarlo simulation).

The average FWHM resolutions measured for the complete data set are[164]:

8 KeV  for the 5 x 5 x 5 cm? crystals
12 Kev for the 3 x 3 x 6 cm?® crystals

Both these values are measured on the 2*®T1 gamma line at 2615 KeV.

No deterioration of the FWHM is observed when summing long measurements and
all the detectors together. The statistics collected up to May 2006 for the Ovj3[3
measurement corresponds to 8.38 Kg('3%Te)y and it is fully analyzed. Other about
3 Kg('3%Te)y collected during 2006 will be added soon to the total statistic. The Ov33
of 1¥9Te peak should appear as a gaussian line at about 2530 KeV in the anti-coincidence
spectrum. No evidence indicating the neutrinoless double-beta decay is found in the
analyzed data. The best fit yields a negative result (figure 5.1) for the maximum num-
ber of candidate Ov33 events (—13.9 + 8.7 counts). By applying a mazimum likelihood
procedure[198, 199] we obtain a 90% lower limit for the lifetime set to'[164]:

0, > (3.0 : 1024) y = [(m,)] = (0.19 = 0.60) eV (5.2)

The value of the effective neutrino mass depends on the nuclear model used (see table
5.2).
5.3 Background analysis

This is one of the most important topic in view of CUORE. In fact the main R&D
activity of the collaboration is the background reduction program, that is also main

"the last published value is 77/, > (1.8-10**) y = [(m,)| = (0.2 + 1.1) eV [167]
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Figure 5.1: Spectrum of the sum of the two electron energies in the region of neutrinoless double beta
decay. One can clearly see the peaks at 2447 and 2615 KeV from the decays of 2'4Bi and 2°8Tl, plus a
small peak at 2505 KeV due to the sum of the two lines of ®®Co. The background counting rates in the
double-beta decay region are (0.18 £ 0.01) and (0.20 # 0.04) counts/kg/keV /year, for the 5 x 5 x 5 cm3
and 3 x 3 x 6 cm? respectively.

part of this Ph.D work. The motivation and strategies of this activity will be described
in the next two chapters.

In figures 5.3 and 5.4 it is shown the background measured by 5 x 5 x 5 cm? crystals
in CUORICINO[165, 169]. Each figure contains two histogram: the former is the spec-
trum of events collected operating the CUORICINO array in anti-coincidence (therefore
selecting events where just one crystal is hit within the time coincidence window of
about 50 ms), whereas the latter spectrum is obtained operating the array in coinci-
dence (selecting events where two and only two crystals are contemporary hit.) In both
cases the energy spectra collected by each single (independent) detector of the array
are summed together to produce the sum energy spectra plotted in the two figures.

The capability of operating the detectors in anti-coincidence in CUORICINO is not
much relevant (see figure 5.5) but in the tight-packed structure of CUORE it will play
a fundamental role in background reduction. However the differences between coinci-
dence and anti coincidence spectra important informations concerning the background
origin and location are obtained as it will be clear in the next section.

As shown in figure 5.3 the 2615 KeV 2%®T1 line splits the CUORICINO measured
background in two regions: the left side of the line and its right side.
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Reference Authors Method (m, )
[eV]

(72, 73] Rodin et al., 2007 using 2v35 — decay to fix g, 0.46
[85] Staudt et al., 1992 pairing (Bohn) 0.19
[86] Pantis et al., 1996 no p-n pairing 0.52
[87] Vogel et al., 1986 0.47
[88] Civitarese et al., 1987 0.42
[89] Tomoda, 1991 0.42
[90] Barbero et al., 1999 0.33
[91] Simkovic et al. 1999 pn-RQRPA 0.68
[70] Suhonen et al., 1992 0.64
[92] Muto et al., 1989 0.39
[93] Stoica et al., 2001 0.60
[71] Faessler et al., 1998 0.55
[68] Engel et al., 1989 seniority 0.29
[94] Aunola et al., 1998 Woods-Saxon 0.41
[69] Caurier et al., 2007 Nuclear Shell Model 0.58

1)

Table 5.2: Updated values of (m,) corresponding to T{)/”z(lg’oTe) = 3.0 10** y[164].

Left side: bulk contribution and the 3 - 4 continuum

The 2%®T1 line is the highest natural + line due to environmental contamination
and appears as one possible contribution (through Compton events) to the Ov33
background. The other two peaks are the 2448 KeV, due to 2“Bi, and the
2505 KeV sum line due to the interaction, in the same crystal, of the two ~’s
contemporary emitted by °Co in its beta decay. Both peaks have an energy
definitely too low to give any contribution to the background in the investigated
regions.

Right side: the flat continuum between 3 and 4 MeV

The background measured on the right side of the 2°®T1 line is ascribed mainly
to the degraded alphas coming from 238U and 232Th radioactive chains and due
to surface contamination of the crystals or of the inert material facing them.
This continuum clearly extends below the 2°TI line thus participating to the
neutrinoless-33 background counting rate (figures 5.2 and 5.3).

The 2%T1 line depends from contaminations relatively far from detector, as proved
by the reduced intensity of the low energy gamma lines coming from the ?*2Th chain.
A possible guess for these sources are, probably, some thermal shields or the superin-
sulation.

While the heavy shielding foreseen for CUORE will guarantee a deep reduction of the
7 background (*°®T1 contribution), for the a background (that comes only from the very
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Figure 5.2: Sketch of events due to surface contamination of the crystals or of the inert material facing
them (copper).

inner part of the detector) only a severe control of bulk and surface contaminations
can guarantee the fulfillment of the sensitivity requirements. In order to do that a
correct identification and localization of the sources of the continuous « background is
mandatory.

5.4 Background interpretation

The Alpha peaks position and their shape, in the bolometers spectra, give strong
indication on the location of the contamination:

1) sharp gaussian peaks: if the energy corresponds to the transition energy of the
decay (« + recoil) they indicate contamination in the crystal bulk whereas if the
energy corresponds to the alpha energy indicate contamination in an extremely
thin surface layer (at crystals surface or on the inert material surface facing the
crystal

2) asymmetric long-tailed peaks: they are due to thick contamination in the
crystal surfaces.

3) flat continuum: a bulk or a deep surface contamination of an inert material
facing the detector should produce just a continuum without any « peak.

When the background is dominated by « particles a coincidence between two crystals
is produced only if the o emitter is on the surface of one crystal and the «a, or the



5.4 Background interpretation 89

recoiling nucleus, exits from one crystal and enters into one other. In this case the
analysis of the coincidence events in the array and the study of gamma peaks are very
useful to understand the background origin.

In CUORICINO (figure 5.3) most of the peaks appearing in the region above 4 MeV
are ascribed to 238U and 232Th surface contamination of the crystals. Indeed these
peaks are visible in both coincidence and anti-coincidence spectra, moreover they have
a large low energy tail that once more is (as discussed) a prove that the contamination
is at the crystal surface. Four peaks do not belong to this category:

e the a peak centered at 3200 KeV. It is ascribed to an internal contamination of
the TeO, crystals in the long living isotope "°Pt: indeed the shape of the peak is
gaussian (no low energy tail) and no peak appears in the coincidence spectrum,
the energy of the peak is compatible with the transition energy of °Pt. The
contamination is probably due to inclusions of fragments of the Pt crucible used
in TeO, crystal growth.

e the a peak centered at 4080 KeV. It grows on the low energy tail of a surface
contamination peak but it is attributed to a bulk contamination in #*?Th;

e the o peak centered at 5304 KeV. It is centered at the a (and not a+recoil)
emitted by 2'°Po. The peak is stable in time and is therefore attributed to a 2'°Pb
contamination®. The position of the peak indicates that the contamination has to
be on a very thin layer (much thinner than the 23U crystal surface contamination
described above) either on the crystal surface or on the mounting surface. From
the coincidence spectra and scatter plots it is then possible to conclude that at
least part (probably not all) of the peak has to be due to a contamination of
the crystal surface. If this is the case also part of the 5.4 MeV peak has to be
attributed to a such contamination.

e the a+recoil peak centered at 5404 KeV. It has an intensity clearly decreasing
with time in agreement with 2!°Po half-life. The 2!°Po contamination, usually
observed in recently grown TeO, crystals, is ascribed to a bulk contamination
(no coincidences are observed). Part of the peak is however attributed to the
280U and 219Pb surface contamination discussed above. When CUORICINO was
started the 5.4 MeV peak was by far dominated by the bulk contamination '°Pb
peak (with an intensity as high as 0.2 count/h/crystal), now the peak has a much
reduced intensity (0.03 count/h/crystal) where the 2!°Pb contamination seems to
dominate.

The small amount of coincidences in the 3-4 MeV range as well as the extrapolation
(based on Monte Carlo simulations) of the counts attributable to crystal surface con-
taminations, indicate that a large fraction of the flat continuum between 3 and 4 MeV

2 210Ph has a half-life of 22 years while that of 2'9Po is 138 days
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has its source outside the crystals. Degraded « could come either form surface or bulk
contamination of the mounting components, however the reduced rate of low (hundred
KeV) energy gamma peaks allow to exclude that this continuum could be due to U and
Th bulk contaminations of copper mounting. Excluding important contribution from
the bulk contamination of the small parts of the detector (thermistors, heaters, bonding
wires, PTFE parts and so on) on the basis of the radioactive measurements made before
the construction of CUORICINO and excluding neutrons on the basis of both Monte
Carlo simulation and experimental results (MiDBD experiment didn’t see any change
in the Ov3( background rate when the borated polyethylene shield was mounted) we
have concluded that most of the background measured by CUORICINO should come
from crystal and copper surfaces.

5.5 Motivation for further R&D activity

The solution of this puzzle is one of the main activity of the CUORE collaboration, in
fact only the background reduction can improve the sensitivity to reach the desired
level. This is the goal of the CUORE-background reduction program; an R&D activity
located at the LNGS Hall C facility. This program consists in the development of
methods to control and reduce the radioactive background in the OvG3 region. As I
will illustrate in the next chapter the research line of this program is the main activity
of my Ph.D work.
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Figure 5.3: CUORICINO background in the Ov(3/3 region[165]. the black line refers to the anti-coincidence
events spectrum (only one detector hit) the blue filled histogram refers to coincidence events (two detectors
contemporary hit). The Ov3( decay should appear as a gaussian peak in the anticoincidence spectrum
at 2530 KeV (without any corresponding line in the coincidence spectrum). Above the 2615 KeV line a
flat continuous background, attributed to degraded alpha particles, is visible. The 2448 KeV 2!4Bi, the
2505 KeV %°Co and the 2615 KeV 2°%T] line are clearly visible.
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Figure 5.4: CUORICINO background above 2.3 MeV[165]. The black line refers to the anticoincidence
events spectrum, the blue filled histogram refers to coincidence events. Most of the peaks appearing in
the region above 4 MeV are ascribed to 23%U and 232Th surface contamination of the crystals. In the
anticoincidence spectrum the peaks have their high energy side centered at the transition energy of the
decay (a+recoil completely contained in the crystal) and have a long, low energy tail (either or recoil exit
from the crystal depositing part of its energy outside).
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Figure 5.5: CUORICINO background[165]. Black line: total spectrum (all the events are counted), orange
filled: anticoincidence spectrum (one detector contemporary hit), blue filled histogram refers to coincidence
events (two detectors hit per event). While in CUORICINO the fraction of coincidence events is relatively
small in CUORE the large mass and the high granularity of the array will allow to have a relevant reduction
of the counting rate by applying an anticoincidence cut



Chapter 6

CUORE background reducing
program

6.1 Introduction

My Ph.D activity was dedicated to the development of solution to reduce the back-
ground in the double beta decay region of the 130-tellurium (between the line of the
20871 and its Compton edge). This is one of the main research activity in view of
CUORE, in fact, once fixed the mass of the detector, the only tunable parameter avail-
able to increase the neutrinoless sensitivity (eq. 2.23) is the background B.

The main background sources can be labeled in two categories:

1) Internal Background Sources (IBS): radioactive contaminations that are in-
side the lead shield and cannot be suppressed using any kind of further shielding,
being very near the detector or on the detector itself.

2) External Background Sources (EBS): radioactivity due to sources external to
the detector. The EBS reduction development is focused on the shielding against
external radiation (lead for gammas, polyethylene with boric acid, or borated
polyethylene, for neutrons) and on the flagging of very high energy cosmic rays
(muon veto).

My activity is concentrated on the study of the internal background. Starting from
the experimental evidences, the origin of the background was suggested to be due to
degraded alpha particles coming from decays near the surfaces (surface-alpha back-
ground). Two different processes are considered: alpha decays on the crystal surface,
and alpha particles escaped from the surface of some other component of the detector
(copper frames) impinging on the crystal. In the first case the alpha particle releases
part of its energy in the absorber and then escapes and releases the remaining energy
on a different part of the detector (another crystal, the holder, the external shields
and so on). In the second process the alpha particle hits the crystal coming from a
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different source and having already lost part of its energy in the source material. The
lost energy is not fixed values but depends on the depth of the source in the source
material.

As pointed out previously the best candidates for the role of source of this back-
ground are copper and TeOs crystals, because they are by far the most abundant
materials inside the detector. The main goal of the activities performed at the Hall
C facility is to reduce the surface contamination of the crystals and copper frames
and, at the same time, to investigate, if needed, possible further background sources.
With this intent, in these three years, two R&D lines were followed: the study of the
surface contaminations and the study of the possible exotic sources (crystal cracks or
relaxation process inside Teflon® supports). In the first R&D line two main solutions
were devised in order to reduce possible surface contamination:

1) improvement of the quality of the copper and TeO, crystal surface treatment
(copper cleaning, crystal surface etching and polishing, radioclean polyethylene
film covering);

2) development of bolometers able to identify events originated at the detector sur-
face (SSB, Surface Sensitive Bolometers).

The second R&D line was based on the hypothesis that the background sources are
not degraded alpha particles but more exotic effects. These high energy pulses could
arise from mechanical adjustments of the PTFE (already observed in other bolometric
detectors at lower energy[200]). Another possibility is that these energy releases are
originated from radioactive decays inside the PTFE. To exclude these exotic possibilities
we have performed two tests using copper-beryllium supports (clamps) instead of the
usual PTFE.

In this chapter I will describe the strategies and the experimental solutions adopted
in order to achieve the goals of these two research activities.

6.2 The Hall C R&D facility

All the experimental R&D activity described was performed in the Hall C facility. The
cryogenic setup (figure 6.1) consists of an Oxford® dilution refrigerator (appendix A.1,
[193]) with a power of 200 W at 100 mK.

Inside the cryostat a special damping system (mechanical filter) reduces the contri-
bution of incoming vibrations to noise[201]. In fact the main sources of TP noise[195]
(thermophononic noise) are the vibrations of the overall cryogenic set-up, so that the
friction between absorber and PFTE supports determines sudden heat release or un-
desired temperature fluctuations. The large spread of harmonic frequencies which are
involved in this phenomenon implies a noise spectrum that has a 1/f roll-off, and is
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therefore particularly annoying for bolometers, which have very low characteristic fre-
quencies. That is why the damping system which mechanically decouple the detectors
from the cryogenic set-up is so important.

The dumping system is a double stage harmonic oscillator (figures 6.1, 6.2 and 6.8)
that can accommodate different type of detectors.

1) The first stage consists of 14 kg disk made of lead ( with a diameter of 17 cm
and a height of 5.5 ¢cm) framed inside a copper 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 about 7 Hz. The choice of the lead was imposed also by radioactivity
reasons, since a 5.5 cm thickness of ancient roman lead[194], that is free of 219Pb,
acts as a good radioactive shield against the entire dilution unit components.

2) 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 frequency of this second stage is about
3 Hz. The thermal link between the detectors and the cryostat is ensured by two
Cu (99.999%) thin strips of 50 pm thickness (thermalization strips) linking the
Mixing Chamber to the copper structure of the first stage, and by a second pair
of strips linking the first stage to the detector box.

Two different detectors have been realized for test purposes: the RAD detector
(Radioactivity Array Detector, figure 6.2) and the CAW detector (CUORE Assembling
Working group tower, figure 6.8). The former was specially built for background studies,
the latter for technical studies regarding the crystal mounting system for CUORE. Both
these detectors have been employed in these years to check background achievements
and further investigate background sources.

6.3 The RAD detector

The Radioactivity Array Detector (or RAD, figure 6.2) was built at the LNGS at the
end of summer 2004 using ultrapure materials. The RAD consists in a 2-plane array
made of eight 5 x 5 x 5 cm® TeO, crystals, with a structure almost identical to that
of CUORICINO (two CUORICINO-single module). Often half of the crystals is provided
with a second thermistor for redundancy. The temperature of the detector’s copper
holder is stabilized via a heater and a feedback circuit[197].

A nice feature of the RAD is that it can be mounted inside the Hall C cryostat, as
a standalone system, together with other detectors housed in an independent mount-
ing structure. In this way it is possible to exploit the Hall C facility simultaneously
for different CUORE measurements (for example the Scintillating Bolometers R&D
activity).
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Figure 6.1: The Hall C cryostat.



6.3 The RAD detector 97

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 contamination
coming from the ?**U and #**Th radioactive chains. This means that if the contribution
of degraded alpha particles is the dominant one, 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. Similar considerations can be done for copper bulk and
surface contaminations. For these reasons the collaboration developed a procedure of
surface cleaning. As it will be illustrated in the next sections, this procedure was used
to built the RAD detectors.

iii Il Mixing Chamber (MC)
~—— Stainless steel wire
- -H Roman Lead Shield

Stainless steel harmonic strip

First damping stage
(Roman Lead)

Detector holder
(Second damping stage)
i7 CUORICINO-like mounting

Figure 6.2: Sketch of the RAD detector coupled with the damping system.

