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Why Bolometers ?

Excellent energy resolution (better than 0.2 % FWHM possible)

Excellent high efficiency (typically more than 80%)

Can study many candidates (even at the same time)

Scalable up to 1000 detectors (CUORE as demonstrator)

Effective anti-coincidence technique (eliminate multi-site events)

Possible particle identification with same readout technique
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The bolometric way to DBD
• Source embedded in the detector, 0νββ emitters: 130Te, 82Se, 100Mo, 124Sn
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• Material: TeO2 , ZnSe, ZnMoO4, CaMoO4, Sn…  

All with small enough specific heat at low temp. 

• Temperature sensors:  

• NTD thermistors (G ~ 10, easy) 

• TES (G ~ 100-1000, difficult but well settled) 

• MMC (G ~ 100, R&D level) 

• Excellent resolution @0νββ energy: ΔEFWHM ~5 keV

5 
cm

Heat  
bath 

(copper) 
~ 10 mK

 
thermal  
coupling

Te
m

pe
ra

tu
re
 

 s
en

so
r

Absorber 
crystal 

E      ΔT 

Time [s]
0 1 2 3 4 5

Pu
lse

 a
m

pl
itu

de
 [a

.u
.]

ΔV
~ 

30
0μ

V/
M

eV
 

TeO2



Best isotope?
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Best isotope? 
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Courtesy of S. Biller, ICTP October 2013 

On the large scale, all isotopes are NOT the same owing 
to backgrounds, natural and enriched material cost, 
challenging technologies, logistics of implementation… 



Importance of energy resolution
Experiments measure the sum of the 
kinetic energies of the two emitted βs. 

Signature: monochromatic line at the 
Q-value of the decay. 

2νββ irreducible background  
negligible if ΔE<10 keV 
BUT don’t forget pile-up!!  

Excellent ΔE extra-bonus: 
• narrower ROI = better sensitivity 
• better identification of background 

components 
• handle against any peaking 

background 
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Eur.Phys.J. C74 (2014) 10, 3096 



Experimental issues
Half-life sensitivity

Extreme case: Zero-background

Std case: Signal in competition with bkg

S. Elliott



CUORE
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Cryogenic Underground Observatory for Rare Events
• 988 TeO2 crystals run as a bolometer array

– 5x5x5 cm3 crystal, 750 g each
– 19 Towers; 13 floors; 4 modules per floor
– 741 kg total; 206 kg 130Te
– 1027 130Te nuclei

Fiorini’s and Avignone’s 
big dream was born in 1997…



Goal and Status of CUORE
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Sensitivity 90% C.L. (5 y):

T1/2 = 9.5 x 1025 y mββ = 50-130 meV

Energy resolution @ ROI: 5 keV
Background goal: 0.01 c/(keV kg y)

Assembly of the 19 CUORE towers 
is complete.

Commissioning of the cryogenic 
system and experimental 
infrastructure is in progress

6mK stable base temperature 
achieved in October 2014

Plan to start operations by end of 
2015.



DBD with bolometers: status
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Detector assembly 

Light detector  
2 inch Ge wafer + MMC
196 g 40Ca100MoO4  

(doubly enriched crystal) 

Phonon collector film  
on bottom surface   
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June 2015
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Detector assembly 
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DBD with bolometers: ΔE
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The Family Album 
June 2015
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FWHMfit = 4.8 
keV

AMoRE

TIN.TIN

ΔE @ 2.6 MeV 
< 9 keV (FWHM)

ΔE @ 2.6 MeV 
< 14 keV (FWHM)

ΔE @ 2.6 MeV 
< 9 keV (FWHM)
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CUORE-0: the present
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αs from TeO2 & Cu surface contamination  
0νββ

 208Tl line Cuore-0 preliminary

Background rate [counts/keV/kg/y]
 signal eff. [%]  

(detector+cuts)
0νββ region

 α region (excl. 
peak)

Cuoricino 0.169 ± 0.006 0.110 ± 0.001 82.8±1.1

CUORE-0 0.058 ± 0.011 0.016 ± 0.001 81.3±0.6



CUORE-0 0νDBD results
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The combined 90% C.L. limit is 
T0ν > 4.0 × 1024 yr 

CUORICINO: 19,75 kg(130Te)y
CUORE-0: 9,8 kg(130Te)y

A real benchmark for many key items on the path to CUORE
BUT also a good experiment for 0νDBD 

60Co sum peak
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 208Tl line 

Cuore-0 
preliminary

CUORICINO bkg in the ROI : 
0.169 ± 0.006 c/keV kg y

CUORE-0 bkg in the ROI : 
0.058 ± 0.011 c/keV kg y

1. ɣ peak of 208Tl: the same 

2. 0.016 ± 0.001: Cu and 
crystal surface contam.

