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Cuore Upgrade with Particle ID
• ΔE < 10 keV (Bolometers)

• CUORE infrastructure
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• ~1 ton isotope (130Te, 82Se, 100Mo)

• Background 0.1 count / ton y
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Bolometric technique
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‣ Dielectric crystals (low heat capacitance) 
source embedded in the detector

‣ NTD-Ge thermistor:  

‣ Resolution @0νββ energy (2528 keV): 
ΔE ~ 5 keV FWHM

‣ No particle identification
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CUORE at Gran Sasso lab in Italy

4

hig
hw

ay

CUORE  
988 natTeO2 bolometers

206 kg 130Te  
(34% abundance in Te)

Start data taking  
at the end of 2016
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CUORE cryostat
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• More than 15 tons of lead and copper at low temperature.

• Detector calibration system: 232Th calibration sources deployed from 300 K to 10 mK

• Base temperature: 6.3 mK

• Cooling power: 3μW @ 10 mK

Ancient 
Roman 

Lead Shield
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CUORE sensitivity
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CUPID sensitivity
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130Te 76Ge 100Mo 
116Cd 

82Se 

136Xe

environmental γ bkg. at 
LNGS
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CUPID
• Use enriched isotope to increase 

DBD nuclei by a factor ~3.

• Enable particle ID to suppress 
background.

• Select ultra-low background 
materials.

• Switch from Tellurium to another 
isotope?
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arXiv:1504.03599 and 1504.03612

Can make a  
bolometer
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Background expected in CUORE
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CUORE GOAL: 0.01 counts/keV/kg/y

      90%CL limit 
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Fig. 13 CUORE-0 M1 compared to the reconstruction pre-
dicted by the fit without the 2⌫�� source.
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Fig. 14 Posterior distribution of 2⌫�� activity (blue) and
systematic uncertainty range, represented as a flat distribu-
tion (red). The 68% Confidence Intervals used to quote the
statistical and systematic uncertainties are highlighted by col-
ored areas.

cryogenic and radioactive shield systems (the sum of
the CryoInt , CryoExt , IntPb, and ExtPb). The con-
tribution from these elements to the 0⌫�� region of
interest (2470-2570 keV) in M1 are shown in Fig. 15
and listed in Table 9. The largest contribution comes
from the shields. This is mainly 232Th contamination.
The Holder is the second largest contributor due to
degraded ↵s from 238U and 232Th deep surface contam-
inants. Bulk and shallow-depth contaminants account
for less than 0.3% of the background. A very small frac-
tion of the background comes from 238U, 232Th, and
210Pb Crystals surface contaminants, and from muon
interactions. The systematic uncertainties are negligi-
ble.

Finally, Fig. 16 shows a wider region centered around
the ROI. This plot is produced by tagging the energy
depositions where at least 90% of the energy was de-
posited by ↵ particles. We found ⇠ 24% of the ROI
background was produced by ↵ events. After reducing
� backgrounds from the shields, these ↵ events are ex-
pected to dominate the ROI rate in CUORE. This mo-

Component Fraction [%]

Shields 74.4 ± 1.3
Holder 21.4 ± 0.7
Crystals 2.64 ± 0.14
Muons 1.51 ± 0.06

Table 9 Sources contributing to the 0⌫�� ROI. The flat
counting rate in this region (i.e. excluding the 60Co sum peak)
is 0.058±0.006 counts/(keV kg y) [5]. Column (2) reports the
contribution of the di↵erent sources. “Shields” here stands for
the sum of CryoInt , CryoExt , IntPb, and ExtPb.
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Fig. 15 Sources contributing to background reconstruction.
“Shields” here stands for the sum of CryoInt , CryoExt , IntPb,
and ExtPb.

tivates the development of ↵ particle discrimination for
future bolometer-based experiments; see [36] and refer-
ences therein.
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Fig. 16 Background reconstruction in the 0⌫�� ROI. Events
due to ↵ particles (about 24% of the ROI background) are
shown in red. All the other events are shown in blue.

11 Conclusion

In this paper, we successfully reconstruct the CUORE-0
background using 57 sources modeled using a detailed
Monte Carlo simulation. We find that 10% of the count-

CUORE-0, the test of a single CUORE tower,  
showed that most of the background in CUORE will be dominated by  

degraded α particles from natural radioactivity. 
 
 
 
. 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α background
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Light readout in bolometers
β/γ particles emit different amount of light than αs. 

 
Light can be produced by scintillation or by Cherenkov effect.