TeO, crystals

From the end of summer 2004 to nowadays six tests were performed (from RADI to
RADG6) with the following purposes:

e RAD1: test the surface cleaning procedure;

e RAD2: measure the background contribution coming from the so-called small
part of the detector (PTFE supports, the NTD-Ge thermistor, the Si-heater, the
gold bonding wires and finally glue and pins);
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e RAD3: test on alpha-background suppression adding a complete polyethylene
coverage on the copper faced to the crystals;

e RADA4: check the neutron contribution to the background adding a shield installed
around the set-up;

e RADb5: measure of the background contribution coming from possible exotic
sources removing the Teflon® and replacing it with phosphorus-bronze! supports.
This measurement is also labelled as Clampsl

e RAD6: measure of the background contribution coming from possible ezotic
sources using covered-phosphorus-bronze supports (Clamps2).

6.3.1 The RAD1 run

The preparation of the first run based on the RAD array started in June 2004. The
purpose of this run was to try to change completely approach with respect to surface
cleaning, trying to use only few radioclean materials minimizing the procedure. To
achieve this, two important rules were followed in the construction:

1) only radiopure cleaning materials (acids, lapping powders and so on) have been
used.

2) any kind of contact between unclean materials and the detector parts, or cleaning
materials, have been avoided.

Each material was selected and measured during the past two 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?)
facility.

The crystal surface cleaning procedure was the following. The first step was to
chemically etch the crystals in a ultrapure nitric acid (HNOj) solution. The chosen
molarity was 4 and the time of etching was about 4 hours at room temperature. After
the etching crystals were rinsed with water and dried with nitrogen. The mean etched

'Phosphorus-bronze is an alloy of copper with 3.5 to 10% of tin (96%Cu and 4%Sn) and a significant
phosphorus content of up to 1%.

2High-Purity Germanium belong to the class of Intrinsic Semiconductor Detectors and find
widespread application in v-ray spectroscopy. HPGe systems are characterized by a truly high energy
resolution thanks to the maximum thickness of the depletion region (or active volume). Besides, HPGe
show the much greater operational convenience: whereas common Germanium detectors must be con-
tinuously maintained at low temperature, HPGe detectors are allowed to warm to room temperature
between uses.

3Inductively Coupled Plasma Mass Spectrometry is a type of mass spectrometry that is highly
sensitive and capable of the determination of a range of metals and several non-metals at concentrations
below one part in 102
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surface was ~ 9.4 ym. The second step consisted in lapping all the crystal surface using
a rougher lapping pad (a Nylon pad of 10 um from Buehler®) together with a finer
lapping powder (silicon dioxide, SiO,, particle size from 1.3 to 2 pm). The percentage
of Si0y chosen was (40 < 60)% of water (in weight). Tacking into account the different
behavior of the hard and soft faces, in order to remove the same amount of surface an
appropriate time was chosen: 20 minutes for the hard faces and 5-20 minutes for the
soft ones. The mean lapped surface was ~ 11 pm.
The copper cleaning was divided into three steps:

1) Rough cleaning
This step is developed to remove the dirty left on the copper surface during the
machining (finger prints, machining lubricant and so on). The best way to remove
external materials is to wash the copper in ultrasonic bath with some soap. The
procedure was carried out by:

(a) washing the copper in ultrasonic bath with ultrapure water (18 M/cm)
and 5% of micro 90 basic soap at the temperature of 40°C for 1 hour;
(b) rinsing with ultrapure water;

(¢) washing in ultrasonic bath with ultrapure water and 5% of Elma 60 acid
soap at the temperature of about 40°C for half an hour;

(d) rinsing with ultrapure water;

(e) passivation with a solution of 10% citric (C¢Hg07) acid at 60°C for 1 hour.
This is essential to prevent the copper oxidation. During that process, in
fact, other kind of air contamination could be trapped on the surface;

(f) drying with alcohol and clean room papers.
2) Etching
In order to eliminate any contamination potentially implanted during the ma-

chining, a layer of copper has been removed from the surface. This second step
was carried out by:

(a) Etching in a solution of 0.5 molar super-pure nitric acid in ultrasonic bath
at 40°C for half an hour;

(b)

(c)

(d) Rinsing with ultrapure water;
)

(e

The mean etched surface of copper after this treatment was ~ 5 pm.

Rinsing with ultrapure water;

Passivation with a solution of 10% citric acid at 60°C for 1 hour;

Drying with nitrogen.
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Figure 6.3: CUORICINO background (red line) compared with RAD1 (blue line): the disappearance of
crystal surface contamination peaks (visible in CUORICINO spectra as large asymmetric peaks) is evident.
The only peak that remain in RAD1 are the doublet of 2!Po and the gaussian sharp peaks ascribed to a
bulk contamination of the crystals in long living 232Th isotopes (to a level of about 10713 g/g).

3) Electroerosion

At the end, the copper electroerosion completes the removal of material from
the surface and, at the same time, applies 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. After the electroerosion
each piece was rinsed with ultrapure water an passivated again in a citric acid
solution with O5 bubbling. Then the pieces were rinsed again with water, dried
only with nitrogen and enclosed in plastic bags filled with nitrogen.

Once the preparation was completed, the detectors was cooled down inside the Hall
C experimental facility in late August of 2004. The data are divided into four runs
that differ one from another by minor changes in the stabilization system. An external
10 c¢m 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 total measurement time
(background data taking) was about 1688 hours acquired during 3.5 months.

The result of RAD1 was quite successful from the point of view of crystal cleaning
(figure 6.3): the TeO, surface contamination in *¥U and ?*Th was drastically reduced
as proved by the disappearance of the 28U and 2*?Th alpha peaks. The extremely
low background reached so far allowed us for the first time to disentangle the bulk
vs. surface contamination of the crystals: once the large spread peaks due to surface
contamination disappeared the gaussian sharp peaks of the internal contamination of
TeO, were visible. Apparently the crystals are contaminated in Th isotopes (*3?Th in
secular equilibrium and long living ?*°Th isotope belonging to the #**U chain) while no
evidence of U contamination in secular equilibrium is obtained.
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The only other alpha peaks visible in RAD1 are the two 5.3 and 5.4 peaks due to
210Pg decay (as discussed usually the contamination is not in 2'°Po that has a very
short lifetime but in its father 2!°Pb, for more details see section 5.4). When compared
to CUORICINO the intensity of these two lines results to be: comparable in the case
of the line due to the deposition of the entire transition energy (a+recoil= 5.4 MeV),
3 times higher in the case of the line due to the deposition of the only alpha particle
energy (5.3 MeV). Finally, despite the strong reduction of the 23*U and ?3Th crystal
contamination, no improvement is observed in the flat background spanning the 3-4
MeV region.

6.3.2 The RAD2 run

Starting from the results of the RAD1 test, the RAD2 was intended to test the back-
ground contribution coming from the so-called small parts of the detector. In fact, the
detector is not made only by the TeO, crystals and the copper structure but also by
small parts like the PTFE supports, the NTD-Ge thermistor, the Si-heater, the gold
bonding wires and, finally, glue and pins.

The thermistors can be rejected as a background source, since radioactive contam-
inations coming from the surface must release at least part of their energy inside the
thermistor and this energy release will generate a very fast and very wide pulse signal
on the thermistor?.

To reject the other components a test was prepared in the following way. The top
and bottom plates of the copper mounting structure were covered with samples of these
small parts. These were: a PTFE slab covering the top plate (facing 4 crystals), a set
of heaters facing two crystals on the bottom plane (169 heater for each crystal) and a
set of gold wires facing the other two crystals on the bottom plane. In this way, the
amount of PTFE, heater and gold wires seen by the interested crystal, was increased,
in comparison to with CUORICINO and the RAD1, by a factor respectively of 6, 80 and
169 (table 6.1).

The tower was cooled down in April 2005. The total collected statistics was about
540 hours. This means 1080 hours per detector for heaters and wires (2 detectors each)
and 1620 hour per detector for PTFE (3 detectors, one was lost in during the cooling
process).

The results of this test were very clear. The 3-4 MeV rates measured proved that
the materials used to build the so called small parts have a maximum contribution to

RAD1 and to CUORICINO background of: heaters 1%, gold wires 3% and PTFE 15%.

4The heat is released directly on the thermistor without the mediation of the glue spots’ conduc-
tance. 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.
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Volume [mm?] | Surface [cm?]
CUORICINO (Qino) 1544 5
PTFE Rad2 (R2) 7890 30.25
Ratio (R2/Qino) 5.11 6.05
Length [cm)]
CUORICINO (Qino) 8
Wires Rad2 (R2) 638
Ratio (R2/Qino) 79.75
Number
CUORICINO (Qino) 1
Heaters Rad2 (R2) 169
Ratio (R2/Qino) 169

Table 6.1: Comparison of the amount of material per detector between the Rad2 setup and CUORI-
CINO[196]. Note that while in CUORICINO each detector is exposed to all the samples in Rad2 each
detector sees only one sample.

PTFE Bulk Surface (1 ym) Surface (5 pm)
l2/8] Bq/cm? Bq/cm?
232Th | 6.30- 10717 3.20-107% 5.90-107%
28U | 3.80-1071° 1.30-1077 1.40- 1077
: Bulk Surface (1 ym) Surface (5 pm)
S 7 Ba/cn’ Ba/en’
232Th | 2.80-107% 1.60-107° 3.30-107°
83U | 1.30-10°8 8.20-1077 7.50-1077
Golds Wires ][3‘;/1};]{
232Th | 3.10-10°
B8U | 1.20-107°

Table 6.2: Contamination values measured for the Small parts.
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6.3.3 The RAD3 and RAD4 runs

The results of RAD2 maintained open the problem of background reduction. At this
point two different hypothesis have been considered:

1) The sources of the contaminations are really degraded alpha particles. Probably,
during the cleaning procedure a failure must had happened and thus the main
background source is the copper structure.

2) The copper was correctly cleaned and the source of background are not degraded
alpha particles but more ezxotic effects (thermal release of the Teflon® support
or fracture processes inside the absorber).

A possible test to verify the first hypothesis was to cover all the surface of copper
facing the crystals with a radio-clean plastic layer to stop alpha particles eventually
escaping from copper. The main advantage of this plastic foil, since it is very thin,
is that the bulk and surface contaminations are the same. Thanks to this feature, its
contamination can be easily measured by germanium detectors.

Following this idea the only change in the RAD3 with respect to RAD1 was the
almost complete coverage of the copper faced to the crystals with a polyethylene film
(~ 60 pm thickness).

The RAD3 was operated at the end of 2005. The result was the dramatic reduction
of the 5.3 MeV peak (by more than a factor 3) that has now the same intensity
as measured in CUORICINO (figure 6.4). The 5.4 peak on the other hand appears
unchanged (proving that it is due to 2'°Pb and not directly 2!°Po).

The RAD4 was started at the beginning of year 2006. The detector is the same of
RAD3 the only change is in the cryostat external shielding (now including a neutron
shield). The new neutron shielding was composed by two parts: an internal layer, facing
the detector, made of boron carbide (C4B) and a more external wall (~ 7 cm thickness)
made of polyethylene. The polyethylene was used to thermalize the fast neutron while
the 10-boron atoms captures the thermal neutrons. In order to check the neutron
absorption capability of the shield installed for RAD4 measurement we have performed
dedicated measurement with an AmBe-neutron source (americium-beryllium, yielding
2200 n/s) both with and without neutron shielding.

The results of RAD4 are completely compatible with those of RAD3. This means
that environmental neutrons should not influence appreciably our background counting
rate (figure 6.4).

Considering the global analysis RAD3+RAD4 (1893 hours per crystal) the results
obtained can be summarized as follows:

e crystal surface contaminations in ?*Th and ?3®U are reduced by a factor 4 & 2
with respect to CUORICINO;
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Figure 6.4: CUORICINO background (red line) compared with RAD3+RAD4 (blue line): the 5.3 MeV
peak due to 2!°Po has here a much reduced intensity with respect to that of RAD1, now compatible

with CUORICINO. The continuum background between 3 and 4 MeV appears reduced, with respect to
CUORICINO, by a factor (38 £ 7)%.

e crystal bulk contaminations have been measured with a sensitivity much higher
than in CUORICINO (where « bulk lines were partially covered by the surface
contamination peaks). The results are summarized in table 6.3;

e the 5.4 MeV !9Po peak (a+recoil) is stable in time, therefore can be ascribed to
a 21%Pb contamination;

e the 5.3 MeV 21%Po peak, quite high in RAD1, was due to a contamination of the
copper surface and it is efficiently reduced to a level compatible to the CUORI-
CINO one. This result was achieved by means of the polyethylene film used in
RAD3 and RAD4. The 5.3 and 5.4 MeV peaks have almost the same intensity
and could be both ascribed to the same surface contamination of the crystals;

e the surface treatment plus the polyethylene coverage of the copper have re-
duced the 3-4 MeV counting rate by a factor 2.0 0.4 (i.e. to (0.06 £ 0.0116)
counts/keV /kg/y, to be compared with the (0.12 4+ 0.001) counts/keV /kg/y of
CUORICINO in the region just above the 2°®T1 line).
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Isotope | Concentration «-line Origin Comments

190pg - 3290 - a-decay on a stable isotope,
no vy or 3
22Th | (24£1)-107¥ g/g 4080  *2Th  Apparently in secular equilibrium
0Th | (2£1)-107"® g/g 4750 237U Not in secular equilibrium with 2**U
210pg <1-107° Bq/kg 5407 28U  Not in secular equilibrium with 233U
but with 21°Pb
BU <2107 g/g - 80U Upper limit for 228U in secular
equilibrium

Table 6.3: TeO, bulk contaminations as identified in RAD3+RADA4.

6.3.4 RAD5 and RADG runs

After the results coming from the RAD34+RAD4 (reduction of CUORICINO background
by 38%) and from the second SSB test (background rate only slightly lower than
the CUORICINO one) we decided to investigate possible exotic sources responsible for
the remaining not-understood background. Starting point of this hypothesis are the
previous experience[200] in the CRESST dark matter experiments and the usage of
holders made of Teflon® for the all test performed until then.

Teflon® (poly-tetrafluoroethene, PTFE) is a synthetic fluoropolymer (polymer con-
taining atoms of fluorine) characterized by an extremely low coefficient of friction (0.1
or less). Being a polymer, Teflon® is a substance made up of molecules with high
molecular mass consisting of many regular repeating structural units or monomers.
These long chains of atoms stick together forming bicovalent bonds.

When the Teflon® is cooled down together with the other parts of the detector, it
could happen that, due to fast cooling, these chains have no time to set properly. Once
the detector reaches the operating temperature, chains would start to arrange releasing
heat (thermal release) in the crystal absorber even for a long time. That kind of release
would originate impulses whose spectrum, continuum, would increase the background.

In order to investigate this hypothesis, in the RAD set-up we decided to replace the
Teflon® support (figures 6.5 and 6.7(a)), typical of the RAD setup, with phosphorus-
bronze clamps (figures 6.5, 6.7(b) and 6.7(c)) obtaining a Teflon®-free tower. We
chose the phosphorus-bronze alloy in place of the copper beryllium one (CuBe, used in
CRESST) which, in preliminary measurements, turned out to be too radioactive. The
copper beryllium alloy assures either a lower radioactivity and the proper elasticity
necessary to hold the crystals.

The preparation finished in the end of 2006 and the tower was cooled down in
January 2007. The measurement time was very short, about 253 hours per crystal.
That was due to radioactive contaminations (*!°Pb) which caused the detectors to
show a too high rate (figure 6.6). Under those conditions, it was impossible to make
a comparison between Teflon®and phosphorus-bronze. A possible solution was to
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PTFE holders

Cu96Sn4 Clamps

Figure 6.5: Picture of the Cu96Sn4 Clamps used in the RAD5 setup compared with the usual Teflon® sup-
ports.

prepare a new run using similar clamps made of the same copper of the frames and
treated following the RAD1 cleaning procedure. However, the copper didn’t guarantee
the required elasticity.

In order to go over this problem we adopted a mixed solution. In fact, for the RADS,
we used the same phosphorus-bronze clamps used in RAD5 but, this time, covered
with a copper layer (50 pm thickness). This solution guaranteed both the copper
beryllium (clamp core) elasticity and the copper cleaning (clamp surface). In addition,
the copper coverage worked as external shield against the contamination inside the
copper-beryllium core. The preparation of RADG6 finished in April 2006 and the tower
was cooled down in May 2007. To measure the possible radioactive contaminations in
the copper coverage, two crystal (B8 and B11) were faced two copper foils (5 x 5 cm?),
one per crystals, whose thickness was the same of the clamps.

The total measurement time was 411 hours per crystal. The results of RAD6 showed
lower contamination than the RAD5 (figure 6.6, No-Copper) but a higher background
level if compared to the RAD4 (figure 6.6). Moreover, comparing the spectra of crystals
facing the copper foils and of normal crystals (No-Copper), it is clearly visible that the
copper used for the clamps coverage have a too high surface contamination probably
due to 2'°Pb. For these reasons it wasn’t possible to deduce anything about the ezotic
sources hypothesis.

From the technical point of view, the RAD5+RAD6 proved that the clamps work
in the same way of the Teflon® supports. In fact, they provides an elastic but tight
holding of the crystal. This means that Teflon®-free study is still possible in future if
and only if very clean clamps will be used.