CUORE-0 lesson: the bkg

and old small crystals bkg
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𝛼 identification in scintillating bol.
Scintillating crystals can be operated as bolometers. The 
simultaneous read-out of light and thermal signals allows to 
discriminate the α background thanks to the scintillation yield 
different from β particles.
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Thermistor 

CrystalEnergy Release
Heat + Light

Light 
absorber

ZnSe, ZnMoO4, CaMoO4 … NOT TeO2!



 α identification in TeO2: Cherenkov
Rejection technique: detect the Cherenkov light emitted by βs (signal) and not by αs.
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Figure 2: Energy spectrum acquired by the TeO2 crystal. All the
labeled peaks are �s, except for the single and double escape peaks
of the 2615 keV � from 208Tl, which are � + �+ + � and � + �+

events, respectively, and for the events around 5.4 MeV, which are
generated by the ↵-decay of 210Po in the crystal.

3. Results

The energy spectrum acquired from the TeO2 bolome-
ter in 6.86 days of data taking is shown in Fig. 2. The
peak around 5400 keV is due to the ↵-decay of 210Po, a
natural contamination of the TeO2 crystal observed also
in the 117 g detector and in CUORE-0. The remaining
peaks are �s from the 232Th source, except for the peak
at 1461 keV, which is a � from 40K contamination of the
cryostat. Both the single (SE) and double escape (DE)
peaks of the 2615 keV � from 208Tl are visible. The pres-
ence of the DE peak is of particular interest because it is a
single site production of a � and of a �+, a process similar
to the 0⌫��.

The light detected versus calibrated heat in the TeO2

crystal is shown in Fig. 3. The distribution of the light cor-
responding to each peak in Fig. 2 (blue dots in the figure) is
fitted with a Gaussian, the mean of which is overlaid onto
the figure. The mean light from the ↵-decay of 210Po is
found to be < L↵ >= �3.9±14.5 eV, i.e. compatible with
zero. The mean light from the � peaks is fitted with a line
< L�/� >= LY · (Energy � Eth), with Eth = 280± 60 keV
and LY = 45±2 eV/MeV. The standard deviations of the
light distributions are found compatible with the baseline
noise of the LD, which therefore appears as the dominant
source of fluctuation, hiding any possible dependence on
the position of the interaction in the TeO2 crystal or sta-
tistical fluctuations of the number of photons. As in our
previous work, the light from the DE peak is compatible
with the light from �s, indicating that the fitted line can be
used to predict the amount of light detectable from 0⌫��
events. We compute 101.4±3.4 eV of light for a �/� event
with 0⌫�� energy, 72 eV less than the light detected at the
same energy in the 117 g detector.

The detected light at the 0⌫�� is few, at the same level
of the LD noise, and does not allow one to perform an event
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Figure 3: (Color online) Detected light versus calibrated heat in the
TeO2 bolometer for all the acquired events (gray) and for the events
belonging to the peaks labeled in Fig 2 (blue). The mean light is
clearly energy dependent for the � peaks (red circles below 3 MeV)
and compatible with zero for the ↵-decay of the 210Po (pink circle
at 5.4 MeV).

by event rejection of the ↵ background. As indicated in
Ref. [8], the emitted Cherenkov light amounts to several
hundreds of eV, a much higher value than what we detect.

To increase the light collection e�ciency, we applied
di↵erent modifications to the setup: 1) we changed the
VM 2002 light reflector to aluminum foils. Aluminum is
expected to have higher reflectivity in the UV band, the
region where the Cherenkov emission is more intense. Nev-
ertheless, the amount of light detected is 25% less than in
the case of VM 2002; 2) we removed the VM 2002, which
is a specular light reflector, and wrapped the crystal with
teflon tape, which is a light di↵usor. The amount of light
detected is compatible with the VM 2002 measurement; 3)
we changed the LD to an identical one, but we coated the
side faced to the TeO2 with 60 nm of SiO2. It has been
demonstrated, in fact, that in the red/infrared band this
layer enhances the light absorption by up to 20% [20, 21].
In our application, however, the amount of light detected
does not change significantly; 4) we added a second LD,
monitoring opposite faces with two di↵erent light detec-
tors. The amount of light detected from each LD is found
to be the 50% of the amount detected with a single LD.
This causes an overall decrease of the signal to noise ra-
tio, because each LD adds its own noise; 5) we replaced
the crystal with a cylindrical one, 4 cm in diameter and
in height. Again the amount of light detected does not
change.

Summarizing, none of the above trials succeeded in
providing a significant increase of the light collection ef-
ficiency, indicating that most of the light is absorbed by
the TeO2 crystal. The setup providing the highest light
signal, around 100 eV at the 0⌫��, consists in a single LD
with the crystal surrounded by the VM 2002 reflector or
wrapped with teflon tape.
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β/γ source

α contaminations

Heat in TeO2 [keV] 

Light@0νββ: 100 eV
Eur. Phys. J. C75 (2015) 1 
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To obtain S/N > 5 need  noise < 20 eV RMS.

technology must be scalable to 1000 light detectors.