11

Sensor 

CrystalEnergy Release
Heat + Light

Light 
absorber



Option:  
scintillating crystals
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Zn82Se
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Zn82Se

Q-Value [keV] 2998

Isotopic abundance [%] 9.2

T2ν [years] 9 x 1019 

ΔE [keV FWHM] 10-30  
(430 g bolometer)

Pros Q-value  
R&D concluded

Cons ΔE
214Bi at 3000 keV

Light detector:
Germanium disk 

operated as 
bolometer

Heat detector:
ZnSe bolometer 



Zn82Se crystal test
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Preliminary test with 3 Zn82Se

Smeared α source for discrimination power (DP)

Operation in Hall C LNGS cryostat: working temperature not optimal ~20 mK 

‣ energy resolution spoiled ~30 keV

‣ but excellent α background rejection  
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First test run with CUPID-0 crystals: 
α discrimination power

M. Martinez  - U. La Sapienza (Rome)                                                                                            28th Rencontres de Blois, May 29 - June 03 (2016) 19
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𝛽/𝛾 light pulses slower than 𝛼

𝐷𝑃 𝐸 = 𝜇𝛼 𝐸 −𝜇𝛽𝛾(𝐸)
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2 𝐸

Crystal 𝑫𝑷 𝑸𝜷𝜷
ZnSe-1 12

ZnSe-2 11

ZnSe-3 10

Discrimination power:

arXiv:1605.05934

EXCELLENT 
DISCRIMINATION POWER!

D
.R

. Artusa, et al. EPJ C
76 (2016) 364



CUPID-0:  
Zn82Se pilot experiment
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24 Zn82Se (~95% enr.) + 2 naturals ZnSe 

‣ 82Se mass: ~5.2 kg (3.9•1025 atoms)

OFHC Cu frame + TECM cleaning 

PTFE stands + standard CUORE cleaning

3M ESR reflective foil

Installed last month at Gran Sasso lab

Data taking by the end 2016.

Expected bkg. < 1.5 10-3 counts/keV/kg/y

Sensitivity in 1 year: 9 x 1024 y
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Li2100MoO4
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Zn82Se Li2100MoO4

Q-Value [keV] 2998 3034

Isotopic abundance [%] 9.2 9.7

T2ν [years] 9 x 1019 7 x 1018 

ΔE [keV FWHM] 10-30  
(430 g bolometer)

5-8  
(210 g)

Pros Q-value  
R&D concluded

Q-value  
PID w/o light detector 

Cons ΔE
214Bi at 3000 keV 2ν pileup bkg.
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Li2100MoO4 crystal test
• Control of crystal internal content of 40K < 5 mBq/kg (Random 

coincidences: 2ν2β + 40K <<  2ν2β + 2ν2β)

• Mo purification / crystallization protocol with irrecoverable losses < 4%. 

• Excellent crystal radiopurity and ease of production.

• Particle ID on heat channel via pulse shape

17

150 g crystal
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Li2100MoO4: Pilot experiment
• Background due to 2ν pileup: 10-4 counts/keV/kg/y to be improved via 

advanced pulse shape analysis.

• 20 crystals (209g each) have been ordered and will be operated at 
Modane and/or Gran Sasso(under discussion). 

‣ 2.46 kg of 100Mo - 1.35 x 1025  nuclei.
‣ Another 20 crystals to be ordered.
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T1/2(2Q2E): 
(6.4‒ 6.6)u1018 yr 

High  
radiopurity 

+ 
depletion 

PBq/kg 

top bottom 
232Th d 3 d 11 
228Th d 8 d 6 
238U d 5 d 11 
226Ra d 7 d 11 
210Po 230(20) 60(10) 

40K d 4.6u103 d 6.6u103 

8 

Radiopurity of Li2100MoO4 crystals 

7.1u1018 yr  
[NEMO-3, LUCIFER] 

FWHMD ~ 5 keV 

D.V. Poda     CUPID meeting    19 October 2016 
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T1/2(2Q2E): 
(6.4‒ 6.6)u1018 yr 

High  
radiopurity 

+ 
depletion 

PBq/kg 

top bottom 
232Th d 3 d 11 
228Th d 8 d 6 
238U d 5 d 11 
226Ra d 7 d 11 
210Po 230(20) 60(10) 

40K d 4.6u103 d 6.6u103 

8 

Radiopurity of Li2100MoO4 crystals 

7.1u1018 yr  
[NEMO-3, LUCIFER] 

FWHMD ~ 5 keV 

D.V. Poda     CUPID meeting    19 October 2016 
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E. Arm
engaud et al., in preparation



Option:  
TeO2, again



M. Vignati 

130TeO2
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Zn82Se Li2100MoO4 130TeO2

Q-Value [keV] 2998 3034 2528

Isotopic abundance [%] 9.2 9.7 34

T2ν [years] 9 x 1019 7 x 1018 8 x 1020 

ΔE [keV FWHM] 10-30  
(430 g bolometer)

5-8  
(210 g)

5  
(750 g)

Pros Q-value  
R&D concluded

Q-value  
PID w/o light detector ΔE

Cons ΔE
214Bi at 3000 keV 2ν pileup bkg. γ bkg. 