6.3 The RAD detector 107

Residual heater pulses

210
> 10% Po
E} (5304) — RADS
>
[}
&
BT B = e b B L Lt N e
s
=
3
107 [
4000 5000 6000
Energy [keV]
210p,
2
%o 10 (5304) — RADG6 (Copper)
4
%
R B S B e B T
= LH—‘
=3
102 ! I I T O |
3000 4000 5000 6000
Energy [keV]
2
g 10 210p, — RAD6 (No Copper)
% (5304)
R e Tt T
5
; it
107 | |

3000 4000
Energy [keV]

E‘; 210p, — RAD3+RAD4
= 5304
> (5304)
BT T e A S - Sl S
=
3
3 Y L| M
[ !
4000 5000 6000
Energy [keV]

Figure 6.6: RAD5 and RAD6 spectra compared with the RAD3+RAD4 run. In RAD5 (blue) the back-
ground counting rate is dominated by the clamps contaminations. In RADG6 the crystals facing the copper
foils (red) show an higher peak if compared to the normal ones (green). This is probably due to surface
contamination (?'1°Pb) of the copper itself.
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(a) The usual RAD detector. Each crystal is held to(b) The Teflon®-free RAD detector. Each crystal is
the copper frame by means of PTFE supports. held to the copper frame by means of phosphorus-
bronze clamps instead PTFE.

(c) Particular of the phosphorus-bronze clamps used
for the RAD5+RAD6 measurements.

Figure 6.7: Comparison between the usual-RAD mounting and the Teflon®-free solution.

6.3.5 The RAD conclusion

With the RAD tests we have proved that, as predicted by the CUORICINO background
model (section 5.3), surface contamination of the copper play a relevant role in 3-4 MeV
background. This is clearly evident by comparing RAD1 and RAD3+RAD4 counting
rates: RAD1 had a rate comparable with CUORICINO while RAD3+RAD4 (the only
change was the polyethylene coverage of copper) had a rate lower by a factor 2. In
addition the RAD5+RAD6 measurement could not exclude possible not radioactive
contribution (exotic sources) due to the PTFE supports.

6.4 The CAW detector

The CAW detector is a 3 plane array having a structure a little bit different from that
of RAD (and of CUORICINO). This new design is the result of an intense program of
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optimization of the CUORE detector structure started in 2004, involving all aspects of
the single module structure and of its assembly procedure in the final CUORE towers
(see section 4.4.1).

The new structure should guarantee a high degree of reproducibility in its mechanical
features as well as a simply assembly and a reduced amount of inert material (copper)
in between the detectors. Assuming that a large fraction of the background is due to
surface contamination of the mounting structure the reduction by about a factor 2 of
the copper surface interposed between the detectors is particularly relevant.

The CAW detector is a prototype constructed and successfully tested in 2005 from
the technical point of view. At the beginning of 2006 this same array was used for a
background test. For CAW1 no particular cleaning procedure was applied while starting
from CAW2 we cleaned the set-up with a RAD-like procedure. In fact, the twelve
crystals were treated with a surface cleaning procedure similar to the one applied to
RAD1 crystals while the copper of the mounting structure was treated as for RAD1 and
was covered, as for RAD3, with a polyethylene foil with thickness greater than 60 ym (in
order to absorb the a-particle emitted from a possible residual surface contamination).

ﬁ— Mixing Chamber (MC)

~— Stainless steel wire
. T Stainless steel harmonic strip

First damping stage
(Roman Lead)

Detector holder
(Second damping stage)
CUORE-like mounting

TeO, crystals

Figure 6.8: The CAW detector.

From the 2005 to nowadays four tests were performed:
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e CAWI: the purposes of this measurement were:

1) test the reproducibility of the new setup (CUORE-like) and test the new
PTFE support design (projected to prevent possible low temperature cracks
in the crystals);

2) check the performances of the germanium-SSBs;

3) check performances and radioactivity of CTI crystals®.

e CAW?2: the purposes of this measurement were:

1) check the background achievement obtained with RAD34+-RAD4 in a different
structure and with different crystals;

2) check the performances of Surface Sensitive Bolometers made of tellurium
dioxide instead of germanium;

3) new check about performances and radioactivity of CTI crystals.

e CCT1: the main purpose was to check the internal and surface contaminations of
six new crystals grown with a new procedure and completely processed in China
(including etching and lapping).

e CCT2: the purposes of this measurement were:

1) check the internal and surface contaminations of four new crystals com-
pletely processed in China;

2) check the internal and surface contaminations of the six CCT1-crystals after
a further surface treatment at the Gran Sasso Laboratories;

3) test the new flat-pack thermistors.

6.4.1 Development of surface sensitive elements

The first two CAW measurements at the Hall C facility were closely related to the
development and testing of the Surface Sensitive Bolometer technique. In fact, an
alternative way to reject events due to contaminations in the crystal surfaces and to
the part facing the crystal is to develop bolometers able to identify these ones. The
basic idea of the method consists in the construction of Surface Sensitive Bolometers
(SSB) characterized by active shields: six slabs (of Ge or of Si or of TeO,) operated
as bolometers (Surface Sensitive Elements or SSE) surround the TeO, crystal (Main)
creating an active veto[202]. Events generated on the surface of the crystal or of the
SSE itself are in this way tagged and rejected.

5Crystal Technology Incorporated (California, USA) was a possible provider for CUORE detector
absorbers.
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The implementation of this technique is as follow. For each Main TeOy bolometer
there are six (one for each face) thin, large-area, auxiliary bolometers that act as active
layers (figure 6.9). Each layer will have the same area and shape as the corresponding
absorber face and will be separated from it by a sub-millimeter gap, providing a 4=«
hermetic coverage from external charged particles. On each layer, a NTD-thermistor is
attached for temperature reading.

The origin of the events (SSE or Main) can be clearly determined by comparing the
amplitude of the pulses from the different detector elements. If an « particle comes
from outside the bolometer, it interacts with an active layer releasing there all its
energy (surface event). As a consequence, the SSE and Main temperatures will rise
and there will be a signal on both the layer thermistor and the main one. Because
of the small heat capacity of the layer, its thermistor signal will be much higher and
faster than that of the main thermistor. On the other hand, an event inside the main
crystal (bulk event) will lead to pulses with similar amplitudes and shapes on both
thermistors (figure 6.9).

This solution has the potentiality to control the problem of the surface radioactivity
relying on a technological improvement of the detector rather than on a better cleanness
of the employed materials. The main feature of such a detector are that any particle
depositing its energy only in the Main, as a Ov33 decay event, produces a large particle-
induced signal on the main and a small slow thermally induced signal in the SSE (due
to temperature rise of the Main).

In order to test the method, several small scale prototype detectors were successfully
tested during 2004 at the Cryogenic Laboratory of the Insubria University (Como,
Italy). The material used were Ge, TeO2 and Si slabs. Starting from these results we
performed two test exploiting the CAW tower. In CAW1 (2005) we implemented one
entire tower floor with Si-SSB while, in CAW2 (2006), we used TeO,-SSB.

While good performances were obtained with both Ge and TeOs slabs, Si slabs
showed some unexplained features that lead us to consider them less safe than the
other two devices. According to these considerations and to the fact that the optimal
SSE material should have thermal contraction coefficients as near as possible to the
main crystal ones, TeO, slabs should be the final choice for a SSB.

6.4.2 The CAWI1 run

The experimental setup was prepared with a 12 crystals arranged in three floors of four
detectors each (the second biggest TeOy mass ever built and operated even to a fourth
of CUORICINO).

The twelve crystals used as absorbers came from three different sets each of four
crystals. Four crystals were just arrived at that time from the SICCAS company and
other four crystals came from the CUORICINO spear detectors. The last four crystals
(one floor) were provided by the Crystal Technology Incorporated (CTI, California,
USA).
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(a) The CAW1 detectors. In the lower floor the Si-(b) The CAW?2 detectors. In the lower floor the TeOs-
SSB detectors are visible. SSB detectors are visible

Figure 6.10: The two CAW towers during the CAW1 and CAW2 assembling.

On the lower floor of the tower, the four detectors (figure 6.10(a)) were prepared to
be a test of Surface Sensitive Bolometers. Due to a delay in the delivery of the TeO,
slabs the four detectors were realized gluing (with a vacuum grease spot at the center
of the slab in order to prevent possible breaks) on each face of the 5x 5 x 5 cm? crystals
a Si slab (50 x 50 x 0.3 mm?). For three crystals the coverage was not exactly complete
(a triangular area near each vertex was not faced by the slab, being then partially
covered by the PTFE tips used to held the crystal in the copper frame) while for the
fourth of them the Si slabs covered almost completely the crystal and the PTFE tips
were positioned on the slab themselves. This crystal was the smallest one.

Each slab was provided with its own NTD-Ge thermistor used to read-out the ther-
mal signal. In order to reduce the readout channels, the six thermistors of the SSEs
were connected in parallel. In this way, for each 5 x 5 x 5 cm?® detector, two channels
were read out: the Main (TeO2 crystal absorbed) and the SSEs.

The CAW1 was the first test performed using the CAW tower. From the technical
point of view the results obtained showed an easy, fast and standard assembling pro-
cedure improving the detector reproducibility and standardization. Furthermore no
damage on the crystals occurred with new PTFE supports. For these reasons the col-
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laboration chose this design for CUORE leaving behind the old CUORICINO-like (and
RAD-like) structure.

From the physical point of view in particular considering the SSB test, the two
detector with smaller dimensions (responsible for the excess noise due to their vi-
brations) showed a rather poor performance, while for the other two a good energy
resolution, compatible with that of the CUORICINO detectors, was measured. Unfor-
tunately during the cooling the electrical connections to the slabs thermistors of one
of these detectors were broken, thus only for one detectors the SSE signal could be
read-out. A quite long background measurement (520 hours per crystal) was used to
understand the behavior of these detectors and to study the rejection efficiency for
surface alpha contamination. The detector with complete read-out (Main+SSEs) was
used for an extensive study of the main features of the composite bolometer. The two
signal coming from the main and from the six SSEs in parallel were acquired with an
independent trigger and trigger threshold. Once only signals above the common max-
imum threshold are considered (equalizing then the thresholds on SSE and Main) only
coincident events are observed. The amplitude measured on the Main was calibrated
using a gamma source, this provides a correct conversion of the Main pulse amplitude
if and only if the considered signal corresponds to a pure interaction in the Main (i.e.
the SSE pulse is induced by the thermal heating of the Main). A similar calibration
was not possible for signals produced in the SSE due to its small size.

Considering figure 6.11(a), it’s easy to recognize three possible case:

1) signals produced by particles interaction in the Main are clearly identified as those
belonging to the straight line (Main Band) in the lower part of the plot. These
events correspond to small-slow signals in the SSE.

2) signals produced by particle interaction in the SSE belong to the multiple curves
(SSE band) identified by a high SSE amplitude and low Main amplitude. We have

multiple curves because the six different SSEs are acquired in parallel.

3) when the energy of the particle is shared between the SSE and the Main (surface
a-event originating in between the SSE and TeO, surface) the signals produced
belong to the line connecting the Main Band and the SSE Band.

In figure 6.11(b) it is shown, for the same events, the decay time versus the amplitude
as measured on the Main. What is clearly evident is that the events belonging to the
Main Band have the usual distribution while events that belong to the SSE Band or to
the so called mixzed events are clearly distinguishable having a much slower decay time.
This means that the presence of the slabs thermally connected on the TeO, crystal
absorber modifies the response of the bolometer in such a way that bulk events are
distinguishable from surface events just looking to their decay time (passive effect, the
glued layers operate as signal-shape modifiers).

This measurement demonstrates therefore the power of this technique in identifying
surface events, and opens moreover a new way of using the composite bolometers that
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Figure 6.11: CAW1 scatter plots.

do not require them to be read out. This is particularly important for CUORE be-
cause means that SSB could be mounted without increasing the number of thermistors
necessary and the number of wires and channels to be biased and read-out.

In this test no cleaning procedure of the detector and mounting system was applied
thus the background counting rate was too high. For this reason a quantification of
the background reduction obtained by the composite bolometers cannot be obtained,
and also the characterization of the CTI crystals was not possible.

As it will be shown in the next section, at the beginning of 2006 a new CAW run with
an array of 4 crystals (having this time the correct dimension to fit into the assembly)
covered with TeO, slabs was constructed using the same cleaning procedure used for
the RAD setup.

6.4.3 The CAW2 run

In this second CAW test (figure 6.10(b)) we treated the copper as for RAD1 and we
covered it with polyethylene as in RAD3, moreover we treated the twelve crystals with
a surface cleaning procedure similar to the one applied to RAD1 crystals.

In the top floor of the tower four CTI 5 x 5 x 5 cm?® TeO, crystals were mounted.
These crystals, bought from the Crystal Technology Incorporated (CA, USA), had to
be examined since CTI| was a possible provider for CUORE detectors. In the middle
and bottom floor eight 5 x 5 x 5 cm® TeO, crystals, bought as usual from SICCAS, were
mounted.

Each of the four crystals in the bottom floor were coupled to six TeOy-SSB. The
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SSB slabs were glued with four spot to the main crystal surface and covering almost
completely that surface. On two crystals all the SSB were provided with a NTD-Ge
thermistor (active SSB) while on the other two only one of the six slabs had a sensor
(passive SSB). In this way it was possible to study the passive effect observed in the
CAW1 test® The middle floor was made up with four crystal, provided by SICCAS, in
order to compare the background results with the SSB floor.

The CAW2 was mounted at the beginning of year 2006 and started right after the
end of the RAD4 test. The main results obtained were:

1) the CTI crystals show huge ?'°Po and #**Th contaminations slightly higher that
the one typical of the chinese crystals (table 6.4 and figure 6.12). Causes, although
still to be understood, could be the initial powder or the crystallization process.

Counting Rate 232Th Counting Rate
Crystals [counts /hour] Crystals [counts /hour]
CTI-1 500 CTI 0.0040 £ 0.0010
CTI-1 90 RAD 0.0019 £ 0.0005
CTI-1 80
RAD 0.4

Table 6.4: CTI crystals contaminations. The 5.4 MeV energy (left) and 22 Th bulk contaminations
are shown compared with the RAD mean values.

2) the RAD3+RAD4 results are confirmed, proving that the surface cleaning proce-
dure of crystals and copper are reproducible (figure 6.13);

3) either active and passive TeO, slabs produce a deformation of surface events.

The only uncertainty in this run was the conclusion about the 3-4 MeV flat back-
ground source. Considering the two lowest planes (both with chinese crystals, one with
SSB and the other without SSB), with SSB perfectly working they would have given
a strong indication in favor or against the hypothesis of a copper origin of the back-
ground source. Unfortunately one SSB detached from its crystal, for two we lost the
electrical contact and finally all the SSB showed an excess alpha surface contamination
(figure 6.14). The causes of this contamination are meanly two: the SSBs were cut
using contaminated oil and they surfaces were not treated as the 5 x 5 x 5 cm® crystals
because of the very thin thickness. As a result the rejection capability of SSBs could
not be exploited to their best and the data about the background rate measured, being
only slightly lower than the one measured by the crystals without SSB, are not enough
to draw any conclusion concerning copper.

Sas said previously, the effect of a passive slab is to produce a deformation of pulses originated at

the crystal surface and sharing energy between crystal and slab
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Figure 6.12: CTI floor background compared with RAD3+RAD4. The huge 2'°Po contamination can be
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Figure 6.14: SSB floor background compared with RAD3+RAD4 and with previous CAW1 floor without
slab. The CAW1-no-slab floor and the CAW2-SSB floor had the same crystals. The background is
dominated by alpha particles due to the slab contamination.

Taking into account the results from CAW1 and CAW?2 it’s clear that a further SSB
run will be useful only if we will be able to improve the slab surface radioactivity, the
comprehension of decay time method and, finally, the mounting technique.

Detector 2700 =~ 3200 Err. 3400-=3900 Err.

ke V] ke V] ke V] [keV]

RAD3+RAD4 0.06 0.01 0.08 0.02
CAW 0.16 0.04 0.11 0.03

SSB (as passive) 0.11 0.03 0.14 0.03
SSB (as active) 0.03 0.02 0.03 0.02

Table 6.5: CAW?2 background compared wight RAD3+RAD4.

6.4.4 The CCT1 run

Up to now, all crystals were produced and optimized through a standard procedure,
divided in two phases: first the crystal growing, carried out at the SICCAS then the
surface treatments, performed in the clean room of the Gran Sasso Underground Lab-
oratories. The CCT1 test (Chinese Crystals Test) was the first performed on crystals
completely processed in China. The surface treatment used in China (etching and
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lapping) is the same successfully optimized at the LNGS and verified with the RAD
array.

The main goal of this test was to check bulk and surface contaminations in order
to approve the new crystals production and treatment protocol. This protocol (here-
after mew-protocol) was different from the one adopted for the CUORICINO crystal
production (standard-procedure, hereafter old-protocol). Its aim was to reproduce the
CUORICINO crystals performances avoiding old procedure problems (for example, in-
clusions of platinum fragments due to the crucible used to make it grow). The two
protocols are formed by the following processes:

Old-Protocol:
1) Grown with CUORICINO like procedure:

(a) 80°C dry-up;

(b) 690°C calcination in platinum crucible;

(c) first growth in platinum crucible using a standard Bridgman technique;
(d) ingot selection, ingot grinding, washing, drying and new calcination;

(e) second growth;

2) first surface treatment in China with dirty chinese aluminium oxide (Al;O3) pow-
ders;

3) second surface treatment at LNGS: chemical etching with very clean acids (HNO;
4 molar) and surface polishing following RAD procedure (lapping pad with very
clean SiOy powder);

4) TeO, crystals ready to use.

