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Neutrinoless double beta decay
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• (A,Z) → (A,Z+ 2) + 2e− +��2ν̄e
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• 0νββ ⇔ Esum of 2e = Q-value

• Extremely rare (T0ν
1/2 > 1024 y), only

if ν is Majorana particle

• Candidate nuclei: 48Ca, 76Ge,
100Mo, 116Cd, 130Te, 136Xe, . . .

• Large natural I. A., cost effective

• Q-value (2528 keV) above most of
the γ backgrounds
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Cryogenic Underground Observatory for Rare Events

• at Gran Sasso National Lab, Italy

• 988 bolometers at 10 mK.
I 19 towers × 13 floors × 4 TeO2 crystals
I each crystal: 5x5x5 cm3, 750g

• 206 kg 130Te; 741 kg crystals total

• Source = Detectors
I high detecting efficiency at ∼ 87%.

• Excellent energy resolution: 5 keV @ ROI.

Sensitivity to Rare events

Half life sensitivity ∝ η · �
�

M·t
b·δE
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A large mass bolometer module

Heat bath ~ 10 mK
(copper)

Thermal coupling
(PTFE)

Thermistor
(NTD-Ge)

Absorber Crystal
(TeO2)

• Energy measurement from corresponding
temperature rise.

I Small phonon excitation energy; excellent
intrinsic energy resolution

I Resolution dominated by vibrational noise

• Slow process, τ = C
G

∼ 1 second
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Crystal – the absorber

• Material choice:

c(T) = cr(T) +���ce(T)

• High Debye temperature

cr(T) =
12

5
π4kBNA

(
T

ΘD

)3

• Low working temperature

• Large crystals desired but still cost
effective to grow.

I 5x5x5 cm3, 750g
I had 3x3x6; tried 6x6x6

• Cr = 2.3× 10−3T3 J/K
I ∆T=0.1 mK/MeV at 10mK

• Survives the heat cycling.
√

TeO2 × Te

• radiopure
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CUORE Thermistors

• Neutron Transmutation Doped (NTD) germanium thermistor
• Phonon induced tunneling (hopping) between impurity sites.

• R = R0e
√

T0/T ; R0, T0 determined by dosage.

• R0 ∼ 1Ω, T0 ∼ 3K for CUORE thermistor

• 100 MΩ at 10 mK.34 Experimental search for double beta decay
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Figure 2.6: Representation of the hopping conduction mechanism

dR

R
= A

dT

T
. (2.15)

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

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

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

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

3× 3× 1 mm3
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Copper Frame and Teflon Holders
Copper Frame:

• Heat bath

• Background source

Teflon holders

• The weak thermal link

• Reduce vibration noise

92 The CUORE experiment

provide better reproducibility in the thermal contacts and thus a more uniform response
of different detectors.

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

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

5.5 Background Reduction for Cuore

It was discussed in chapter 3 that the main contributions to the CUORICINO back-
ground in the 0νββ region are produced by 232Th contaminations in the cryostat ra-
diation shields and by surface contaminations in the crystals and in the copper used
for the mechanical structure of the tower. While the background coming from 232Th
is rather understood and will be easily reduced by the 6 cm thick lead layer that will
be positioned outside the 600 mK radiation shield, the contaminations in crystal and
copper surfaces have a less clear signature and represent the main obstacle towards the

MiDBD CUORICINO CUORE
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Gluing
5.4 From the single module to the CUORE array 91

0.05 mm 0.7 mm 

Thermistor 
NTD−Ge 

Epoxy 
Araldite 

(TeO 2 ) 
Absorber 

Figure 5.4: Sensor gluing on the TeO2 crystals. The glue is deposited on the sensor in nine separate
spots in order to avoid excessive stress caused by differential thermal contractions between the crystals,
the NTD and the glue itself.

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

Gold wires

3 mm 3 mm
1 mm

Gold wires

2.2 mm 3 mm

0.6 mm

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

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

Other improvements in the mechanical structure of the tower are related to a mod-
ification in the shape of the Teflon supports used to hold the crystals. Compared to
CUORICINO, in the new design the vertical dimension of the supports has been in-
creased to compensate the differential thermal contractions between the crystals and
the copper structure, and the contact surface with the crystals has been increased to
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Thermal Model
1.3 Bolometers: the thermal model 13
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Figure 1.6 - Power fluxes between each element of the bolometer of 3 thermal stages. A priori,
the direction of the thermal fluxes are unknown, but it is not necessary once an assumption is
established.

which can be written explicitly by using (1.17) as a function of the three un-
known temperatures Te, Ta, Tr ad of the parameters g0 and α of each thermal
conductance. The parasitic power Pf and the heat bath temperature are treated
as known constants.

The system that we obtain is unfortunately strongly non linear. Infact power
law terms are present in the equations. An exponential term is also present in
the equation for the electron part of the thermistors due to R(Te). For this
reason, we decided to solve numerically the system (1.18). We underline that
the interest is focused in finding the temperature Te from which we can calculate
the thermistors resistance with (1.8). This is infact the quantity that is measured
experimentally for different biasing values.

1.3.5 Dynamic behavior

Static detector conditions are the necessary starting point for the analysis of
its dynamical behavior. We are facing the problem of determining the time
evolution of the temperatures of the system in figure 1.6 after the instantaneous
injection of an energy E in the absorber at t = 0.