Challenging PID



β/γ source

N. Casali, et al, EPJ C75 (2015) 12 

α contaminations

Light@0νββ = 100 eV

M. Vignati 

Cherenkov readout from TeO2

21

light detector: Ge disk  
 with NTD-Ge thermistor

CUORE-like 
crystal wrapped 

with reflector

5 
cm

Noise of NTD-Ge light detectors is too high (30 -100 eV) compared to the 
signal (100 eV)             need noise lower than 20 eV RMS, with a 

technology scalable to 1000 detectors.     
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Light detectors: Neganov Luke
• Apply DC voltage to the wafer of the light 

detector.

• e-h pairs produced by photons are accelerated 
by the electric field          energy transfer to the 
wafer lattice           heat.

• Use NTD-Germanium thermistor as sensor.

22

+V

e-
h+

Optical 
photon

Phonon signal

Silicon wafer + NTD on 6g TeO2  

L. Gironi, et al. arXiv:1603.08049

  

Battlefield 1: NL-det and TeO2

First generation, N.L. detector + 750g
TeO2 “natural” (LNGS run)

LNGS

L. Pattavina, et al.  
JLTP 184 (2016) 286

Germanium wafer + NTD on 750g TeO2  



Transition Edge Sensors
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achieve the required sensitivity, we have taken the ap-
proach suggested by Niinikoski of using arrays of small
Si bolometers. We chose, however, to follow the approach
in [26] and use transition-edge sensors (TES) as the tem-
perature readout. We took these ideas and optimized the
design for this sterile neutrino search.

B. Detector design and expected performance

This section focuses on the details of our design choices
for this experiment. For more background material on low-
temperature detectors, we suggest the following: a com-
prehensive overview of the applications can be found in
[34]; specifics on operation and capabilities are reviewed in
[35], and details of TES physics are reviewed in [36].

The threshold for a bolometer is a function of its base-
line energy resolution. A dimensionless measure of the
sensitivity of a resistive thermometer at a temperature T
and resistance R is the quantity !, defined as ! ! T

R
dR
dT .

The energy resolution of a TES bolometer is approxi-
mately [37]

!Erms ¼ "E #

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4kBT

2Ctot

!

ffiffiffiffiffiffiffiffiffiffiffiffiffi
#þ 1

2

svuut
; (7)

where kB is the Boltzmann constant, Ctot is the total heat
capacity of the bolometer, and # is the exponent of the
temperature dependence of the thermal conductivity be-
tween the bolometer and the refrigerator. To unambigu-
ously detect events above the noise from the detector, we
set the experimental threshold to 7:5"E. For a 10 eV
threshold, we then need a detector with "E < 1:33 eV, or
expressed in terms of the full width at half maximum,
!EFWHM ¼ 2

ffiffiffiffiffiffiffiffiffiffi
2 ln2

p
"E < 3:14 eV.

Assuming a conduction path to the cold bath of the
refrigerator dominated by Kapitza resistance, # ¼ 4, and
with a temperature T ¼ 15 mK, a 10 eV threshold could be
attained with a heat capacity Ctot % 200 pJ=K. However,
this model is not complete, as it assumes a perfectly
isothermal bolometer. In practice, the various internal
heat capacity systems of the bolometer are decoupled
from each other through internal conductances, and ther-
malization times of each separate heat capacity must also
be taken into account. These internal decouplings intro-
duce various sources of noise, degrading the energy reso-
lution of the bolometer and consequently requiring a
smaller heat capacity to attain the desired threshold.

Figure 1 shows a schematic of the model. The bolometer
is connected to the cold bath at temperature Tb through a
weak thermal conductanceGpb. The total heat capacity can
be described by Ctot ¼ CSi þ CTES þ Cexcess, where CSi /
T3 is the theoretical heat capacity of Si given by Debye
theory, CTES / T is the TES heat capacity dominated by
the metal electron system, and Cexcess is the heat capacity
of impurity bands and two-level systems in the crystal.

