
Future prospects for the CUPID Experiment

T. O’Donnell
Center for Neutrino Physics 

Virginia Tech  

DBD 2018 - Oct 23 2018

 1



Outline

• CUPID Goal: Probing the inverted hierarchy  

• CUORE: Status for TeO2 bolometers 

• Progress of enriched 100Mo bolometers 

• Prospects for enriched 130Te bolometers 

• CUPID Collaboration forming
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Goals for CUPID
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• CUPID: 
CUore Upgrade with Particle ID 

• Fully probe the inverted hierarchy of neutrino masses  

• Baseline target isotope is 100Mo embedded 
in LiMoO4 scintillating bolometers  

• Viable alternative is 130Te embedded in TeO2 
instrumented with advanced cryogenic light detectors

BI (c/kev/kg/yr) T1/2 sensitivity (90% C.L) mbb (meV)

100 Mo <10-4 2x1027 9-15

130Te <10-4 5x1027 6-28

At DNP see:
EN.00009:
Li2MoO4 for 0 decay search in CUPID - The Physics case and current status
B. Schmidt 



CUORE -reminder
• Array of 988  natTeO2 bolometers 

(750kg) 
• Operated as thermal detectors 

(T~10mK) 
• Target isotope 130Te (206kg) 
• Q-value: 2527.5 keV

4 TeO2 crystals per floor

Cu frames

PTFE Spacers

NTD-Ge thermometer

Joule heater
13 floors per tower 19 towers in total

At DNP  see DM.00007) 
Ultralow-Radon Environment for the Installation of the CUORE 0νββ Decay Detector
A. Drobyzhev Oct 25 10.30 am
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Plates:

CUORE Cryogenics

• Capable of cooling detector 
payload down to 7mK 

• Demonstrates it is practical to 
operate tonne-scale detector 
at mK temperatures !

Not shown:

Superinsulation (SI)



CUORE results
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Phys. Rev. Lett. 120, 132501 (2018)

T 0⌫
1/2 > 1.5⇥ 1025yr (90%C.L.)
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Effective resolution (FWHM) @Qbb: 7.7 keV
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CUORE Preliminary

yr⋅Exposure: 86.3 kg

 Reconstructionββν2

Data (M1)

Multiplicity 1 - Inner Layer

T 2⌫
1/2 = (7.9± 0.1(stat)± 0.2(syst.))⇥ 1020yr
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measurement (in preparation)

Preliminary Pre
lim

ina
ry• 2vbb decay signal in inner-most 

towers

See L.A. Winslow’s talk

At DNP see MN.00007 :  
CUORE Measurement of Two-Neutrino Double-Beta Decay 
(C. Davis, Oct 27 3.30pm )

At DNP see EN.00007:  
Neutrinoless Double Beta Decay And Other Rare Event Searches With 
CUORE 
D. Speller , Oct 25 



Interpretation of 0vbb search
• The combined 90% C.L. limit is  

T 0⌫��
1/2 > 1.5⇥ 1025 y

• CUORE sensitivity (5yrs livetime)

T 0⌫��
1/2 = 9.0⇥ 1025y

Eur. Phys. J. C (2017) 77:532

Projected CUORE Sensitivity
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Prospects to explore the inverted hierarchy
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•Requires half-life sensitivity on the 
order of 1027 years ! 

•To do this with  250~500 kg of isotope 
in a reasonable time (10 y) requires 
background free experiment  
(b <  10-4 c/kev/kg/y)
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Fig. 6 Histogram representing the main BI expected for the various components of CUORE. The grey bars indicate 90% C.L.
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Table 8 Main background indexes expected for the various components of CUORE (limits are 90% C.L.).

Region Source
Background Index
[counts/keV/kg/y]

External
Environmental � <3.6⇥10�4

Environmental n (8±6)⇥10�6

Environmental µ (1.0±0.2)⇥10�4

Far

Rods and 300KFlan: natural radioactivity (7±3)⇥10�5

SI : natural radioactivity (2.2±0.4)⇥10�4

ModernPb: natural radioactivity <1.8⇥10�4

RomanPb: natural radioactivity <2.9⇥10�3

CuOFE : natural radioactivity <1.7⇥10�3

Near

TeO2 : cosmogenic activation <6.7⇥10�5

CuNOSV : cosmogenic activation <2.2⇥10�6

CuNOSV : natural radioactivity (8.7±0.3)⇥10�3

TeO2 : natural radioactivity (1.2±0.1)⇥10�3

each pdf is taken as the estimation of the BI and the
RMS is used to compute its statistical uncertainty.
In the adopted procedure, BIHolder is computed under
the hypothesis of neglecting the small parts contribu-
tion to the ROI rate. This assumption, though com-
pletely acceptable in the case of CUORE-0 analysis (see
discussion in Section 5.4), may not be thoroughly valid
in CUORE because of the di↵erent scaling of the ge-
ometrical e�ciencies of CuNOSV and small parts go-