It is easier and meaningful to try to solve this problem for the simplest
possible thermal network i.e. a bolometer with total (absorber + sensor) heat
capacity C linked to a thermal bath at temperature T0 by means of a thermal
conductance G. Let’s also assume we can treat C and G as costants (no temper-
ature dependence). On the bolometer we will also inject a costant power P (e.g.
due to the biasing of the sensor). From the previous section it is straightforward

Crystal 

Epoxy 

Thermistor 

Copper Wires 

Bias 

Teflon 
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Bias Circuit and DAQ

• Programmable bias voltage and
load resistance.

• RL ≫ Rth, constant current bias ⇒
Electrothermal feedback.

• Optimum point (with max S/N) is
close to maximum signal pulse
height point.
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• 18-bit high accuracy M series
digitizer from NI

• 125 Hz sampling rate

• 5s pulse window, 1s pre-trigger

• Continuous data also recorded for
offline triggering
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Calibration
232Th source:

• once per month

• 2615 keV γ

Radio-impurity

• 210Po: α; 40K: γ

Reference Si heater:

• One pulse per 5 min

• Negligible heat capacity

• Constant R over T

• Programmable pulser in FEE
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Pursuit of rare decay events with bolometers
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Cuoricino – little CUORE

• March 2003 to May 2008

• 11.3 kg of 130Te out of 40.7 kg of TeO2

• Total exposure 19.75 kg·y.
• Average resolution 6.3 keV at Qββ
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Improving energy resolutions

Maximizing S/N:
Signal pulse height

• Cryostat temperature

• Thermistor response

• Gluing

• Bias voltage

Noise

• Vibrations

• Microphonics

• Pre-Amp noise

CUORE baseline is certainly
within reach; will aim for better

• Cuoricino: long term stability

• CCVR (best): 3keV FWHM at 5.4MeV

• CUORE baseline: 5 keV at ROI
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Reducing background: anti-coincidence cuts

• Anti-coincidence cut (100 ms) window
rejects α from crystal surfaces.

• In the ROI, the reduction is about 20%.

• Does not work for α from copper

• The array does self-shield some surfaces
from copper

Ke Han, Berkeley Lab 15 / 19



Reducing background: copper cleaning

• Cuoricino total BG: 0.169± 0.006 cts/keV/kg/y
I (∼40%) Compton events from 2615 keV γ (cryostat).
I (∼50%) Degraded α from 238U, 232Th (copper).
I (∼10%) Degraded α from 238U, 232Th (crystal).

• Copper cleaning comparison: Three Tower Test
I Comparable γ bg at Qββ

I ×3 reduction for α at 3 to 4 MeV
I 0.06 cts/keV/kg/y

For CUORE, factoring in:

• New radiopure cryostat

• More anti-coincidence and self-shielding

• Target at 0.01 cts/keV/kg/y for CUORE.

Ke Han, Berkeley Lab 16 / 19



CUORE

CUORE data taking in 2014

• Custom-built cryostat
I ∼ 1 ton bolometers at 10 mK
I ∼ 20 tons at various T

• Calibration system

• Detector assembly

Meanwhile, CUORE-0

• One tower in Cuoricino cryostat

• Now under construction

• Data taking start Nov 2011.
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CUORE

CUORE data taking in 2014

• Custom-built cryostat
I ∼ 1 ton bolometers at 10 mK
I ∼ 20 tons at various T

• Calibration system

• Detector assembly

Meanwhile, CUORE-0

• One tower in Cuoricino cryostat

• Now under construction

• Data taking start Nov 2011.
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CUORE

CUORE data taking in 2014

• Custom-built cryostat
I ∼ 1 ton bolometers at 10 mK
I ∼ 20 tons at various T

• Calibration system

• Detector assembly

Meanwhile, CUORE-0

• One tower in Cuoricino cryostat

• Now under construction

• Data taking start Nov 2011.
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CUORE sensitivities

• mββ ≈ 40− 100 meV for 5 yrs live time [PRELIMINARY]
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Figure 2: 1σ expected sensitivities for the CUORE-0 and CUORE experiments, calculated

from Eq. (8) and Eq. (3) with the experimental parameters shown in Tab. 2. The Cuoricino

1σ sensitivity calculation is discussed in Sec. 3.

comprehensive Monte Carlo simulation that includes the most recent back-471

ground measurements is currently ongoing.472

An overview of the sensitivities of all TeO2 bolometric experiments is473

shown in Fig. 2. The Cuoricino 1σ sensitivity calculated in Sec. 3 is shown474

for reference. A 1σ half-life sensitivity close to 1025 years is expected from475

2 years’ live time of CUORE-0. Once CUORE starts data-taking, another476

order of magnitude improvement in sensitivity is expected in about another477

two years.478

A plot of the sensitivity for the CUORE experiment as a function of the479

live time and exposure is shown in Fig. 3. The values for the sensitivity are480

reported in Tab. 3.481

As mentioned previously, estimates of the CUORE background are cur-482

rently based on measured limits, not measured values. While there are483

promising indications that it may perform even better than its design value of484

0.01 cts/(keV kg y), it is also likely that background rates of 0.001 cts/(keVkg y)485

or below cannot be reached with the present technology. Nevertheless, there486
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Figure 5: Cuoricino result and CUORE sensitivity overlaid on plots that show the bands

preferred by neutrino oscillation data (inner region: best-fit data; outer region: at 3σ) [48].

Both normal (red) and inverted (green) hierarchies are shown. (a): The coordinate plane

represents the parameter space of mββ , mlightest, following the plotting convention of [48].

(b): The coordinate plane represents the parameter space of mββ , Σmi, following the

plotting convention of [49]. The ranges of the Cuoricino and CUORE bands are given

by the maximum and minimum values of mββ obtained from the four NME calculations

considered in this work.
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