The TES phonon system is assumed to be at the same
temperature as the silicon phonon system, since the sub-
micron thickness of the TES makes it incapable of sustain-
ing its own thermal phonon population. The TES electron
system is coupled to the phonon system through its
electron-phonon coupling conductance Gep.
There are two reasons for choosing a TES as the

thermometer for this design. First, in order to get the
high-energy resolution, the thermometer must be very
well-coupled to the absorber. The use of a Mo/Au TES
uses the high electron-phonon coupling in Au to achieve
this (Gep in Fig. 1). Second, we want very good control of

the heat capacity of the bolometer. In a TES, the heat
capacity is dominated by the electron system and is orders
of magnitude above the TES phonon system’s heat ca-
pacity. This makes the purity requirements on the TES
from a heat capacity perspective fairly relaxed. Indeed,
heat capacity measurements in TES devices routinely fall
within expectations calculated from bulk elemental prop-
erties [38].
Impurities and defects in the Si substrate can lead to

impurity bands and two-level systems in the crystal
which add to the total heat capacity of the system. The
size of this excess heat capacity and its equilibration time
with the phonon system depends on the specific mecha-
nism involved [39]. Si and Ge crystals can be acquired
with impurity levels of &1015 and 1010 atoms=cm3 [40],
respectively. At these levels the heat capacity Cexcess and/
or the thermal conductance Gexcess could be low enough
to render them negligible for our purposes. Ge clearly
holds a large advantage in this regard, but its lower
maximum recoil energy for coherent neutrino scatters

FIG. 1 (color online). Schematic of bolometer model.
The refrigerator acts as a cold bath at temperature Tb. The Si
heat capacity is connected by a thermal conductance Gpb to the

bath. The TES is connected by the electron-phonon conductance
Gep to the Si. A potential excess heat capacity with its coupling

are shown in dashed outlines. For this study we have assumed
Cexcess and/or Gexcess can be made small enough to become
negligible.

FORMAGGIO, FIGUEROA-FELICIANO, AND ANDERSON PHYSICAL REVIEW D 85, 013009 (2012)

013009-4

K.D. Irwin, Appl. Phys. Lett. Vol. 66, 1998 (1995)
β: determined by thermal conductivity 
between the TES and absorber/heat-bath

Ctot = Cbolo (~T3) + CTES (~T) + 
Cother (e.g. caused by impurities in the crystal)

achieve the required sensitivity, we have taken the ap-
proach suggested by Niinikoski of using arrays of small
Si bolometers. We chose, however, to follow the approach
in [26] and use transition-edge sensors (TES) as the tem-
perature readout. We took these ideas and optimized the
design for this sterile neutrino search.

B. Detector design and expected performance

This section focuses on the details of our design choices
for this experiment. For more background material on low-
temperature detectors, we suggest the following: a com-
prehensive overview of the applications can be found in
[34]; specifics on operation and capabilities are reviewed in
[35], and details of TES physics are reviewed in [36].

The threshold for a bolometer is a function of its base-
line energy resolution. A dimensionless measure of the
sensitivity of a resistive thermometer at a temperature T
and resistance R is the quantity !, defined as ! ! T

R
dR
dT .

The energy resolution of a TES bolometer is approxi-
mately [37]

!Erms ¼ "E #
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where kB is the Boltzmann constant, Ctot is the total heat
capacity of the bolometer, and # is the exponent of the
temperature dependence of the thermal conductivity be-
tween the bolometer and the refrigerator. To unambigu-
ously detect events above the noise from the detector, we
set the experimental threshold to 7:5"E. For a 10 eV
threshold, we then need a detector with "E < 1:33 eV, or
expressed in terms of the full width at half maximum,
!EFWHM ¼ 2

ffiffiffiffiffiffiffiffiffiffi
2 ln2

p
"E < 3:14 eV.

Assuming a conduction path to the cold bath of the
refrigerator dominated by Kapitza resistance, # ¼ 4, and
with a temperature T ¼ 15 mK, a 10 eV threshold could be
attained with a heat capacity Ctot % 200 pJ=K. However,
this model is not complete, as it assumes a perfectly
isothermal bolometer. In practice, the various internal
heat capacity systems of the bolometer are decoupled
from each other through internal conductances, and ther-
malization times of each separate heat capacity must also
be taken into account. These internal decouplings intro-
duce various sources of noise, degrading the energy reso-
lution of the bolometer and consequently requiring a
smaller heat capacity to attain the desired threshold.