New-Protocol:
1) three different dry-up and calcination processes tested:

e A - standard one with 80°C dry-up and 690°C calcination in platinum cru-
cible;

e B - 600°C calcination without dry-up;

e C - 240°C dry-up in Teflon®and 690°C calcination in platinum crucible;

2) after the first growth (standard Bridgman in platinum crucible) only a few of the
produced ingots are selected (~ 1/3) in order to reduce the impurity content;

3) ingot selection, ingot grinding, washing, drying and new calcination (after these
procedures the powder showed a reduced platinum content);
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Figure 6.15: TeO, powder production.

4) second growth;
5) mechanical treatment:

(a) washing with water in ultrasonic bath;

(b) surface lapping with two new Al,O3 powders selected for low radioactivity.
Two type of powders were selected: big granularity (1 mm lap-off) and small
granularity (0.1 mm lap-off) but the small one didn’t work properly;

(¢) chemical etching with very clean acids (HNOj 4 molar) in order to remove
the dirty part of the surface;

(d) polishing with SiOy powder (RAD-like), and a new lapping pad (1020 pm
lap off).

6) TeO, crystals ready to use.

The CCT1 test was carried out using the CAW tower where the copper was covered,
as usual, with a polyethylene film. The copper mounting structure was composed by
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new copper frames realized with Electrical Discharge Machining technique (commonly
known as EDM machining). Teflon®supports was the usual but, this time, provided
by a different company with respect to the past. Six crystals (BA1, BA2, BB1, BB2,
BC1, BC2) were fully chinese crystals (hereafter new-style crystals) grown according
to the new protocol) and then treated on surfaces after a chemical etching. These
crystals belong the three different series (A, B, C) depending on the preparation of
the powders. At first sight they show some yellowish faces instead of the usual white.
The remaining six (B63, B64, B65, B66, B68 and B69, already tested in the past)
were old-style crystals grown as CUORICINO crystals and treated at LNGS. Each of
the new-style crystals was provided with two sensors while the old-style crystals were
provided with only one sensor.

The preparation was completed in the last week of July and the tower was cooled
down in the first week of August. For the new-style crystals all sensors were working
while for the old-style ones two sensors lost the connection and one was electrically
connected but no pulse signal was visible (probably unglued during the cooling down).

From the performances point of view the new crystals appeared to have quite lower
pulse amplitudes (despite the quite low temperature of the array) and poorer energy
resolution. Such a behavior is not present in the six old-style crystals. The study of
pulse shape could indicate a correlation between the longer decay constant and the
energy resolution.

The background analysis (figure 6.16) shown an excess of counts on the right side
of the 2615 keV peak that produces a high value of the (2.7 = 3.2) keV integral on
both old-style and new-style crystals. The causes have presently no explanation. In
the 4-5 MeV region the rate is higher than in the RAD detector, and similar to the rate
measured by CUORICINO. The structures appearing in this region of the spectrum look
like due to a 238U contamination in the crystal bulk or on crystal surface. Only the
coincidence spectrum can distinguish between the two possibilities. In any case the low
rate in the coincidence spectra was below what expected if compared to CUORICINO.

The new-style crystals showed the usual huge contamination in ?'°Po, the peak
has however an unusual asymmetry that we are not able to explain. Also the old-
style crystals had a high rate in the polonium region if compared with RAD. This
because these crystals was rather recently grown while the RAD ones came from the
same batch of CUORICINO crystals. Finally, for the all series no improvement was
apparently obtained in the Pt crystal contamination.

Because of these problems the data-taking of the CCT1 measurement was very short
(about 330 hours per crystal). The causes of these bad performances could be two:

1) Bulk problem: in the standardization of the growing procedure, some change
was introduced respect with old protocol. Possible Oxygen vacancies could ex-
plain the yellowish color and a different heat capacity C' of the crystal (AT =
AE/C);

2) Surface problem: the lapping pad used in China came out to be different from
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Figure 6.16: RAD background spectrum compared to new and old style crystals in this run.

the usual one (black and more soft). The yellowish color can be generate by
residuals of the back lapping pad. Moreover possible lack in removing the acid
and/or water layer could be left on the crystal by the etching bath. This layer
could change the thermal coupling between the thermistor and the crystal. In
the past crystals etched but not lapped showed the same behavior.

To check these hypothesis was necessary a new test (CCT2). To achieve this, four
new crystals grown with the exact CUORICINO procedure arrived from SICCAS and the
six new-style crystals was reprocessed with the standard RAD procedure at LNGS clean
room. The result of the our treatment was the disappearance of the yellowish surface.
This could be a first confirmation to the hypothesis of problems in the surface processing
performed in China.

6.4.5 The CCT2 run

As for the case of CCT1, the second CCT test was scheduled to validate the SICCAS
protocol production for the CUORE crystals. To achieve this task the main goals of
this measurement, still running, are:

1) to check bulk and surface contaminations of four new crystals grown with the
standard procedure (CUORICINO like) and mechanically treated in China follow-
ing the RAD procedure.
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2) to check the new-style crystals (used in CCT1) after a further RAD-like treatment,
performed at the LNGS clean room, in order to confirm the suggested surface
hypothesis.

3) to test and to characterize for the first time the new flat-pack thermistors.

The CCT2 was carried out using the CAW tower with the same frames, PTFE and
polyethylene used for the CCT1. The tower is composed by three floor and the involved
crystals are the following:

e 2 old crystals, already tested in the past (B64 and B68), grown with the CUORI-
CINO like procedure (standard-procedure) and treated at the LNGS following the
RAD technique.

e 6 new-style crystals (BA1, BA2, BB1, BB2, BC1, BC2), already tested in the
CCT1 run, completely processed in China following the new-protocol and me-
chanically reprocessed at the LNGS following the RAD technique.

e 4 new crystals (B71, B72, B73, B74) supposed to be grown with the standard-
procedure and mechanically treated in China following the RAD procedure (lap-
ping with old chinese powders, chemical etching, polishing with SiO, powder and
old lapping pad).

All crystals, excluding B64 and B68, are equipped with double thermistor for a
double readout. The ex-CCT1 have two classic thermistor (#31 series-like) while the
4 new crystals have one classic thermistor and one new flat-pack.

The preparation was completed in the first week of November and the tower was
cooled down in second half of the same month. During the cooling process we have lost
3 sensors over 22 (13.6%) and 2 heaters over 12 (9%). In the case of bolometers provided
with one heater and NTD-thermistor this would correspond to 22.6%. In fatc, three
sensors of the CCT1 crystals are disconnected (BA2-right, BB1-right and BB2-left) and
two crystals, one CCT1 (BA1) and one new (B71), have the heater disconnected. The
base temperature in this run is higher than in the previous run (CCT1).

6.4.5.1 Detector performances

After about 1000 hours per crystal, the first results show that the performances of the
new-style crystals after the RAD-like re-processing are improved. A direct compari-
son with the CCT1 is not easy to be done since the base temperature of the detec-
tors is this time higher (the average value in CCT2 was Rpase = 37 M2 with respect
Rpase = 631 MQ in CCT1, see tables 6.7 and 6.8). Despite this increase in the working
temperature a quite higher pulse response is observed when comparing these crystals
in CCT1 (AV/E = 41 mV/MeV) and CCT2 (AV/E =98 mV/MeV).

When comparing crystal performances in CCT2 run with CUORICINO one can ob-
serve:
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1) average resistance at the working point:

CCT2: Rpase = (37 4 12) MO
(6.1)
CUORICINO:  Rinse = (114 % 100) MQ

for CCT2 are considered all the crystals while for CUORICINO only the big-size
(5 x 5 x 5em? ) from Run#1.

2) average pulse height:

AV
CCT2: = = (112 £ 76) puV/MeV
(6.2)

AV
CUORICINO: = = (149 £ 94) WV /MeV

for CCT2 are excluded the flat-pack thermistors while for CUORICINO only the
big-size crystals from Run#1 are considered.

3) time constant; rise time (t,) and fall time (ts):
CCT1  (new-style): t, =43 ms, tp =166 ms, t; = 1400 ms
CCT2  (new-style): t, =44 ms, ty =168 ms, ty =952 ms
CCT2 (all crystals): t, =44 ms, t; =157 ms, t;, = 886 ms

CUORICINO : t,=952ms, ty =156 ms, ty = 1700 ms
(6.3)

for CUORICINO only the big-size crystals from Run#2 are considered. The fall
time is fitted using two exponential functions.

Considering the tables 6.7, it is easy to see that the performances of the flat-pack
thermistor are worse than that of the classical NTD-thermistor assembled on the same
crystal.

6.4.5.2 Detector background

The statistics collected so far in this run (about 1044 hours per crystal) allow us only to
make some consideration about the polonium and about the rate in the energy region
between 4 and 5 MeV, where the structures due to 233U and #**Th contaminations of
the crystals should appear.
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Two of the new crystals (B72 and B74) show a very high polonium rate (monochro-
matic peak at 5.4 MeV), of about 1000 and 2000 count/hour respectively, while the
other two (B71 and B73) have a rate of 3.4 and 3.6 count/hour respectively. The
analysis performed on the data acquired with the new PXI data acquisition system (see
chapter 8) show, for one of these crystals, a rate of polonium pulses that decreases in
time quite accordingly to the half life of 2!°Po. The absence of evidence of 2!°Bi seems
to confirm that the contamination should be ascribed to 2'°Po, and not to 2!°Pb. The
study of coincidences between B72 and B74 with the facing crystals seems to indicate
a bulk origin for these contaminations.

The rates obtained in the different energy regions are shown in tables 6.9 and 6.10. As
it can be seen from table 6.10 and figures 6.17 and 6.18, the surface treatment performed
on new-style crystals, following the RAD procedure, results in a lower counting rate in
the 238U and #*?Th peak region between 4 and 5 MeV. We need anyway more statistics
to get to a safe conclusion about the origin of this contamination. The higher rate in
the 6-8 MeV region (table 6.9) shown by the new-style crystals in CCT2 run is due to
residual heater pulses (pulses not flagged in the analysis).

A surprising high rate is obtained in the 2.7-3.2 MeV region (table 6.6), confirming
the indication already noted in the CCT1 run. Given the changes between CCT1 and
CCT2 (four crystals are different, all the crystals are in different position and so on)
this increased background seems to be due to something external to the crystals (for
example the copper mounting structure is a new one). It is however difficult to define
which kind of contamination could give rise to such a background shape. The two
new crystals (B73, B71) seems to count more in this region, however looking to the
distribution of the counts on the single crystals this is not definitely confirmed because

of a large spread in the counting rate.The new crystals record a higher rate also below
the 2.6 MeV peak (see figure 6.19).

6.4.6 The CCT conclusion

The CCT runs aimed at verifying the quality of crystals and crystal surface treatment
on the way to CUORE. The results obtained by comparing the two measurements

1) Bulk contamination in ’Pt: either the new-style crystals and the new (B71
and B73) crystals shown a contamination compatible with the average value
measured in CUORICINO. Possible slight differences in such a contamination are
however not easy to be measured given the continuum underlying the peak.

2) Bulk contaminations: either in new-style crystals and in the new (B71 and
B73) crystals, the bulk contamination is not observed. Because of low statistics,
only limits can be given on this contamination. With the present sensibility,
these limits are certainly comparable to the CUORICINO ones which were already
enough for CUORE.
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3)

Surface contamination: for all the crystals the surface contamination is cer-
tainly contained below the Cuoricino levels. The peaks observed in the CCT1 run
for the new-style crystals have disappeared after surface treatment. No signifi-
cant coincidences are observed, but for a 2!°Pb surface contamination. Up to now
the sensitivity reached in CCT2 is not certainly enough to establish whether the
surface contamination level is what needed for CUORE. For such a measurement
a statistics higher than the one collected for the RAD is necessary.

An excess rate: is measured at least in the 2.7 - 3.2 MeV (both in CCT1 and
CCT2). The identification of the possible sources of this background require the
analysis of both gamma and alpha regions in the different crystals, comparing
rates in CCT1 and CCT2 runs. Apparently this excess has nothing to do with
crystals, since it is unaffected after crystal treatment and it is observed also in old
crystals spectra. Due to the present low statistics and to the usual problems in
detectors (for instance the spread in heater peaks positions among the crystals)
and due to the many changes that were mandatory introduced in this run, we
could also never get an answer for this.

Crystals Rate

BA1 18

BA2 12

BB1 7

New-style crystals BR2 10

BC1 16

BC2 10

B71 16
. B72 Not acquired

New CUORICINO-like B73 94
B74 Not acquired

B64 5

Old CUORICINO-batch B63 13

Table 6.6: Distribution of counts (counts/keV/kg/y) in the 2.7-3.2 MeV region.
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New-Style Crystals

Detector Rpase AV/E FWHM FWHM
IMQ) 1V /MeV (2615 keV) | (1460 keV)
CCT2 CCT1 | CCT2 CCT1 | CCT2 CCT1 CCT2
BC2_TR 48 258 | 93.86 31 8 32 6
BC2_TL 36 200 | 130.76 19 6 58 4
BA2.TR | n.w. 1600 - 99 - 26 -
BA2_TL 76 404 | 193.38 30 9 49 4.4
BB1.TL 53 535 | 84.88 42 6 39 3.8
BB1.TR | nw. 851 - 49 - 35 -
BC1.TL 9 246 | 20.63 13 13 14 6
BCI_.TR 55 1410 | 93.41 93 28 17 15
BA1.TL 28 607 | 68.77 35 15 23 14
BA1.TR 24 615 45.85 46 20 21 14
BB2.TL | nw. 286 — 10 - 18 -
BB2_TR 35 563 | 152.05 25 8 40 7
New Crystal (CUORICINO like)
Detector Rpase AV/E FWHM FWHM
[MQ] 1V /MeV (2615 keV) | (1460 keV)
CCT2 CCT1 | CCT2 CCT1 | CCT2 CCT1 CCT2
B74_TL 62 a. 24 a. a.
B74_ TR 39 a. 64 a a.
B72_ TR 38 a. 200 a a.
B72_TL 6 a. 5 a. a.
B73_TR 27 a. 53.11 a. 10 a. 7
B73_TL 24 a. 66.86 a 7.4 a. 4.8
B71. TR 30 a. 55.4 a 16 a. 5
B71.TL 42 a. 56.55 a 6.7 a. 12
Old Crystals (CUORICINO batch)
Detector Rpase AV/E FWHM FWHM
[MQ)] wV/MeV (2615 keV) | (1460 keV)
CCT2 CCT1 | CCT2 CCT1 | CCT2 CCT1 CCT2
B64.T 90 843 | 96.56 204 6.7 8 4
B68_T 133 2538 | 316.17 564 6.6 7 3.7

Table 6.7: Pulse height and energy resolution for the two different CCT detectors. In blue the values for
the flat-pack thermistor are reported.
n.w. = not working, a. = absent.
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New-Style Crystals

CCT2 CCT1
Detector | t, [ms] tg [ms] tg [ms] Ratio | Detector | t, [ms| tf [ms| tg [ms] Ratio
BC2_TR 41 238 645 0.3 BC2.T1 42 250 1411 0.08
BC2_TL 40 252 655 0.24 BC2.T2 o1 291 2168 0.06
BA2_TR Not Working BA2.T1 62 63 -
BA2_TL 49 85 781 0.05 BA2.T2 39 119 2120 0.03
BB1.TL 35 149 839 0.18 BB1.T2 45 135 2159 0.04
BB1.TR Not Working BB1.T1 28 120 1733 0.04
BC1.TL 37 123 1370 0.14 BC1.T1 48 149 1072 0.13
BC1.TR 45 107 1069 0.07 BC1.T2 42 94 657 0.05
BA1.TL o1 182 1120 0.17 BA1.T2 46 235 1487 0.14
BA1I TR 55 185 1130 0.24 BA1.T1 48 170 1042 0.08
BB2_TL Not Working BB2_T2 43 167 282 0.04
BB2_.TR 43 199 961 0.13 BB2.T1 41 142 1871 0.03
New Crystal (CUORICINO like)

CCT2
Detector | t,. [ms] tg [ms| tg [ms] Ratio
B74_TL 39 181 794 0.16
B74_ TR 41 188 882 0.13
B72_TR 31 143 572 0.08
B72_TL o7 157 708 0.35
B73_TR 38 197 789 0.20
B73_TL 43 182 e 0.26
B71.TR 40 125 744 0.18
B71.TL 61 96 715 0.08
Old Crystals (CUORICINO batch)

CCT2 CCT1
Detector | t, [ms] tg [ms] tg, [ms] Ratio | Detector | t. [ms] tg [ms] tg [ms] Ratio

B64_T 28 84 1169 0.11 B64_T 79 108 1292 0.04
B68_T 36 110 1129 0.07 B68_T 60 71 1058 0.02

Table 6.8: Rise and decay constants. In the table the results obtained in the CCT2 (left) and CCT1
(right) measurements are compared.
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CUORICINO
Analysis Detector Continuum 190p¢ Continuum
2700-3200 Err. ‘ 3200-3400 Err. | 3400-3900 Err.