Eur. Phys. J. C65 (2010) 359 
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𝛼 identification: LY
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The Family Album 
June 2015

Lucifer Se nat.

AMoRE  Mo enr.

Lumineu Mo nat. 

DP~11

DP~15

DP~8



𝛼 identification: PSD
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The Family Album 
June 2015
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𝛼 identification: light detectors

DP~3.7

TES+TES+TeO2

NTD+GeNL+TeO2

NTD+NTD+TeO2

NTD+SiNLMMC

The Family Album  
June 2015DP~2.7

DP~2.6

see A. Giuliani’s talk on CUPID



DBD with bolometers: crystals
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The Family Album 
June 2015

AMoRE: CaMoO4

Lumineu : ZnMoO4

Enriched ∼1.4 kg boule

previous test

Crystallization and enr.: 
• specific for each crystal 
• can increase bkg 
• losses

Best crystal bkg (TeO2 nat, µBq/kg): 
238U:    < 0.7 
232Th:   < 0.8 
210Po:   < 3.3 
60Co:    < 8 e-4 
110mAg: ~ 0.06

Enrichment:  17 $/g Te 
 100 $/g Se, Mo



Present expected characteristics 
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CUORE LUCIFER LUCINEU AMoRE

Crystal TeO2 ZnSe ZnMoO4 ZnMoO4

0νββ isotope 130Te 82Se 100Mo 100Mo

Enrichment natural 96% 95% 90%

Det. mass 741 kg 13 kg 10 kg 10 kg

Isotope mass 206 kg ~7 kg ~7 kg ~7 kg

Laboratory LNGS LNGS Modane+LNGS Y2L 

τ1/2 ~1026 y ~4.5 x1025 y ~5x1025 y ~3x1025 y

Sensitivity 50-130 meV ~100-300 meV 90-300 meV ~60-180 meV
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Environmental γ

Environmental n

Environmental μ

Far bulk: Cu OFE 

Far bulk: Steel parts

Internal Roman Lead

Top disk COMETA Lead

Small near parts

Cosm. Activation: TeO2

Cosm. Activation: Cu

Near bulk: Cu NOSV 

Near bulk: TeO2 

Near Surface: Cu  NOSV Or PTFE

Near surface:TeO2 

0.01 0.1 1 10 100

Dashed area = 90%CL upper limit

Full colour area = value

Counts/ROI/ton/y

value

90% CL limit  Bkg GOAL: 

0.01 c/keV/kg/y

 Bkg GOAL: 

0.01 c/keV/kg/y

Far Bulk:           COMETA Pb top

Far Bulk:           Inner Roman Pb

Near Surfaces : TeO
2

Near Bulk:         TeO
2

Near Bulk:         Cu NOSV
Cosm. Activ. :   TeO

2

Cosm Activ :     Cu NOSV

Near Bulk :        small parts

Far Bulk:           Steel parts

Far Bulk:           Cu OFE

Environmental: muons

Environmental: neutrons

Environmental: gammas

Near Surfaces:  Cu NOSV or PTFE

•
•

CUORE Preliminary

Conservative upper limits: NEED CUORE MEASURE

CUORE Bkg Budget

Only after ~1 y of CUORE data we will be able to know how all these contribute



Future for bolometers in DBD?
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• Successful operation (cryogenics) of a ton-scale bolometric exp.
☛  CUORE

• In-situ background measurements in a ton-scale detector
☛ For CUPID, see CUORE by ~2016

• Demonstration of a technology for ~0 bkg ton-scale experiment
☛ Already done with scintillating bolometers
☛ Additional R&D activities on going (e.g. Cherenkov for TeO2)

• Demonstration of scalability of technology choice
☛ AMoRE phase 1 in 2016 @Y2L
☛ LUCIFER/LUCINEU in 2016 @LNGS
☛ Additional multi-channel R&D runs @LNGS

• R&D on industrialization of crystal production, enrichment



BACK-UP
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CUORE and CUPID Sensitivity
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Plot against mβ for a change…

CUORE will cover a good part 
of the IHR
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Strange enough, Katrin and 
CUORE sensitivities match at 
the border line of both HR



Cuore Upgrade with Particle Identification
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CUPID 

TeO2 

NO TeO2 

Surface 
effects 
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Sensitivity

Assumptions:
‣ 988 125 cm3 crystals

‣ 90% enrichment

‣ 5 years & 5 keV resolution

‣ background ~0.1cpy/ton
30

Eur. Phys. J. C74 (2014) 10, 3096 
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