Figure 1 shows a schematic of the model. The bolometer
is connected to the cold bath at temperature Tb through a
weak thermal conductanceGpb. The total heat capacity can
be described by Ctot ¼ CSi þ CTES þ Cexcess, where CSi /
T3 is the theoretical heat capacity of Si given by Debye
theory, CTES / T is the TES heat capacity dominated by
the metal electron system, and Cexcess is the heat capacity
of impurity bands and two-level systems in the crystal.

The TES phonon system is assumed to be at the same
temperature as the silicon phonon system, since the sub-
micron thickness of the TES makes it incapable of sustain-
ing its own thermal phonon population. The TES electron
system is coupled to the phonon system through its
electron-phonon coupling conductance Gep.
There are two reasons for choosing a TES as the

thermometer for this design. First, in order to get the
high-energy resolution, the thermometer must be very
well-coupled to the absorber. The use of a Mo/Au TES
uses the high electron-phonon coupling in Au to achieve
this (Gep in Fig. 1). Second, we want very good control of

the heat capacity of the bolometer. In a TES, the heat
capacity is dominated by the electron system and is orders
of magnitude above the TES phonon system’s heat ca-
pacity. This makes the purity requirements on the TES
from a heat capacity perspective fairly relaxed. Indeed,
heat capacity measurements in TES devices routinely fall
within expectations calculated from bulk elemental prop-
erties [38].
Impurities and defects in the Si substrate can lead to

impurity bands and two-level systems in the crystal
which add to the total heat capacity of the system. The
size of this excess heat capacity and its equilibration time
with the phonon system depends on the specific mecha-
nism involved [39]. Si and Ge crystals can be acquired
with impurity levels of &1015 and 1010 atoms=cm3 [40],
respectively. At these levels the heat capacity Cexcess and/
or the thermal conductance Gexcess could be low enough
to render them negligible for our purposes. Ge clearly
holds a large advantage in this regard, but its lower
maximum recoil energy for coherent neutrino scatters

FIG. 1 (color online). Schematic of bolometer model.
The refrigerator acts as a cold bath at temperature Tb. The Si
heat capacity is connected by a thermal conductance Gpb to the

bath. The TES is connected by the electron-phonon conductance
Gep to the Si. A potential excess heat capacity with its coupling

are shown in dashed outlines. For this study we have assumed
Cexcess and/or Gexcess can be made small enough to become
negligible.
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Low Tc TES fabrication: 
- W-TES may be possible through ion implantation  
- Grow W-alpha phase for Low Tc 
- Or we can utilize superconducting bilayers as TES (proximity effect) 
- Minimize # TES and SQUIDs on detector 
- SQUIDs can be readout in arrays al large as up to 10,000

3
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Light detectors: TES sensor
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                                         Au/Ir/Au Trilayer at Room Temperature works
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Tc = 19 ± 0.1 mK

Need to develop a 1000 channel readout of SQUIDs

R. Hennings-Yeomans et al., in prep.
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oriented model the mean of the light yield (LY) of the
e/�-event distribution is

LYe/�(E) = p0E. (1)

The value of p0 is around 50 eV/MeV since the light yield
after absolute energy calibration of the light detector is
about 50 eV for 1MeV of deposited energy in the crystal.

The width of the band is given by the energy resolu-
tion of the detectors. Due to high statistics, the energy
dependence of the resolution can be extracted from a fit
of the e/�-band. The width of the e/�-band can be well
described by a Gaussian function with the width [32]

�e/� =

s

�2
l +

✓
dL

dE
· �TeO2

◆2

+ S1L (2)

where �l and �TeO2 is the baseline noise of the light de-
tector and the TeO2 bolometer and S1 accounts for sta-
tistical fluctuations in the number of detected photons
(Poisson statistics). During the detector operation heater
pulses are injected to the detector via the TES heater.
The resolution of a heater pulse in the light detector
and the TeO2 bolometer directly yield the �l and �TeO2

parameters since heater pulses, in contrast to particle
pulses, are not affected by photon statistics. The val-
ues for the detector module of this work are �l=261 keV,
�TeO2=9.8 keV and S1=360 keV.

The band description is shown in Figure 6: the dotted
contour lines are central ± 1.28 � boundary lines whereas
the solid lines are ±3.1� boundary lines, thus 99.8% of
all e/�- events are expected to be within the two solid
contour lines. The ↵-particle distribution appears at a
light yield of zero, well separated from the populated
e/�-band.