Anticoincidence CUORICINO 0.12 0.00 0.52 0.01 0.12 0.00

Multiplicity 2 CUORICINO 0.01 0.00 0.02 0.00 0.01 0.00
RAD

Anticoincidence RAD 0.06 0.01 0.37 0.05 0.08 0.02

Multiplicity 2 RAD 0.02 0.01 0.04 0.02 0.01 0.01
CCT1

Anticoincidence New-style 0.30 0.06 0.39 0.11 0.16 0.04

Multiplicity 2 New-style 0.05 0.02 - - 0.01 0.01

Anticoincidence  Old (B64, B68) 0.30 0.10 0.34 0.17 0.14 0.07

Multiplicity 2 0Old (B64, B68) - - - - - -
CCT2

Anticoincidence New-style 0.27 0.03 0.48 0.07 0.15 0.02

Multiplicity 2 New-style 0.02 0.01 0.04 0.02 0.01 0.01

Anticoincidence New (B73, B71) 0.43 0.07 0.51 0.12 0.19 0.05

Multiplicity 2 New (B73, B71) 0.01 0.01 0.03 0.03 0.01 0.01

Anticoincidence  Old (B64, B68) 0.19 0.05 0.27 0.08 0.10 0.03

Multiplicity 2 0Old (B64, B68) 0.02 0.02 - - 0.01 0.01

Table 6.9: Counting rates (counts/keV/kg/y) in the energy region between 3 and 4 MeV.
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CUORICINO
. U and Th peaks 20Po peak U and Th peaks
Analysis Detector | 4000-5000 Err. | 5000-6000 Err. | 6000-8000 Err.
Single CUORICINO 0.52 0.00 0.96 0.01 0.20 0.00
Multiplicity 2 CUORICINO 0.10 0.00 0.18 0.00 0.07 0.00
RAD
Single RAD 0.17 0.02 0.73 0.03 0.03 0.00
Multiplicity 2 RAD 0.01 0.00 0.15 0.01 0.01 0.00
CCT1
Single New-style 0.63 0.06 142.00 0.89 0.12 0.02
Multiplicity 2 New-style 0.03 0.01 1.17 0.08 0.02 0.01
Anticoincidence  Old (B64, B68) 0.30 0.07 2.39 0.20 0.07 0.02
Multiplicity 2 Old (B64, B68) 0.02 0.02 0.03 0.02 0.01 0.01
CCT2
Anticoincidence New-style 0.24 0.02 76.8 0.37 0.96 0.03
Multiplicity 2 New-style 0.03 0.01 1.16 0.05 6.18 0.07
Anticoincidence New (B73, B71) 0.35 0.04 39.7 0.46 0.03 0.01
Multiplicity 2 New (B73, B71) 0.02 0.01 0.49 0.05 0 0
Anticoincidence  Old (B64, B68) 0.23 0.03 2.06 0.11 0.03 0.01
Multiplicity 2 Old (B64, B68) 0.02 0.01 0.12 0.03 0.01 0.01

Table 6.10: Counting rates (counts/keV/kg/y) in the alpha region above 4 MeV.
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Figure 6.17: Comparison among RAD (green line), new-style as arrived from China (CCT1, red line) and

new-style after surface treatment (CCT2, blue line).
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Figure 6.18: Comparison among RAD (green line), new-style as arrived from China (CCT1, red line) and
new-style after surface treatment (CCT2, blue line): zoom in the alpha region. The 9°Pt peak is clearly
visible. The reduction of 238U peaks the new-style crystals (at about 4.2 and 4.7 MeV) is evident.
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Figure 6.20: CCT2 background: zoom in the alpha region.
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Chapter 7
CUORICINO/CUORE electronics

7.1 Introduction

Although CUORE will have more channels respect to CUORICINO, the design of their
electronics will be very close each other. Due to this, modifications needed to upgrade
the system of CUORICINO to that of CUORE are already defined.

The electronics of CUORE/CUORICINO[203, 204, 205, 139] is composed by four main
parts:

1) Front-End Boards, these furnish a bias current to the NTD thermistor and
receive and process the resulting signal-bearing voltage.

2) Bessel Boards, these filter the signal in order to get a better signal to noise
ratio.

3) Pulser Boards, these boards are used to allow a continuous stabilization of the
energy conversion gain of the whole detector.

4) Voltage Supply, this is a system composed of many supply voltage boards
guarantees very stable and low noise =10V line.

The design of the electronics system should satisfy many specifications, the four
major issues can be summarized as follow:

1) The entire system and, in particular the biasing and the pre-amplifier circuitries
should be characterized by a small noise contribution especially in the frequency
band of the detector signal (from one to few tens of Hertz).

2) It should accommodate the broad spread of manufacturing characteristics that
are typical for each bolometer/thermistor module. For example the optimal cur-
rent bias it’s different for every channel and ranges from 150 pA pA to 300 pA.
Without a tuning the signal amplitude could exhibit a corresponding spread that
could exceed the full dynamic of the acquisition system.
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3) It should enable measurement in situ of the bolometer characteristics (load
curves, optimum working point and so on).

4) The design should incorporate a high level of remote programmability in order
to avoid mechanical interventions in the vicinity of the detector during the mea-
surements.

This chapter presents a brief discussion of the circuitries able to address these issues

and presently used for the CUORICINO

7.2 Front-End Board

The signal variation across the NTD thermistor (consequence of the particle interactions
with the absorber) is in the order of AVy, = (100 <+ 200) pV. It’s clear that to obtain
an acquirable dynamic signal an amplification is needed. This amplification is provided
by the Front-End board[203] (figure 7.1).

The Front-End board (also called Main Board) is used to amplify the voltage vari-
ation across the NTD thermistor. Each board includes two complete analog channels
and their associated logic circuitries. It also has its own digital logic section, which
communicates with the remote control and customizes the parameters of the associated
analog section. The logic section is implemented as a daughter card of the Main Board
(MB). The preamplifier portion of the analog section and the load resistor system are
also on daughter cards. A single input connector at the rear of the MB serves both
channels.

A Front-End crate accommodates 15 Front-End boards and, for CUORE, 33 crates
will be needed for a total of Nror = 33 - 15 -2 = 990 channels. Each crate also
accommodates a very stable low-noise voltage supply /reference to service all the cards
present inside it[206].

The single blocks that constitute each board are described in the following sections.

7.2.1 The load resistor and the biasing systems

As described in the previous chapters, the NTD thermistor converts the thermal sig-
nal into a voltage signal. As shown in figure 7.2, the bias current for the thermistor
is sourced through a pair of low-noise large value thick-film 27 G} resistors manu-
factured by SIEGERT Electronic©. These resistors are accommodated in a specific
daughter board. They have been selected for their 1/f noise when biased at the cur-
rent levels required by the detectors[207]. Vi, and Vi, are the voltage delivered by
the programmable bias attenuator. The circuit in input to the preamplifier is in a
differential configuration in order to suppress possible common effects like the adjacent
channel crosstalk and like the microphonic noise induced by wire vibration.
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The load resistor daughter card also accommodates a pair of 6.8 G2 resistors. By
means of a bistable relay it’s possible to connect this pair in parallel with the 27 G
resistors with the purpose to allow the I-V characterization of the thermistor in situ.
The total load resistor switches from Ry, = 2-27 = 54 GQ to Ry, = 2 - (6.8//27) ~
10.9 GS2.

The large spread in bolometer operating point, between 150 pA to 300 pA, requires
that the bias current of each channel must be individually adjusted. In addition the
[-V characteristic of the bolometer must be explored over a large range[208]. For these
reasons each channel includes a dual programmable attenuator which produce the dual
bias voltage as an adjustable fraction of a common reference voltage. The circuit is
a 5-bit R-2R ladder network with optical isolation from its digital commands. The
voltages V}; and Vi3 can be set by the following law:

n V+f -V
_ S re 1
Vor = —Via = g el (7.1)

where VI, and V_; are derived from an Agilent Technologies© 6627A system power
supply, common to all modules. The quantity |V.5; — V.| may be set as high as 60 V
and n can be any integer value in the range from 0 to 2°. The values of the two
voltages Vi1 and Vi, can be set remotely. The programmable bias attenuator also
provides the additional feature of inverting the polarity of the bias voltage (polarity
selector, figure 7.2). This feature is very useful since by reversing the bias during the
DC characterization it’s possible to avoid the common effects (leakage currents and
offset voltages) introduced by the electronics.

The maximum calculated deviation of the bias attenuator circuit from an ideal R-
2R ladder is ~ 5%. The noise measured between the outputs node is 28 nV/v/Hz at
1 Hz, which is negligible compared with 20 nV/ VHz, the thermal noise of the 27 GQ
resistors[204].

7.2.2 The pre-amplifier

The design of the preamplifier must satisfy four main requirements:

1) It must be a voltage amplifier configuration that allows floating inputs which
make biasing naturally compatible with DC coupling.

2) It must be in differential configuration. Compared with a single-sided configu-
ration the amplifier noise is doubled but the microphonic noise, originating in
the leads that connect the preamplifier with the bolometer, and inter-channel
crosstalk can be largely suppressed.

3) It must minimize the noise in the frequency interval from 1 Hz to a few tens

Hz (the bandwidth of the acquired bolometer). The CUORICINO preamplifier
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is characterized by a voltage noise of 3 nV/v/Hz that becomes 4 nV/vHz at
1 Hz[158].

4) It must cover the thermal instability that could drift the bolometer baseline. A

special circuit, based on a diode that serves as a thermometer, is developed to
maintain the drift below 0.2 ¢V /°C.

The core of the design is the JEET pair J; and J (figure 7.3), which accepts the
differential input. Appropriate biasing of these input JFETSs can optimize parallel and
series noise. A Small voltage drop between drain and source (Vpg) allows having small
input noise gate current responsible for the parallel noise, and an adequate level of
Ipg limits the amount of series noise. The operational amplifiers Az and A, close the
feedback loop and establish the differential gain through the feedback resistor Ry. With
Ry =20 KQ and Ry = 180 2 the gain is:

Ri + R, Y
TS 900 - (7.2)

p— 2 .
Gea R. \%

The chosen working point for the JEFETSs is a compromise between an adequate level
of gain, noise and power dissipation[204, 139, 158|.

(VDS; ]DS) = (()8 V s 15 IIlA) (73)

The input JFETSs in the pre-amplifier circuit are not individually compensated for the
ambient temperature drift. However, it’s possible to deal with this issue by trimming
the circuit as a whole. First one operates the circuit in a temperature-controlled cham-
ber in order to characterize its thermal response. Then a current proportional to the
temperature is injected in the virtual ground labeled TH in the figure 7.3. This current
will cancel the measured drift. The sensitive component of the thermal drift compen-
sation circuit is a diode that serves as a thermometer. The component chosen is a PNP
transistor BC858, which at a bias of 100 A has a low frequency noise between 20 and
30 nV/v/Hz[204]. The correction current is given by:

Al =+2 2 Lo r 7y with pos2.
Th = W R =1 0) Wl n= Ry °C

where Ty ~ 20°C and Rty is the resistance trimmed in the temperature-controlled
chamber. The magnitude of the coefficient 7 is proportional to the value of this resis-
tance, which, essentially converts the junction voltage to a current.

In addition, the pre-amplifier daughter card accommodates an analog thermometer
based on the integrated-circuit LM50 (Single-Supply Centigrade Temperature Sensor),
which allows the monitoring of the preamplifier temperature remotely via the FE board
auxiliary output.

(7.4)
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The input offset of the preamplifier is the sum of two contributions: the asymme-
try of the input JFETs and, being the bolometer DC coupled, the bias voltage of the
NTD thermistor. In situations like these a system for offset trimming is very convenient.
The offset corrector designed for the CUORICINO pre-amplifier is able to compensate
the input offset from —80 mV to 80 mV under the control of a digital section. The
correction current is supplied by means of a circuit based on a 12-bit digital to analog
converter DAC8043A. This is less noisy than ordinary DACs because it omits the con-
ventional output buffer (typically very noisy). In order to minimize the low frequency
noise due to this converter (proportional to the square of the reference applied volt-
age) the voltage reference is chosen sufficiently low, but, in this way the DAC8043A
swings the output until just 20 mV, i.e. 1/4 of the maximum output excursion. The
additional 60 mV are afterwards obtained by injecting in the output node a current
provided by two low noise resistors digitally controlled by switches. Through another
digitally controlled switch it is possible to invert the polarity of the total correction
current.

7.2.3 The programmable gain amplifier

The outputs of the pre-amplifier drive the differential inputs of the programmable gain
amplifier, which is the final stage of the analog signal processing chain. This circuit
provides a digital choice among several values of gain through the selectable resistance
Ry, (figures 7.3, 7.4). This resistance is a combination of a set of five resistor obtaining
25 = 32 possible values. The resulting gain takes values from 1 to ~ 22 V/V for a total
gain from 220 to ~ 5000 V/V. All components used have an adequate low frequency
noise behavior.

7.2.4 The digital control board

The main purpose of the Digital Control Board (DCB) is the configuration of the
parameters that influence the analog signal processing chain. In CUORICINO the com-
munication with the remote controller (generally a personal computer) is performed
using a 12C bus (Inter-Integrated Circuit). The 12C is a multi-master serial computer
bus, invented by Philips©, typically used to connect low-speed peripherals to a mother-
board. This serial bus uses only two bidirectional open-drain lines, Serial Data (SDA)
and Serial Clock (SCL), pulled up with resistors.

Each channel in the system has a unique address 7-bit length and the remote control
communicates with one channel at time. The rudimentary protocol proceeds through
four steps: addressing the channel, sending the command, transferring the data and
closing the communication. An oscillator based on the NE555 timer chip furnishes a
3.9 KHz clock to the DCB. Since the possible electrical noise originating from the clock
is undesirable during the data-taking, the board can shut down the oscillator and the
clock runs only when needed.
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Figure 7.4: The programmable gain amplifier (PGA).

Each FE board has one DCB, which accommodates three Xilinx© XCR3128XL CPLD
(Complex Programmable Logic Device) with 128 macro-cell'. Each single channel has
one CPLD for the implementation of the DCB function. The third CPLD is shared
by the two channels and manages the communication. A microcontroller (MCU)
8051, powered by Philips©, performs the 12C communications. The CPLDs chosen
(Xilinx© XCR3128XL) have two main features. The first is that their outputs can
remain active even when the board clock is idle, the second is the low current con-
sumption.

All the programmable parameters of the Front-End board are grouped in six 8-bit
registers. It’s possible to read/write these registers remotely using the 12C bus by
means of the digital control board.

The evolution of the programmable devices since the CUORICINO devices will allow
to avoid the use of the CPLDs in favour of much cheaper microcontrollers in CUORE.

7.2.5 The wiring

In CUORICINO the connections from the thermistors to the cable-plug outside the
cryostat (where the electronics is plugged) are realized in two steps using a twisted pair
of wires. The first step, namely the connection from the thermistors to the cryostat’s
mixing chamber, is realized by means of twisted wires made of Constantan®2. The

lthe macro-cell is an elementary digital building block of a CPLD.
2a copper-nickel alloy consisting of 60% Copper and 40% Nickel



144 CUORICINO/CUORE electronics

second step, namely the connection from the mixing chamber to room temperature,
is realized using twisted coaxial cables made of a core of superconductive NbTi alloy,
having diameter of 100 pum, surrounded by a Copper-Nickel low resistance alloy. Each
twisted pair is isolated by a Teflon® layer and shielded by CuNi shell. Five stages
of thermalization are used to cut the thermal conductance of the superconductive
cables themselves. These five stages are located respectively at 4.2 K, 1.2 K, 600 mK,
50 mK and 5 mK plates. Each stage is made of a sapphire substrate anchored through
a L-shaped copper support attached to the thermalized plate. The side anchored
(bottom) is sputtered with gold, the other side (top) has twelve 1 mm wide tracks (gold-
platinum), where the superconductive twisted wires are soldered. The total length of
the leads is about 5 m.

In CUORE the best choice seems to be the following: the connection between the
thermistors and the mixing chamber should be realized via Mylar®3 strips with seri-
graphed pairs of wires at a distance of 0.2 mm one from the other and a ground wire at
the same distance between each pair. The connections between the mixing chamber to
room temperature should be realized by means of ribbon cables. These cables consist
of several pairs of twisted Manganin®* wires (e.g., 12 pairs) evenly spaced and having
the diameter of 100 pm.

7.2.6 The cold electronics

The front-end electronics discuss so far is all at room temperature, for this reason it is
called warm electronics (WFE). In reality, in the CUORICINO experiment two front-end
configurations are being investigated. The former consisting of 38 channel completely
operated at room temperature, while the latter consisting of 24 channel characterized
by an additional first differential unity gain buffer stage at low temperature (cold
electronics, CFE). The main reason for these two prototypes is to estimate the effect of
the common mode noise (due to microphonism) of the connecting wires on the detector
energy resolution at low energy, in order to achieve the maximum possible sensitivity
at threshold.

The additional stage is inserted near the 4.2 K plate of the dilution refrigerator,
therefore much closer to the detectors. Each cold stage is a differential buffer composed
by two Si-JFETSs that work in source-follower configuration. The working temperature,
fixed by a dedicated heater, is 110 K, optimum value for the silicon. This solution
reduces the length of the leads to about 1 m, while the remaining part of the wiring
from the cold stage to room temperature is driven by the low impedance of the buffer.

Each cold buffer, together to the load resistors, is located on a board that accom-
modates 6 channels. A thermally shielded metallic box contains two of such boards.
Inside the boxes the boards are suspended by means of nylon wires that have a small

3biaxially-oriented poly ethylene terephthalate (boPET) polyester film used, typically, in the field
of electrical insulation.
4trademarked name for an alloy of typically 86% copper, 12% manganese, and 2% nickel
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thermal conductance to the heat sink, at 4.2 K.

In CUORE only the warm electronics will be used. The reasons are the following.
The more relevant microphonism sources are due to the mechanical friction between
the detector and its mounting. Experimentally this type of noise has resulted much
greater than that of the connection leads and, moreover, it isn’t a common mode.
Under these conditions it’s clear that the use of a cold buffer stage isn’t necessary.
This fact will save a factor of two in the number of the connecting leads (two for the
readout and two for the biasing in the case of cold stage) reducing the thermal power
injection inside the fridge.