A projected view of the light yield in [eV/MeV] allows
to visualize the achieved discrimination of ↵-particles
from e/�-events; in Figure 7 a histogram of all events ob-
served in the energy interval from 2400 keV to 2800 keV
is shown. Two Gaussian functions (all parameters free)
are used to fit the two distributions (red solid line): ↵-
particles appear at (0.80±0.89) eV/MeV, whereas for the
distribution of e/�-events the mean value is found to be
(48.55±0.36) eV/MeV.

The fit gives a resolution of �=(8.74±0.27) eV/MeV
for the e/�-peak and �=(9.53±0.75) eV/MeV for the ↵-
peak. Since the ↵-events do not produce light, the reso-
lution is expected to be slightly better in respect to the
e/�-events because of the missing Poisson statistics con-
tribution. However, the �s of both distributions are com-
patible due to the dominant contribution of the baseline
noise and the lack of statistics (see Figure 7).

Following [33], the discrimination power (DP) between
two symmetric distributions can be characterized by
comparing the difference between the mean values of
the two distributions weighted by the square root of the
quadratic sum of their widths

DP =
µ�/� � µ↵q
�2
�/� + �2

↵

(3)
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FIG. 6. Background data of the TeO2 bolometer is shown
in the light yield-energy plane. Light yield in this context
refers to the direct energy detected in the light detector in
eV per MeV of deposited energy in the TeO2 crystal. Two
distributions can be noted: a band due to e/�-interactions as
well as the less populated band at zero light yield due to ↵-
particles from a degraded ↵-source. The bands which indicate
the region expected for e/�-events are shown in form of central
probability bands. The dotted lines are ±1.28 � contours
whereas the solid lines are ±3.1� contours, thus 99.8% of all
e/�-events are expected to be contained within the two solid
contour lines. The ↵-particle distribution appears at a light
yield of zero, separated from the populated e/�-band. The
dashed vertical line indicates the Q-value of 130Te of 2530 keV.
On average the Cherenkov light at the 208Tl-line results in
about 129 eV of detected light.

where µ�/� and µ↵ are the mean values of the two distri-
butions and ��/� and �↵ are their corresponding widths.
Inserting the values obtained from the double-Gaussian
fit displayed in Figure 7 yields a value of DP equal to 3.7.
Thus, we achieve the highest suppression up to date, in
particular carried out on a massive TeO2 bolometer (see
Table II).

Experiments using light detectors read out by NTD-
Ge with the characteristics presented in [15, 17] so far
do not arrive at a sensitivity level which allows for a dis-
crimination on an event-by-event base. An improvement
by a factor of four (� ⇡ 20 eV (RMS)) on the perfor-
mance of the thermistor would be needed for an effective
↵-particle suppression. A TES-based light detector com-
bined with Neganov-Luke amplification technique [16]
showed an ↵-suppression of 99% while accepting 99.8%
of all e/�-events at the 208Tl-line, but on a very small
23 g TeO2 crystal.

In Table II we summarize the properties and the per-
formance of the before mentioned cryogenic light detec-
tors used for the detection of Cherenkov light from TeO2

bolometers.

Sapphire wafer + W-TES on 285 g TeO2  Ir/Au/Ir rilayer TES

K. Schäffner et al.,  
Astropart. Phys. 69 (2015) 30
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Light detectors: MKID sensor
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Microwave Kinetic Inductance Detector (MKID). 
high scalability and multiplexing, no microphonic noise.

• Phase I - completed: single pixel, high-Q (1.5x105) Aluminum resonator.

• Phase II - ongoing: test more sensitive superconductors (TiAl, TiN and Ti
+TiN). Goal: 20 eV RMS resolution. TiAl preliminary: 55 eV RMS. 

• Phase III - 2017-18: test at LNGS with TeO2 bolometers.
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130TeO2: Pilot experiment
• Select light detector technology: scalability, reproducibility and 

compatibility with CUORE infrastructure.

• Plan for an array of enriched 130TeO2 bolometers in 2018.

• Preliminary results from two 435 g enriched crystals produced at 
SICCAS (CUORE crystals producer):
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Figure 3: 228Th calibration spectra collected over 64 hours. Top 130TeO2-1;
bottom 130TeO2-2. The 2615 keV � peak of 208Tl is highlighted in the inset.

spectrum correspond to a clear signal due to 210Po and to a tiny
contamination of 238U.

210Po is a very well known contamination of TeO2 crystals
and is present (both internally and on the surface) in all the
TeO2 crystals produced for CUORE [42]. Due to the relatively
short decay time, this isotope does not represent a problem for
a DBD search. 238U, on the contrary, was not observed in the
CUORE natural crystals, with a detection limit of 5⇥10�14 g/g
(corresponding to 0.6 µBq/kg).

No other contaminations are visible in the spectra. The re-
sults are presented in Table 4. To obtain the limits, we defined
the signal as the number of events falling in the energy region
within ±3� of the Q↵value and the background as the average
number of events falling in the 3� side-bands of this interval,
being � the energy resolution of the detector. Following the
Feldman-Cousins approach, we computed the 90 % C.L. upper
limit on the number of events and we inferred the upper limit
on the activity. Finally, the limits for 226Ra and 228Th are fur-
ther improved by exploiting the lack of evidence of ↵ delayed-
coincidences of their daughter-nuclei. Internal 226Ra can be
evaluated by exploiting the unique time and energy stamp given
by the decay of 222Rn to 218Po followed by the 46.1 min delayed
high energy decay of 214Bi and 214Po (Bi-Po events). The decay
of 224Ra to 220Rn and 216Po, furthermore, gives a second unique
stamp for the evaluation of 228Th internal contaminations. This
search, performed within a 4 ⌧decay time interval - with respect
to each specific decay -, did not give evidences of any events.

4.2. Light detector performance
Most of the calibrations with the 228Th source were per-

formed to study and optimize the Neganov-Luke amplified
LDs. The first step, the energy calibration of the light signal,
was a 45 h long measurement with the 228Th source, with Vgrid

set to zero. Despite the fact that the RMS baseline at Vgrid =0 is
of the same order of the signal, the high statistical value of the
data and the use of the light-synchronization [37] allowed the
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Figure 4: Alpha energy region. The total statistics of 130TeO2-1 corresponds
to 434.3 h of background + 229.5 h of calibration (total 663.8 h), while the
one of 130TeO2-2 consists of 337.1 h of background + 168.7 h of calibration,
totalling 505.8 h of live time. The contamination in 210Po shows also a surface
contribution (due to contamination of the surface of the crystal and/or of the
surface facing it) due to the escape of the nuclear recoil of 206Pb carrying out
103 keV.

mean energy of the Cherenkov light from the 2615 keV �-rays
to be accurately converted to an energy value using the 55Fe X-
ray calibration. The obtained values for the absolute Cherenkov
light signals are 153±4 eV and 160±5 eV for 130TeO2-1 and
130TeO2-2, respectively. These values are in good agreement
with the ones obtained with natural TeO2 crystals of similar
size [20, 17]. This monochromatic light signal, independent
from any parameter, is then used to calibrate the gain of the de-
tectors once a Vgrid is applied and the 55Fe peaks are no longer
clearly identifiable (due to the presence of Vgrid). Several cali-
brations were performed with di↵erent values of Vgrid in order
to evaluate the best signal-to-noise ratio of the LDs. The best
compromise between gain and noise was found at Vgrid=25 V
for GeLuke and Vgrid=55 V for GeCo. The main parameters of
the LDs are shown in Table 5.

Table 4: Activity of trace contaminations belonging to 232Th and 238U chains
for the two crystals. The total collected statistic is 663.8 hours for 130TeO2-1
and 505.8 hours for 130TeO2-2. Limits at 90 % C.L. See text for more details.

Chain Nuclide 130TeO2-1 130TeO2-2
[µBq/kg] [µBq/kg]

232Th 232Th <4.3 <4.8
228Th <2.3 <3.1

238U 238U 7.7 ± 2.7 15.1 ± 4.4
234U <6.3 <5

230Th <5.7 <3.8
226Ra <2.3 <3.1
210Po 3795 ± 60 6076 ± 88
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Figure 3: 228Th calibration spectra collected over 64 hours. Top 130TeO2-1;
bottom 130TeO2-2. The 2615 keV � peak of 208Tl is highlighted in the inset.

spectrum correspond to a clear signal due to 210Po and to a tiny
contamination of 238U.

210Po is a very well known contamination of TeO2 crystals
and is present (both internally and on the surface) in all the
TeO2 crystals produced for CUORE [42]. Due to the relatively
short decay time, this isotope does not represent a problem for
a DBD search. 238U, on the contrary, was not observed in the
CUORE natural crystals, with a detection limit of 5⇥10�14 g/g
(corresponding to 0.6 µBq/kg).