7.3 Bessel Board

The acquired bolometer signals are analyzed off-line by optimal filtering algorithms in
order to maximize the signal to noise ratio. To obtain an adequate frequency response it
is needed an anti-aliasing filter placed at the downstream of the analog signal processing
(FE Board).

This filter is an active six-pole Bessel low-pass filter (LPF) which yields a roll-off
of 120 db/decade. In order to adapt the bandwidth to every bolometer the cut-off
frequency can be adjusted by a remote control between four possible values (8, 12,
16 or 20 Hz). One Bessel module (Bessel Board) accommodates three channels. One
Bessel crate accommodates 15 Bessel Board and, for CUORE, Nyor =22-15-3 = 990
channels will be needed.

A Bessel filter was chosen (also called Thomson filter or mazximally flat time delay
filter) as opposed to Chebyshev or Butterworth filters, so that the wave shape of filtered
signals in the passband is preserved. This feature depends on its linear phase response,
which produces an excellent pulse response and an almost constant group delay across
the entire passband.

A n-order Bessel low-pass filter is characterized by its transfer function:

" 2n—k)! 2F
H(s) = % where On(z) = Z <(j_ k)k':i;' ok (7.5)

wo k=0

where 0,,(z) is a reverse Bessel polynomial, from which the filter gets its name, and wy
is the cutoff frequency. A six-order filter is generated by a cascade of filtering-cells,
where each single cell is a two-order VCVS filter ( Voltage-Controlled Voltage-Source,
figure 7.5(b)[209]). The Voltage-Controlled Voltage-Source, also known simply as a
controlled-source filter, is a variation of the Sallen-And-Key circuit (figure 7.5(a)). It
replace the unity-gain follower with a non-inverting amplifier with a gain greater than
one. The high input and the low output impedances, as well as the stable gain of a
non-inverting amplifier make it a good approximation for an ideal filter; moreover, the
gain is simply tuned through the resistances Rn and Rp. The transfer function is:
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Figure 7.5: Active Low Pass Filters
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the zero frequency gain: K =1+ —
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the damping factor: 2¢{ = — =
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and where @ is the quality factor of the filter. If Ry = = R and C; = Cy = C the

damping factor results 26 =1 — K.
To construct a n-pole filter (where n is an even number) one need to cascade n/2
2-pole VCVS filter cells. Within each single cell one use Ry = Ry = R and C; = Cy =
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C. However the RC products for the different cells are different and must be scaled by
the normalizing factor f,, (given by a standard design table, for more details see [209])

according to:
1

B 27Tf0fn

For each 2-pole cells, once fixed the RC product and the damping factor &; the single
gain is given by K; =3 — &;, with ¢ = 1,..,n/2. The gains must be satisfy K; < Ky <
... < K, /2 in order to avoid dynamic range problems.

In the case of the CUORICINO Bessel board the values of the resistances R; and
Ry (for each single VCVS cell) aren’t fixed, but selectable by means of two digitally
controlled switch obtaining four possible cut frequency values (8, 12, 16 or 20 Hz).
Through another switch is possible to enable or disable the filter. The total gain of the
filtering chain is ~ 2.

Each Bessel board accommodates also three analog-trigger circuits, each one AC
coupled to the output of the relative anti-aliasing filter channel. The signal generated
by the trigger channel could be used as an input for the hardware trigger of the data-
acquisition system. The gain of the trigger channel is settable remotely to 4.2, 12.5,
21 or 29 V/V. The trigger circuit has a baseline restoration section[210] and an AC
compensation network[211] in order to prevent any re-trigger effect that can arise from
the presence of any trailing undershoot in the signal excursion. In fact, pulses from
bolometers may exhibit trailing undershoots because of the coupling of the inductive
part of their dynamic impedance with the shunting parasitic capacitances. The re-
trigger compensating network time consants are selectable remotely to 14, 27, 53 or
66 seconds. The final element of the circuit is a two-pole Bessel low-pass filter. The
cutoff of this filter tracks the cutoff of the anti-aliasing filter, but is 4 Hz higher in
frequency. This features is used in the acquisition installed at the Hall C facility but is
not being used in CUORICINO where the trigger is only software. The same will apply
to CUORE.

All of the remotely configurable parameters of the Bessel board (anti-aliasing filter
and analog trigger) are grouped in a 8-bit programmable register. Two bit for the
gain, two bit for the cut frequency, two bit for the re-trigger time constant, one bit for
the filter enable and, at the last, a bit flag to indicate if a hardware configuration is
loaded. This register could be read/write from a remote control using a 12C bus. The
serialization /parallelization of this register and the I12C protocol are implemented by a
128 macro-cell CPLD.

RC

(7.8)

7.4 Pulser Board

In a bolometric experiment the stability of the energy conversion gain is very impor-
tant. To calibrate, and maintain the calibration, a source of energetic particles cannot
be left close to the detector (in order to not increase the radioactive background).
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Typically one uses this technique only at the beginning of the measurement, during
the measurement another solution is needed[205].

The solution adopted consists in the injection of a short pulse of power to the
absorber using a small resistor (heater) supplied by an ultra-stable calibrated pulser.
The detector array is composed of a tower having 13 floors and the heating resistors
of every crystal that stay on a floor are all connected in parallel. The calibration pulse
signals are sent in sequence, one floor at a time. In CUORE the layout will be different
and the heater resistors that will stay in the same column (each tower has four columns)
will be all connected in parallel.

Each pulse has a width much shorter than the detector’s signal (the range is between
500 us and few milliseconds). The bolometers are sensitive to the energy developed
across the heating resistor. The parameter of interest is the quantity Eg given by:

Eg =Vt (7.9)

where Vg is the pulse amplitude, t,, its width and FEg is the energy injected referred
to one ohm. The calibration pulse signal should satisfy the following relationship:

VG = € — CKUC (710)
where Ry is the resistance of the heater (generally in the range from about 50 K to
100 K€2), e the charge of the electron (e = 1.6-107'? C) and U the wanted calibration
energy expressed in eV. The parameter (1—1/a) accounts for any amount of energy lost
because of thermal conductive path towards the heat sink due to the heater connecting
wires. An example considering an « factor of about 5, Ry = 100 KQ2 and ¢, = 1 ms,
the amplitude Vi can be in the range (2.8 + 9) mV for energy calibration pulses of
(0.1 +1) MeV.

The principle of operation of the pulse generator is very simple (figure 7.6). The
concept is to deliver a voltage supply by a precised buffered reference to the heater,
when needed, through an analog switch. The solution adopted minimizes as much as
possible any drift effect that can be added to the system.

The complete pulse generator is split into two parts (figure 7.6). The former, namely
the circuitry that generates the analog pulses (analog-mized board), is located on the
top of the refrigerator, inside the Faraday’s cage; the latter, (clock-generator card)
is located outside the Faraday’s cage. This last part is outside the cage because the
precise 10 KHz clock, used to determinate the pulse duration, is always running and
could produce electromagnetic interferences if located inside.

The main blocks that compose the analog-mixed board are the following:

e The V-ref generator: it’s composed of two sub-parts. The first is a preci-
sion voltage reference based on the integrated circuit LT®1027, that furnishes a
Vret = 5 V voltage. The second is a buffered heavy low pass filter connected
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at the previous voltage reference with the the intention of suppressing the noise.
The trim input of the LT®1027 is used to add a voltage Proportional To the
Absolute Temperature (PTAT). This voltage allows to compensate the thermal
drift (about 2 ppm/°C) of this block .

The amplitude selector: the main part of this block is a very precise and low
drift R-2R 12-bit DAC (ADC7545A from National Devices©). The DAC has an
input of 5 V voltage furnished by the V-ref generator and produces an output of
212 possible voltage values in the range from 0 to Vref(2'? —1)/2!2. The DAC
output is inverted and buffered by means of two operational amplifiers, where an
appropriate PTAT voltage corrects their drift.

The output stage: it is an attenuator that reduces the voltage present at the
input to the fraction required to produce the needed calibration power across
the heater resistor. Three different attenuation levels are digitally selectable by
an analog switch (ADG452 from National Devices©). The resistive attenuation

network is realized using very stable and precise resistances and has less than
1 ppm/°C drift.

In this stage the output pulse is created. In normal conditions of operation (no
pulse) the out is a ground potential. This connection to ground is realized only
with passive components, avoiding the presence of any possible DC offset. This
condition is a very important requirement because any DC offset generates a
constant heat injection that may increase the detector’s temperature. If a pulse
is to be given, the digital control connects the attenuator, controlling two analog
switch, to the amplitude selector for the amount of time ¢, and the heater pulse
is created. As soon as the pulse width %, is elapsed the digital control connects
the output to the ground again. The pulse width can be digitally selected from
2% different values in the range between 100 ps and 25.5 ms.

The output stage has four attenuators so one pulse generator system can drive
four heaters. The voltage coming from the amplitude selector is multiplexed
among these four channels, for this reason is possible to pulse them only one at
a time.

The thermal compensation: it consists of an analog thermometer (LM50B
from National Semiconductor®) connected to two buffer amplifiers obtaining
two voltages of opposite gain proportional to the temperature (PTAT voltages).
Thanks to these two voltages it’s possible to compensate drifts of any polarity.

The digital control: the core of the digital control unit is a 256-macro-cell
CPLD. The communication with the remote controller is via 12C bus using two
fiber optic (FO) lines. Inside the CPLD two main blocks are implemented: the
bus manager and the board manager.
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The bus manager controls the two FO lines (SDA, SCL) and de-serializes the
data line to 8-bit internal bus of the analog-mixed board, or serializes the 8-bit
internal parallel bus to the data line. The board manager has a double task: it
configures the analog-mixed board in the basis of the pattern received remotely
and provides the commands for the generation of the analog output pulses.

It needs four 8-bit register to configure the analog-mixed board. The first is
used for the determination of the analog pulse width to be generated, the second
contains the eight least significant bits of the twelve bits of the DAC. The third
register is divided into two equal parts; the least significant nibble coincides to
the most significant bits of the DAC, while the most significant nibble coincides
to four configuration bits (for example writing these bits it is possible to select the
output that must be fired). The last register is divided in four pairs of bits and
each pair selects the output attenuation of each of the four channels present on
the board. There are only three possible values selectable (1/134, 1/201, 1/401),
the remaining code is dedicated to the disconnection of the respective output
when selected.

On the analog-mixed board a 500 Hz clock is used for the serial bus communication
and for the board setting. It is normally in idle status and is waken up when either
SDA or SCL lines change from their idle status. Differently the precise 100 us clock
used for the definition of the analog pulse width is generated on the clock-generator
card and transmitted to the analog-mixed board by a clock FO line only when the clock
request line is active.

The clock-generator card is based on a crystal oscillator module working at 10 MHz.
A 128 macro-cell CPLD is present to provide the communication with the other elements
of the system. The clock signal is transmitted using a fiber optic line (Clock line) in
order to avoid ground loop and/or the conduction of electromagnetic interference inside
the Faraday’s cage. The CPLD polls the clock request and a Pulse Trigger FO line;
when both are found active the clock signal is generated and transmitted.

The pulse generation is as follow. The remote system sets the first three bytes on
the analog-mixed board. The fourth byte (output attenuation) needs to be set only
once, typically at the start of the data taking. If the bit 7 of the third byte is high,
the analog-mixed board sets the Clock request FO line. When the Pulse Trigger FO
line is also set by the remote system (for example via a optical line coupled with
a photodiode) the clock-generator card sends the 100 us clock to the analog-mixed
board via the Clock FO line and the pulse is generate following the parameters set in
the configuration registers. When the pulse is generated the analog-mixed board clears
the clock request signal, the clock signal generation ceases and the board go in the idle
status. When a pulse generation is in progress all the write operations are disable to
avoid any errors.

The pulses have a time duration very much shorter than the typical thermal response
of the detector[139]. The Joule dissipation from the heater produces heat pulses in the
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crystal almost indistinguishable from those from v-rays used as calibration lines. The
heater pulses are used to measure (and later correct off line) the gain drifts. The pulses
are generated in periodical sequence. In CUORICINO three different pulser amplitudes
are used. The first and the last pulse of the sequence are severally characterized by
lower and higher energies than the normal pulses (central pulses). The central pulses
are used to calibrate the detector while the former and the latter are used respectively
to correct the threshold stability and to check the effectiveness of the gain stability
correction. In CUORICINO, the pulse sequence is produced with a frequency of about
one in every 300 seconds, for each of the 62 bolometers. Any variation in the voltage
amplitude recorded from the heater pulses indicates that the gain of that bolometer
has changed.



Chapter 8

CUORE Data Acquisition System

8.1 Introduction

The second but not less important task of this Ph.D work was the development and
testing of the CUORE Data Acquisition System (the so called Apollo suite). In these
three years ! I continually cooperated with the CUORE DAQ Working Group in order to
define the best hardware configuration for the data acquisition system of the experiment
and to develop the software necessary to operate it.

From the data acquisition point of view, CUORE is an enlarged version of CUORI-
CINO. Despite that the CUORE DAQ will be a completely new system because some
features needed in CUORE are absent in CUORICINO. The main missing features are:

1)

possibility to perform the pulse coincidences on-line. When one bolometer will
trigger the system will be able to acquire also the bolometers related to itself. In
this way, for example, it will be possible to perform a first coincidence analysis
among the fired crystals and the nearest neighbors (side-pulses technique).

possibility to use more trigger at the same time. More trigger algorithms could be
running simultaneously. This means that as consequence of the trigger strategy
used it will possible to divide the acquired events by energy, shape, rise time and
SO on.

capability to interact with the CUORE data base. The most important improve-
ment with respect to the CUORICINO data base is that both the DAQ and the
off-line analysis will be able to interact with data base. Possible automatic update
will be done by data acquisition system and by analysis jobs while the collected
informations will be used directly in the off-line analysis. This is a very impor-
tant features because in CUORE the event rate will be higher and the amount of
information, useful also for the analysis, will be larger.

the first one spent at the Genova University and the last two wholly spent ad the Gran Sasso
Underground Laboratories
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4) possibility to control the CUORE electronics (Front-Ends, Bessels and Pulser)
from the data acquisition system via a dedicated process (named SlowServer).

5) possibility to have a continuous data-taking. The system will store on disk the
triggered data (as usual and then as in CUORICINO) but also the continuous data
before triggers. In this way there is no loss of information and it will be possible
to re-trigger the data off-line at any time allowing further and different analysis.

6) the data acquired by different channels will be correlated in space and in time
and, if necessary, the system will perform a first rough analysis.

Apollo will be an automatic hardware/software system able to acquire signals coming
from 988 bolometers, to monitor the detector’s status, to correlate it last with the data
acquired and, at last, to interface the experiment’s electronics. As I will show in the
next sections, to achieve either a resolution in agreement with the physics requirements
and wide dynamic, the digitizing will be based on a nominal 18-bit ADC (the current
CUORICINO acquisition is based on nominal 16-bit ADCs).

At the present day three Apollo prototypes are developed and used. These are
severally installed: at the Genova INFN Laboratory (16 channels), at the Gran Sasso
Electronics Laboratory (16 channels) and at the Gran Sasso Hall C R&D facility (48
channels). The first two are used to develop, test and debug the system while the
latter, installed at the R&D facility during the 2007, is the only one really connected
to real bolometers and it’s used to perform the final debugging and to acquire real
data. Starting from the first months of the 2008 it’s scheduled the installation of a
new system (80 channels) at the Gran Sasso Hall A cryostat in order to upgrade the
CUORICINO data acquisition.

8.2 DAQ requirements

The DAQ system must be designed to read out the signals coming from each crystal.
Before reaching the ADC, bolometric signals are amplified and shaped by an electron-
ics chain, as described in previous chapter (section 7.2 and 7.3). The input stage of
Data Acquisition system must match the features of the input signals. Moreover it is
requested not to spoil the energy resolution of the detector. Below it is illustrated how
the system design satisfies these requirements

e Features of the input signal: the CUORE/CUORICINO electronics provides
pulses well described by the following typical parameters:

1) differential signal V' given by:
V=vt_ov- (8.1)

where V' and V'~ are two single-ended voltage levels of the differential pairs
measured with respect to ground.
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2) voltage amplitude of the differential signal in the range (—10 = 10) V;
3) typical rise time (10% — 90%) in the range ¢, = (40 + 80) ms;

4) typical fall time (90% — 10%) in the range t; = (130 + 700) ms, therefore
larger than the rise time by an order of magnitude.

5) total duration of each pulse around 5 s.

The typical signal shape provided by the electronics chain is shown in figure 8.1.

During the normal data-taking the input voltage V' is a positive value in the range
0 < V' < 410 volts while during the thermistors characterization procedure (Load
Curve and Optimum Working Point determination procedures, see section 3.5)
it can assume reversed values in order to measure and subtract possible common
effect due to asymmetries in the circuitries of the electronics. As a consequence
the DAQ system must be able to accept input signal in the range —10 < V' < +10
volts. The trigger strategy is directly related to the typical event shape.