No other contaminations are visible in the spectra. The re-
sults are presented in Table 4. To obtain the limits, we defined
the signal as the number of events falling in the energy region
within ±3� of the Q↵value and the background as the average
number of events falling in the 3� side-bands of this interval,
being � the energy resolution of the detector. Following the
Feldman-Cousins approach, we computed the 90 % C.L. upper
limit on the number of events and we inferred the upper limit
on the activity. Finally, the limits for 226Ra and 228Th are fur-
ther improved by exploiting the lack of evidence of ↵ delayed-
coincidences of their daughter-nuclei. Internal 226Ra can be
evaluated by exploiting the unique time and energy stamp given
by the decay of 222Rn to 218Po followed by the 46.1 min delayed
high energy decay of 214Bi and 214Po (Bi-Po events). The decay
of 224Ra to 220Rn and 216Po, furthermore, gives a second unique
stamp for the evaluation of 228Th internal contaminations. This
search, performed within a 4 ⌧decay time interval - with respect
to each specific decay -, did not give evidences of any events.

4.2. Light detector performance
Most of the calibrations with the 228Th source were per-

formed to study and optimize the Neganov-Luke amplified
LDs. The first step, the energy calibration of the light signal,
was a 45 h long measurement with the 228Th source, with Vgrid

set to zero. Despite the fact that the RMS baseline at Vgrid =0 is
of the same order of the signal, the high statistical value of the
data and the use of the light-synchronization [37] allowed the
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Figure 4: Alpha energy region. The total statistics of 130TeO2-1 corresponds
to 434.3 h of background + 229.5 h of calibration (total 663.8 h), while the
one of 130TeO2-2 consists of 337.1 h of background + 168.7 h of calibration,
totalling 505.8 h of live time. The contamination in 210Po shows also a surface
contribution (due to contamination of the surface of the crystal and/or of the
surface facing it) due to the escape of the nuclear recoil of 206Pb carrying out
103 keV.

mean energy of the Cherenkov light from the 2615 keV �-rays
to be accurately converted to an energy value using the 55Fe X-
ray calibration. The obtained values for the absolute Cherenkov
light signals are 153±4 eV and 160±5 eV for 130TeO2-1 and
130TeO2-2, respectively. These values are in good agreement
with the ones obtained with natural TeO2 crystals of similar
size [20, 17]. This monochromatic light signal, independent
from any parameter, is then used to calibrate the gain of the de-
tectors once a Vgrid is applied and the 55Fe peaks are no longer
clearly identifiable (due to the presence of Vgrid). Several cali-
brations were performed with di↵erent values of Vgrid in order
to evaluate the best signal-to-noise ratio of the LDs. The best
compromise between gain and noise was found at Vgrid=25 V
for GeLuke and Vgrid=55 V for GeCo. The main parameters of
the LDs are shown in Table 5.

Table 4: Activity of trace contaminations belonging to 232Th and 238U chains
for the two crystals. The total collected statistic is 663.8 hours for 130TeO2-1
and 505.8 hours for 130TeO2-2. Limits at 90 % C.L. See text for more details.

Chain Nuclide 130TeO2-1 130TeO2-2
[µBq/kg] [µBq/kg]

232Th 232Th <4.3 <4.8
228Th <2.3 <3.1

238U 238U 7.7 ± 2.7 15.1 ± 4.4
234U <6.3 <5

230Th <5.7 <3.8
226Ra <2.3 <3.1
210Po 3795 ± 60 6076 ± 88

5

D.R Artusa, et al, arXiv:1610.03513 



preliminary projec�on for CUORE

only identified contributors: TeO
2
 and CuNOSV (from CUORE0 model) 

130Te 118Cd 82Se 100Mo

a component

non a component

1 counts/(ton y)

Preliminary 
simulation from CUORE-0 data

only identified contributors:  
TeO2 and CuNOSV

M. Vignati 

Backgrounds other than αs

• Need CUPID-0 (Zn82Se) and CUORE data to confirm simulations.

• Anyhow, non-α background must be reduced by more than 10x  

‣ Need the development of technologies to measure contaminations 
of candidate materials for detector and cryostat (Copper, teflon…).

‣ Need a muon veto 26
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Conclusions
• CUPID aims at completely covering the inverted hierarchy of ν mass.

• 3 Pilot experiments:

‣ 2016 - Zn82Se, start of data taking end of the year.
‣ 2017 - Li2100MoO4

‣ 2018 - 130TeO2

• Selection of the best technology for CUPID.

• CUPID will start after CUORE, so after 2022-2023.

27

We are open to collaborations, contact us!