Since many of CUORE events are expected to involve only one bolometer, the
readout must be independent for each channel. In particular all the channels must
be auto-triggering with a programmable threshold on the incoming signal. This
feature is required because of the large spread in the bolometer performances,
experienced in CUORICINO and expected for CUORE. At the moment various
trigger algorithm being taken into account (derivative, Constant Fraction Dis-
crimination and others) but only after exhaustive tests it will possible to select
the ones with best performances.

e Energy resolution: in CUORICINO the full scale energy is usually around
20 MeV. The energy resolution is limited by non linearity in the calibration
curve and by gain instabilities due to drifts on the detector temperature. For
the Ov(33 region the best value reached in CUORICINO is ~ 4 keV at 2.5 MeV.
At low energy the resolution can reach also smaller value. In fact, considering
the best detector, the measured resolution I'ewpm around few hundred keV is
better than 1 keV. The greater part of the remaining detectors have an energy
resolution worst by a factor (1.5+2). The best value corresponds to a root mean
square value of:

I'rwam

1
O‘ = =
P9 /2m2 2355

This values must be guaranteed also in CUORE. Considering the full scale range,
the energy resolution obtained using a real 16-bit sampling is:

~ 425 eV (8.2)

20
FADC = ﬁ MeV ~ 300 eV (83)
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obtaining a value enough for the the best detectors and adequate for all the
others.

Sampling rate: signals coming from the bolometer and filtered by the Bessel
Board have a frequency bandwidth from zero to fi,.x which is the cut frequency of
the six-pole filter. As discussed in section 7.3, selectable values for this frequency
are 8, 12, 16 and 20 Hz and, considering the CUORICINO case, the typical used
value according to the bolometer response is fu.x = 12 Hz.

Taking into account these considerations, the least sampling rate for the data
acquisition system must be f. > 2 - fuax, as follows from the Nyquist-Shannon
sampling theorem. Moreover each pulse must be sampled for about 5 s in order to
get a good measurement of the pulse tail and of the baseline level. The sampling
rate will be selectable in the range from zero to 10 KHz and, in accordance with
the CUORICINO experience, a typical value could be a sampling rate of 125 Hz for
a window long 512 samples (AT cquired = 1/ fc-512 >~ 4's). With these mentioned
values the typical event size for one channel is about:

Event Size = f. - ATycquirea - 16 bits = 8192 bits = 1 kbyte (8.4)
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Figure 8.1: Typical bolometric signal after the electronics chain.
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8.3 Apollo: the architecture of the system

The CUORE data acquisition apparatus will be a system composed by a set of personal
computer, network infrastructure, PCI*> based interface and some crates housing the
digitizing boards. The data acquisition software is custom made. It is developed on
GNU/Linux environment using the C++ programming language and it is based on the
ROOT software package (developed by CERN). The user interface which allows people
to interact with the system will be developed exploiting the ROOT GUI classes support.

8.3.1 The hardware configuration

The core of the data acquisition is the digitizing board. After a preliminary phase,
based on the study of a custom made board, the collaboration decided to adopt a
cheaper commercial solution. In order to satisfy the above requirements we chose
board from the National Instruments® (NI) M Series devices (for the specifications
see table 8.1). These boards (NI PXI-628x)% accommodated a 18-bit ADC and are the
highest-resolution multifunction data acquisition devices for the PCl bus produced by
NI.

Up to now we adopted and tested two different board: the NI PXI-6281 and the
NI PXI-6284. The former devices offer 16 single ended (8 differential) analog input
channels and 24 digital I/O lines while the latter offer 32 single ended (16 differential)
analog input channel and 48 I/O lines. Both devices contain two 80 MHz, 32-bit
counter /timers and support hardware-timed digital 1/O at rates up to 10 MHz on 32
lines.

The NI PCI-628x boards are typically accommodate in a dedicated crate and could
communicate with a remote control (personal computer) through a PXI-PCl interface
composed by a pair of boards: the (NI PXI-8336 on the crate and the NI PCI-8336 on
the remote control). The communication between this two boards is performed via
fiber-optic cabling.

The number of boards needed to realize the entire system will be 988/8 ~ 124 in
case of NI PXI-6281 or 988/16 ~ 62 in case of NI PXI-6284. The number of crates is not
defined yet, it depends on the features of the crate that will be chosen. The available
solution are three: the NI PXI-1045 with 18 slots, the NI PXI-1044 with 14 slots and,
at last, the NI PXI-1036 with 6 slots.

In any case, each NI crate will be controlled by an associated personal computer
(data receiver machine). The setup already installed at the Gran Sasso Hall C R&D
facility, and also at the Genova INFN Laboratory, is using the HP ProLiant ML150

2The Peripheral Component Interconnect specifies a computer bus for attaching peripheral devices
to a computer motherboard.

3PXI, (PCI eXtensions for Instrumentation) is a modular instrumentation platform originally in-
troduced in 1997 by National Instruments®. These platforms are used as a basis for building electronic
test equipment or automation systems.
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NI PXI-6281 NI PXI-6284
Analog 8 differential 16 differential
input channels 16 single ended 32 single ended
ADC resolution 18 bits 18 bits

Maximum
sampling frequency | (500/Naeq)-KSample/s | (500/N,eq)-KSample/s
per acquired channel

Input range +10V +10V
Input bias current +10 pA +10 pA
Inout imbedan 10 GQ 10 GQ
put npedance ., parallel with 100 pF | in parallel with 100 pF
Adjacent chamnels | 75 4p @ 100 KHz | 75 dB @ 100 KHz
crosstalk
Non-Adjacent channels | = o5 4p @ 100 KHz | -95 dB @ 100 KHz
crosstalk
Analog 9 B
output channels
Digital I/0 94 48
channels
Number of boards 124 62

needed for CUORE

Table 8.1: NI PXI-6281/NI PXI-6284 most important specifications. N, is the total number of acquired
channels.

server produced by the Hewlett-Packard®Company. Each data reader machine will
be connected with the same data processor (another personal computer) devoted to
build and to store the events. Another computer is needed to host the server processes
(DagServer, SlowServer and MsgLogger) that controls the data acquisition system.

All computers and all processes are connected with each other via standard network
switch. The network infrastructure will be rather simple, with a single switch star-
connected to all PCs. Normal 100 Mbit ethernet is probably more than enough for
CUORE but it would be easy to implement this structure using 1 Gbit optical link
without any architectural modifications.

8.3.2 The data acquisition and control software

The system will consist of few processes distributed on separate hosts and exchanging
command and data between them. Each process will carry out a different task under
control of the DagServer, the main process, devoted to make the system as a whole
body. The Low Level interface between the digitizing boards and the system, is devel-
oped exploiting the NI-DAQmx® library (version 8.0) provided by NI for the GNU/Linux
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Figure 8.2: Format of the Apollo raw data written on the shared memory by the DataReader
processes. The stored information consists of 32 bits. The data digitized by the ADC are expressed
exploiting 18 bits (from by to byg plus the most significant bit bsy) using the two's complement for
the signed number representations. Four bits (from by to bag) are used for the trigger flags (at
the moment four trigger algorithms are expected to run at the same time) Four bits (from bs; to
bos) constitutes a 4-bit counter useful to check possible data loss. Six bits (from bys to bsg), not
used at the present time, could be used in future to any purpose.

environment. Communication between processes on separate hosts, but also on the
same host, will be handled via network through a standard TCP/IP socket communi-
cation protocol*. Acquired data will be finally stored on dedicated disks as ASCII files

(continuous data-taking) and as ROOT files (triggered events).
The following is a brief description of the processes and their functions:

e DataReader: this is the first process in the data handling chain. It continuously

reads data from all channels defined, and apply triggering and possibly filtering
algorithms to the data. At this level the trigger just flag the pulses, without
creating the events. All data are then stored into a shared memory segment (one
for each channel). The format of the data is shown in figure 8.2. In general there
is one DataReader process for each DAQ crate.

DataSender: it is a process that simply take date from the shared memory and
send it to the Builder machine via network (TCP/IP connection). If enabled the
DataSender can write the continuous-data on ASCII files.

DataReceiver: it is a process that collects the data sent by the DataSender and
fills a shared memory segment that is identical to the one filled by DataReader
in the crate receiver machine. For each DataSender process a corresponding
DataReceiver process must exist. The couple DataSender /DataReceiver can
be just removed when all the processes are installed in the same machine. As for
the DataSender also the DataReceiver can write the continuous-data on ASCII
files.

4an internet socket (or commonly, a socket or network socket), is a communication end-point unique
to a machine communicating on an internet protocol-based network.
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Builder: this is the process that builds the event and write it to ROOT files. It
reads shared memory segment previously filled by DataReceiver searching for
trigger flags. When a flag is found the corresponding event is built. An event is
a data unit containing, typically, a triggered pulse, a record of event infos and an
optional list of nearest neighbor pulses. The ROOT files written contains all the
information needed the offline analysis.

The Builder is a renaming of the Diana process, the reconstruction and analysis
software of the CUORE experiment. Diana is based on a flexible framework that is
basically only capable of running a list of sequences, each of them being a coherent
list of modules. A sequence is a list of modules and each module is a piece of
code that acts on a single event and compute some quantity (i.e. filtering, fast
Fourier transform and so on). The list of modules are defined by a configuration
file. This file, through a simple syntax, tell Diana (Builder) which modules
should be run, which modules should be grouped in sequences and which input
parameters are to be given to each module. Thanks to this design the Builder
are able to perform a first on-line analysis on triggered pulses.

DagServer: as already said, it is the main process of the system. It is in charge of
starting the all no-server process, to control the all processes (servers included)
and to start and stop DAQ runs. DagServer is controlled by means of socket
commands. Even if direct socket communication is possible, in standard condi-
tions users do not have to interact directly with the DagServer: all actions can
be done by means of the dedicate GUI that works as a socket client.

MsgLogger: this is the message server. It receives messages from other processes
and write them to log files. Moreover MsgLogger handle informations about
status of running processes; a process can inform the MsgLogger about its status
or ask to it the status of another running process.

ApolloGUI: this process provides the user interface for the data acquisition sys-
tem. It works as a socket client and interacts only with the DaqServer. The
Apol1oGUI is devoted to enable the user to control the acquisition runs, to choose
the different options and parameters, to look at the real time data streaming and
the statistics about the run in form of graphs, histograms and tables.

SlowServer: this process is the only one able to interact directly with the elec-
tronics crates (Front-Ends, Bessels and Pulsers). Using a standard protocol (12C
at the moment, CAN-bus in future) the SlowServer can write and read the con-
figuration registers of the electronics. It is controlled by the DagServer and
used, for the pulse-sequence generation, by the PulserCotroller. During the
acquisition runs the writing mode for the Front-End and Bessel crates is disabled.

PulserCotroller: this process is devoted to control the pulser boards during the
data taking. Its main task is to generate the calibration pulse-sequence during
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Figure 8.3: Slow control block diagram. The SlowServer in the process devoted to configure and
to control the CUORE electronics. Working together the PulserCotroller process, it generates
the calibration pulse-sequences during the data taking.

the data-taking. The PulserCotroller reads the parameters of the sequence
channel by channel from the CUORE data base and, exploiting internal timers,
drives the pulser boards. The pulse parameters are set through the SlowServer
while pulse trigger is given by means of a fiber optic line that connect the machine
where the PulserCotroller runs to the pulser crates. At the same time of the
trigger the process send a synchronous digital pulse (pulse-flag) to a digital input
of the DAQ boards in order to flag the event as a pulser-event.

All the processes can communicate with the database (qdb, the CUORE database).
The CUORE database will run on a dedicated server and it will be reachable via stan-
dard ethernet networking. The database contains different informations about: the
cryostat status, the detectors configuration (crystals, heaters, thermistors), the elec-
tronics and the DAQ (address mapping, active channels), the trigger strategy (trigger
thresholds and parameters) and parameters related to the runs ended (run type, start
date, stop data, hardware configuration, setting used and so on). The data acquisition
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system can write and read several table of the database. The informations stored in
the database can be used directly in the off-line analysis.

8.4 The Hall C setup

During the 2006 two preliminary set-ups, already used, were realized to develop and
debug the Apollo system.

The first one, located at the Gran Sasso Electronics laboratory, is composed by
one National® crate with one board (16 channels). This set-up is also connected to
one electronics crate accommodating six Front-End boards and five Bessel boards. All
boards (CUORICINO-like) are interfaced to the personal computer is via 12C line. This
set-up is used to debug all the Apollo processes and to develop the SlowServer.

Another set-up, located at the Genova INFN Laboratory is composed by one crate
with one or more boards, depending on circumstances, a HP ProLiant ML150 server, one
personal computer and a crate with two Pulser board. The DAQ crate is controlled
through the HP® server while the personal computer is used to interface the DAQ
system with the pulser boards. The server and the PC are connected using the standard
TCP/IP. This set-up is used to develop and debug the DAQ software directly involved
in the data acquisition and, recently, to develop those processes liable to the pulse-
sequence generation.

The most important set-up developed is the one installed at the Hall C facility during
the 2007. This is the first Apollo prototype connected to real bolometers. The main
target of this set-up is to check the correct operation of the National® PXI hardware
and compare its performance with the usual data acquisition system (Hall C standard-
acquisition, VXI based®). Exploiting a custom patch-panel, able to split in two identical
copy signals coming from the anti-aliasing filter boards, the system can run at the same
time with the standard system (parallel-acquisition).

The set-up is composed by one National® crate (NI PXI-1036) with three NI PXI-
6284 ADC boards for a total of 48 channel. A HP ProLiant ML150 server controls the
crate while a usual personal computer is used to interact with the electronics (only
Front-Ends and Bessel Boards).

All the Apollo processes are running on the HP® server except for the SlowServer
that is running on the PC. The HP ProLiant ML150 server also hosts an instance of
the CUORE database. Here informations about the Hall C facility, the detector cooled
and about the performed runs are collected. Once selected the hardware configuration
(run profile, settings), the two main servers (SlowServer, DagServer) get the hardware
configuration from the database while, when the user starts or stops the DAQ run (using
the Apol1oGUI), the DagServer write on it different parameters that characterize the
run.

5The VXI bus (VME eXtensions for Instrumentation) architecture is an open standard platform
for automated test based upon VMEbus based Versa Module Eurocard.
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In the 2007 three main tests were performed on the Hall C prototype, exploiting the
detectors developed for the background studies.

8.4.1 RADS5 DAQ test

This test was the first with acquired signals coming from real bolometric sources. The
data taking lasted few days in January and February during the Clampsl measurement.
The main goal was to validate the hardware set-up and debug the Apollo software. The
standard VXI and Apollo DAQ systems were running separately and in parallel (but
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Figure 8.6: Preliminary comparison between VXI and PXI spectra. The spectra were obtained from three
days of background measurement when the two systems were running in parallel.

only for eight channels). The signals split, for the eight channels, was realized using a
custom metal box with one input (Bessel boards outputs) and two outputs (VXI and
PXI inputs). We used a metal box in order to shield cables and connectors from the
electromagnetic noise.

Apollo data were continuously saved on ASCII files for offline analysis and/or re-
processing. A first attempt of trigger was running in order to have a complete DAQ
chain triggered events (the so called Diana-event, saved in ROOT file format).

Despite the the brief duration, in this test we obtained very useful feedback from
the system. No crashes and no data loss happened. The derivative trigger worked
properly and the data acquired was consistent with the data acquired by the standard
acquisition. Comparing the two spectra (figure 8.6) obtained after three days of back-
ground measurement, no evident discrepancy appeared. The two visible peaks have
the same counting rate, moreover the triggered pulses have the same shape.

8.4.2 CCT1 DAQ test

After the good results coming from the Clampsl DAQ test a long data taking was fun-
damental to finally validate the Apollo system. To fulfill this requirement we exploited
the two Chinese Crystals Test measurements to perform the first test with the two
acquisition systems steadily in parallel. To have a parallel data taking, the system
was completed with a patch-panel able to split all the 48 channels of the facility in two
identical copy. The second test, the CCT2, is still running.

The CCT1 DAQ test was the first long duration measurement performed with the
first prototype of the new acquisition system. The prototype operated with no inter-
ruptions for the whole data taking. We acquired 19 channels with a sampling rate
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Figure 8.7: Cross-talk measured between the channel 16 (green line) and the two channels 01 (blue line)
and 02 (red line). The cross-talk entity measured is smaller than 8%. The small negative spikes present
in all the three baseline (and visible in the zoomed timelines) are interferences due to the VXI acquisition.
This effect disappeared changing the PXI sampling frequency from 4 kHz to 125 Hz.

of f. = 125 Hz. As usual, the data were continuously saved on ASCII files (about
25 MByte/channel/day) and also in Diana-event format on RO0T-files. In total, we
acquired about one month of background measurements, few days of calibration and
few measurements with pulsers set at several different energies.

During the test, the PXI system ran with no crashes and no operational problems.
Also the trigger worked properly (figures 8.11 and 8.12). The only one problem was the
appearance of some cross-talk® in a few channels (figure 8.7). This cross-talk was not
inside the detector, because it was not present in VXI data. Moreover it was not coming
from the PXI board, because we observed it only on a few channels. This effect was
observed also when we acquired non-connected channels. For these reasons we suppose
that the cross-talk was produced by bad connection in the patch-panel. Subsequent
tests proved this hypothesis. In fact, replacing the connectors that connected the
PXI boards with the path-panel with others with screws with a right size, the effect
vanished.

SIn electronics, the term cross-talk (XT) refers to any phenomenon by which a signal transmitted
on one circuit or channel of a transmission system creates an undesired effect in another circuit or
channel.
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8.4.3 CCT2 DAQ test

After the good performances came out during the Clamps and CCT1 DAQ tests and
understood the cross-talk problem, the collaboration decided to use the Apollo Hall C
set-up as an independent acquisition system. The two acquisition are still running in
parallel but, since the CCT2 DAQ test is already in progress at the present time, the
data acquired with the PXI are analyzed independently with respect the VXI data.

In the CCT2 DAQ test we introduced several improvements in the software. In fact,
we improved the system stability, we developed graphical tools to monitor the run in
real time and, at last, we improved the derivative-trigger algorithms (figures 8.11 and
8.12). The hardware conditions are the same of the previous test except for minor
change in the patch-panel in order to solve the cross-talk problem.

The first result obtained from the PXI data analysis was the identification of the
new crystals (B72 and B74) high activity as due to a Polonium contamination. This
was possible by a comparison between the measured half-life and the theoretical one.

As said in the previous chapter 6, the two crystals B72 and B74 show a very high
Polonium contamination rate (monochromatic peak at 5.4 MeV). This rate is too high
for the standard acquisition which is not able to trigger the pulses. To solve this
problem we decided to re-process the continuous data-taking saved by the Apollo system
and, using a peak-finder algorithm, we re-triggered off-line the baseline searching the
Polonium peaks.

Considering the B72 crystal (figure 8.8), the most contaminated, the Polonium anal-
ysis is performed on data acquired in 68 days while each single measurement is per-
formed on a data taking 10 hours long (table 8.2). ?!%Po is an alpha emitter that has
a half-life of 138.376 days’. After 68 days, its activity should decrease of about 29%.

In this low level analysis the counting rates are calculated only by removing the
periodical pulses which belong to the calibration pulse-sequence. All other pulses are
left. Considering the first and the last measured values (647 and 463 mHz, respectively)
we can calculate the experimental decreasing of the contamination activity. The result
is about 28% accordingly with the value (29%) calculated for the #'°Po. Moreover,
fitting the counting rates trend using the following function:

F(x) = po e (8.5)

we obtain (figure 8.9):

po = (23400 £ 75) counts/10 hours
(8.6)
p1 = (485.4+9.5) - 107° days ™'

7it decays directly to its daughter isotope 2°°Pb. A milligram of 2'°Po emits about as many alpha
particles per second as 4.5 grams of 226Ra.
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Figure 8.8: Comparison between two channels acquired by the new DAQ system during the CCT2 mea-
surements. The channel 18 show an high rate. Ad said in the chapter 6, this is due to a high 2'9Po
contamination in the crystal B72.

Run Number | Time [days] | Count | Rate [mHz]
174 0 23295 647
177 3 23026 640
181 6 22705 631
188 10 22321 620
202 13.1 21931 609
214 23.9 20944 582
221 36.1 19828 551
223 41.3 19345 537
226 47.2 18357 510
232 60.2 17563 488
236 67.9 16682 463

Table 8.2: Polonium activity measured on the B72 crystal using the Apollo DAQ system. The time is
measured from the start of the CCT2 test.

for an experimental half-life of:

ti’/‘g = (142.8 £ 2.8) day (8.7)
The value is quite compatible with the Polonium half-life. The overestimate is probably
due to the signal pile-up and to the inability of the peak-finder to solve pulses in a
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Figure 8.9: Fit of the counting rates measured on the B72 crystal using the Apollo DAQ system. No
energy cuts are applied.

distance lower than 70 ms.

A solution to correct the counting consists in an energy calibration of the spectrum:
once marked the Polonium alpha-decay peak, it is possible to calibrate (in first linear
approximation) and so to obtain the energy spectrum. In this way, for example, all
under-energy event can be rejected and, at the same time, an event matching a given
energy F£ >> 5.4 MeV, can be ascribed to pile-up effects (this means that such event
is considered as double in peaks counting).

In this second level analysis we use the 5.4 MeV alpha line to calibrate the acquired
spectrum (figure 8.10) and, using a threshold of 4 MeV to reject the too low energy
events and thresholds of 7 MeV and 8 MeV to reject pile-up effects, we obtain for the
the half-time the values shown in table 8.3.

Except for the threshold of 5 MeV, too close to the 5.4 alpha peak, the calculated
values are compatible with the 2'°Po half-life. This result confirm that the contamina-
tion in the two crystal is due to 2'°Po.

Currently the CCT2 DAQ test is still running. The data are analyzed day by day
and the results are continually compared with the standard analysis in order to identify
possible anomalies.

The good results achieved by the Hall C prototype convinced the collaboration to
update also the CUORICINO acquisition with the new solution. During the 2008 a new
set-up will be installed at the Gran Sasso Hall A. This will be the last step of the DAQ
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Figure 8.10: Example of spectrum used to calibrate the second level analysis.

Time [days] | Rate [mHz] Rate [mHz] Rate [mHz] Rate [mHz|

(No cuts) Rejected: E < 4 MeV | Rejected: E < 4 MeV | Rejected: E < 5 MeV

Double: E > 7 MeV | Double: E > 8 MeV | Double: E > 8 MeV
0 647 684 663 574
3 640 679 659 571
6 631 668 647 564
10 620 654 636 554
13.1 609 644 626 547
23.9 582 612 596 523
36.1 551 576 562 495
41.3 537 565 551 487
47.2 510 534 521 462
60.2 488 510 497 444
67.9 463 483 471 423
t1/2 [days] 142.8 136.0 139.0 154.1
Aty ), [days] 2.8 2.5 2.6 3.4

Table 8.3: Counting rates obtained applying different energy cuts.

development before the realization of the final system.
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Figure 8.11: Example of baseline acquired during the CCT2 DAQ test. The blue crosses are placed by
the trigger. The pulses was triggered using the derivative trigger algorithm.
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Figure 8.12: Example single pulse acquired during the CCT2 DAQ test.






Conclusion

My Ph.D. activity was focused manly on two tasks: the R&D activity aimed at the
reduction of the detector background, and the design and development of the data
acquisition system for the CUORE experiment.

Background is the only parameter that can be reduced by orders of magnitude thus
allowing a sizeable improvement of the experimental sensitivity. To achieve this goal,
during these three years I worked in the CUORE background reducing program, a
R&D activity aimed at the study of the CUORICINO background and at developing
solutions in order to reduce it. The main result of this activity is the background
reduction in the double beta decay region by a factor 38% with respect to CUORICINO.
This result shows that we apparently have a technique that can get rid of the 238U
and 2*?Th surface contamination of the crystals, but we have not found a completely
satisfactory solution yet for the contaminations responsible of the major fraction of
that flat continuous background that extends from 4 MeV down to the Ov3[ region.
However, we have proved that, as predicted by the CUORICINO background model,
surface contamination of copper play a relevant role in 3-4 MeV background. This is
clearly evident by comparing the data of all performed runs. A possible solution to
this puzzle could be to devolop a new copper surface treatment, including the Plasma
cleaning.

The second taks of my work was devoted to the development of the data acquisition
and control system of the experiment. In 2007 the first prototype of the system was
installed at the Hall C facility. The architecture, although obviously somewhat reduced
and simplified, are the same that will be adopted forCUORE. The software is identical
to the one foreseen for CUORE and its design is such that all future upgrades will be
installed in Hall C as well, for validation and tests. This system also includes a brand
new slow control system for Front-End, Bessel filter and pulser control boards. The
slow control system is completely integrated in the DAQ system, and it is designed
to allow the complex functions like the automatic calculation of the load curves and
the determination of the optimal working point for the bolometers. These features are
already implemented and will be tested in the near future.

Starting from the results obtained from the Hall C DAQ tests a similar set-up will be
installed in Hall A in order to upgrade the CUORICINO data acquisition. This system
will be also capable of reading out the data produced by a simple muon based on a set
of plastic scintillators.






Appendix A

Cryogenics

A.1 Dilution refrigerator

A Dilution Refrigerator (DR) is a cryogenic device, originally proposed by H. London
in 1951, that could reach temperatures below 10 mK using a mixture of two isotopes
of helium: helium-3 and helium-4[212]. The lower temperature reached using this
device is about 2 mK achieved by G. Frossati and co-workers at the University of
Leiden[213, 214, 215] and by G.R. Pickett and co-workers at Lancaster University[216].

A.1.1 Properties of *He/*He mixture

Considering the phase diagram shown in figure A.1 when cooled below T, = 870 mK, the
mixture undergoes a spontaneous phase separation to form a 3He-rich phase (diluted
phase) and a 3He-poor phase (concentrated phase, “He-rich). The two phases are
maintained in liquid-vapor form. Since there is a boundary between both phases, extra
energy is required for particles to go from one phase to another. The lighter helium-3
rich fraction floats on top of the heavier helium-4 rich fraction.

The Helium-4 atoms are bosons, and their superfluidity can be understood in terms
of the Bose statistics that they obey (Bose-Finstein condensation). This superfluid
component has zero viscosity, zero entropy, and infinite thermal conductivity, it is
often described as a massive vacuum. The Helium-4 atoms act as a quantum solvent
(217, 218]

The dissolved Helium-3 atoms are not in superfluid status (*He becomes superfluid
at temperatures below 1 mK in zero magnetic field) and, if 7' < %TF, it is behaves like
a perfect Fermi-gas.

Since the *He vapor pressure is much higher than the “He vapor pressure, pumping
(using, for example, a rotary pump) on the *He-rich phase it’s possible to remove
mostly *He (a move to the left off the equilibrium line in the diagram), destroying the
equilibrium. To restore equilibrium, *He has to cross the phase boundary from the
3He-rich side to the *He-rich side. However, it needs energy to get past the boundary.
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Figure A.1: Phase diagram of *He/*He mixture as function of the temperature in saturated vapor pressure.
The different regions have the following characteristics. Normal fluid: behaves like a Newtonian fluid. It
has finite viscosity and is the only entropy carrying component in the system. Superfluid: zero viscosity,
zero entropy, and infinite thermal conductivity. Coexistence phase: separation of two phases, the upper
rich on 3He, the lower on *He.

The 3He-rich phase provide the *He and gets the energy in the form of heat from
the surrounding chamber (typically the so called mizing chamber), further cooling
the mixture. Then the *He crosses the phase boundary and joins the *He-rich phase,
restoring equilibrium. Finally, the atoms lost by the *He-rich phase are replenished by
a constantly circulating flow of 3He (recirculating dilution refrigeration).

If one forces, at constant pressure, a constant number of mols n3 to pass from
the concentrated phase to the diluted one it’s possible to obtain the following heat of
mizing[217):
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Q = iy = [Ha(T) — H(T)] ~ 84i,T" (A1)

where 73 is the 3He flow and where the enthalpy of *He in the dilute phase (H4(T)) is
larger than the enthalpy of *He in the concentrated phase H.(T'). The cooling results
according to the enthalpy difference of the two phases.

A.1.2 The cooling system

To exploit the cooling properties of the 3He/*He mixture is necessary cool down the
mixture below the temperature Ty = 870 mK, where the phases separation happens. In
a dilution refrigerator (figure A.2) this can be obtained by means of four main cooling
step[217, 218, 193].

1) T=4.2 K: the dilution unit is dipped in a bath (Main Bath, MB) of liquid
Helium-4 (LHe) . The Main Bath is thermal isolated from room temperature by
the Outer Vacuum Chamber (OVC) which contains the super-insulation. Here
the mixture 3He/*He is cooled down at the temperature of 4.2 K.

2) T =1.3 K: the second step is realized by an evaporation refrigerator usually
called 1K-pot. The 1K-pot is thermal isolated from the 4.2 K stage by the Inner
Vacuum Chamber (IVC) and it is filled by means of a capillary put in the main
bath. Here the Liquid *He coming from the main bath condenses. Pumping the
vapor above the liquid bath the temperature decreases at 1.3 K (according with
the Clausius-Clapeyron relation). At the temperature of 1.3 K the mixture get
liquid and begins to condense in the dilution unit filling first the Mizing Chamber
(MC), and then the Still. At this stage the liquid mixture is homogeneous.

3) T < 870 mK: in order to get phase separation, the temperature must be re-
duced to below 870 mK (the tri-critical point). The still is the first part with
a temperature below 1.3 K. When this is pumped the mixture undergoes an
expansion and its temperature cools (according with the gas equation of state).
When T' < T, = 870 mK the dilution can stars. The still is kept at temperature
of 600 mK and its task is to cool the incoming *He before it enters the heat
exchangers and the mixing chamber.

4) T ~ (4 + 10 mK): the dilution process continues and the cooling proceeds, as
explained in the previous section, until the heat extraction rate Q) = 847377 is
balanced by the sum of the various heat inputs which may present.

It is important for the operation of the refrigerator that the *He concentration and
the volume of mixture is chosen correctly, so that the phase boundary is inside the
mixing chamber, and the liquid surface is in the still. The concentration of *He in the
mixture is typically between 10% and 20%.
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A.2 Pulse Tube Cryocooler

The Pulse Tube Cryocooler (PTCor PT and also Pulse Tube Refrigerator, PTR) is a rela-
tively new type of refrigerator. It was introduced in 1964 by Gifford and Longworth[219].
A significant improvement was made in 1984 by Mikulin et al.[220], in 1986 by Rade-
baugh et al.[221] and in 1990 by Zhu et al.[222]. In 1994 Matsubara [223] used this
technique to reach temperatures below 4 K. By the end of the 1990s, temperatures
below 2 K with a three-stage pulse tube had been reached[224].

A pulse-tube refrigerator works by the cyclic compression and expansion of a fixed
quantity of gas, usually helium. The essential elements of a pulse-tube refrigerator are
shown in figure A.3. Due to heat exchange between gas, regenerator, tube walls, the
aftercooler and the two heat exchangers, a temperature difference develops along the
tube.

A piston, or a switching valves, generates pressure oscillations in the system and the
aftercooler (AC) removes the heat of compression. The function of the regenerator is to
store heat, taking it from the gas, when it flows from the compressor to the tube, and
reject this heat back to the gas, when the gas flows from the tube to the compressor.
The regenerator consists of a porous material with a large heat capacity and a large
heat-exchanging surface. After passing the regenerator the gas enters the pulse tube,
which is just a tube with the heat exchangers CHX and HHX on its two ends. The cold
heat exchanger (CHX) is the coldest point of the system. Here the heat is extracted
from the load to be cooled. In the tube, the compressible gas oscillates. The hot
heat exchanger (HHX) rejects this heat to the surroundings. This last is maintained at
ambient temperature. The orifice O is a tunable resistance valve. The buffer volume
is a reservoir, the volume of which is typically 10 times larger than the volume of the
pulse tube. Gas flows through the orifice due to a pressure difference. The pressure in
the buffer is practically constant and close to the average pressure in the pulse tube.
The combination of the orifice O and the buffer provides a phase difference between
the flow of the gas in the tube and the pressure. The cycle results in net enthalpy flow
from the cold end to the hot end thus providing a continuous refrigeration effect.

In well-known coolers as the Stirling coolers and the popular Gifford-McMahon
coolers the gas is compressed and expanded periodically by means of displacers. The
Pulse Tube cryocoolers have not displacers and, for this reason, exhibits low vibrations
and no electro-magnetic interferences. Furthermore its construction is simpler, cheaper,
and more reliable.

The combination of the PTR with a 3He/He dilution unit allows to reach temper-
ature below 10 mK. A two or more stages PTR cools down the system at about 4 K
then a Joule-Thompson expansion condenses the 3He/*He mixture. This solution will
be used for the CUORE refrigerator.
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Figure A.3: A schematic representation of a Pulse Tube Refrigerator. From left to right it consists of
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Appendix B

Thermistors and electronics

B.1 Thermistor Logarithmic Sensitivity

The Logarithmic Sensitivity of a temperature sensor, like a thermistor, describes its
capability of transforming a small temperature increase in a significant resistivity vari-
ation. This parameter is defined as follows:

dln R(T)

A= T

(B.1)

In the case of an NTD thermistor, where the resistivity depends on temperature ac-
cording to the hopping and the variable range hopping, one has the following relations:
" [ l )" \"”
p(T) = pPo e(?o) = R(T) = p('_z—')g = pog e(?o) = Ry e(%) (BQ)
where pg, Ty and v are intrinsic doped-dependent parameters. Replacing this relation
in equation B.1 one obtains:

()
) dnR(T) | | T dR| | T d[Roe ! } B
dinT RI)AT || o (3)  dT
)" T
B v —vReel®) a7 | T |
Ry e(®) dT |
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As one can easily see from this last equation (B.3), the Logarithmic Sensitivity depends
only on the parameters v and Tj, intrinsic to the chosen material.

B.2 Thermistor Signal Amplitude

As shown in the section 3.5.1, the relationship between the electrical pulse height
AV across the thermistor and the energy deposition AE it can be obtained using the
following partial derivation:

8%01 aVi)ol aRbol
Vit = 2L ARy = 2L
Vi ORyo01 Fool ORye OT

dr (B.4)

Considering the biasing circuit shown in figure 3.6(a) the working voltage across the
thermistor Ry, is given by:

Vet = Ty B — ——L 1 L (B.5)
bol — 4bolLlbol — RL"—RbOl BIAS aRbol - (RL+Rb01>2 BIAS .

The derivative of the resistance trend (eq. B.2) with respect to the resistance temper-
ature is given by:

A

- RbOIT (B6)

ORbol

ar o o3 )w[_7<%)7%

Replacing the relationships B.5 and B.6 in the equation B.4 one obtains:

=S

RL Rbol dr

d‘/bol = m VBIAS A? (B7)

Now, considering the square root of the power dissipated in the thermistor by Joule
Effect one gets:

VBias VP VBias
P=v1aVhol = Ibal\V/ RBrol = =————— V/ Byho = = B.8
V V Tvo1l Vool = Tbo1V/ Rhol n v Rhol TR Tt Row (B.8)

replacing this last relation in the relation B.7, and considering at the initial time (¢ = 0)
dT = dE/C (section 3.2, eq. 3.1), one obtains:



B.2 Thermistor Signal Amplitude 183

R Ry, dT R Av/ PRy,
Vool = ————— VP =24 p— = e bl aE (B.9)
Ry + Ryl VRy T Br+ Rya C
Since Ry, >> Ry, the final expression becomes:
Ry, dT" AV PRy,
AV = VP —2L A— = =V Pl gp (B.10)
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