ing from CUORE-0 to CUORE. As a matter of fact,
the various towers of the CUORE detector are facing
the same amount of small parts surface but di↵erent
amounts of CuNOSV surface, depending on their posi-
tion in the array with respect to the CuNOSV thermal
shield of the cryostat. Though small parts contribution
is compatible with zero in the case of CUORE-0 model,
their introduction in CUORE model adds an additional
+15% systematic error to BIHolder. Therefore, the final
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CUORE Background budget   ROI @ 2528 keV

Current CUORE Bkg ~0.01 c/keV/kg/y
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Table 8 Main background indexes expected for the various components of CUORE (limits are 90% C.L.).

Region Source
Background Index
[counts/keV/kg/y]

External
Environmental � <3.6⇥10�4

Environmental n (8±6)⇥10�6

Environmental µ (1.0±0.2)⇥10�4

Far

Rods and 300KFlan: natural radioactivity (7±3)⇥10�5

SI : natural radioactivity (2.2±0.4)⇥10�4

ModernPb: natural radioactivity <1.8⇥10�4

RomanPb: natural radioactivity <2.9⇥10�3

CuOFE : natural radioactivity <1.7⇥10�3

Near

TeO2 : cosmogenic activation <6.7⇥10�5

CuNOSV : cosmogenic activation <2.2⇥10�6

CuNOSV : natural radioactivity (8.7±0.3)⇥10�3

TeO2 : natural radioactivity (1.2±0.1)⇥10�3

each pdf is taken as the estimation of the BI and the
RMS is used to compute its statistical uncertainty.
In the adopted procedure, BIHolder is computed under
the hypothesis of neglecting the small parts contribu-
tion to the ROI rate. This assumption, though com-
pletely acceptable in the case of CUORE-0 analysis (see
discussion in Section 5.4), may not be thoroughly valid
in CUORE because of the di↵erent scaling of the ge-
ometrical e�ciencies of CuNOSV and small parts go-

ing from CUORE-0 to CUORE. As a matter of fact,
the various towers of the CUORE detector are facing
the same amount of small parts surface but di↵erent
amounts of CuNOSV surface, depending on their posi-
tion in the array with respect to the CuNOSV thermal
shield of the cryostat. Though small parts contribution
is compatible with zero in the case of CUORE-0 model,
their introduction in CUORE model adds an additional
+15% systematic error to BIHolder. Therefore, the final
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Goal for CUPID ~ 10-4 c/keV/kg/yr
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Table 8 Main background indexes expected for the various components of CUORE (limits are 90% C.L.).

Region Source
Background Index
[counts/keV/kg/y]

External
Environmental � <3.6⇥10�4

Environmental n (8±6)⇥10�6

Environmental µ (1.0±0.2)⇥10�4

Far

Rods and 300KFlan: natural radioactivity (7±3)⇥10�5

SI : natural radioactivity (2.2±0.4)⇥10�4

ModernPb: natural radioactivity <1.8⇥10�4

RomanPb: natural radioactivity <2.9⇥10�3

CuOFE : natural radioactivity <1.7⇥10�3

Near

TeO2 : cosmogenic activation <6.7⇥10�5

CuNOSV : cosmogenic activation <2.2⇥10�6

CuNOSV : natural radioactivity (8.7±0.3)⇥10�3

TeO2 : natural radioactivity (1.2±0.1)⇥10�3

each pdf is taken as the estimation of the BI and the
RMS is used to compute its statistical uncertainty.
In the adopted procedure, BIHolder is computed under
the hypothesis of neglecting the small parts contribu-
tion to the ROI rate. This assumption, though com-
pletely acceptable in the case of CUORE-0 analysis (see
discussion in Section 5.4), may not be thoroughly valid
in CUORE because of the di↵erent scaling of the ge-
ometrical e�ciencies of CuNOSV and small parts go-

ing from CUORE-0 to CUORE. As a matter of fact,
the various towers of the CUORE detector are facing
the same amount of small parts surface but di↵erent
amounts of CuNOSV surface, depending on their posi-
tion in the array with respect to the CuNOSV thermal
shield of the cryostat. Though small parts contribution
is compatible with zero in the case of CUORE-0 model,
their introduction in CUORE model adds an additional
+15% systematic error to BIHolder. Therefore, the final
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Background from surface alphas are the dominant source
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Table 8 Main background indexes expected for the various components of CUORE (limits are 90% C.L.).

Region Source
Background Index
[counts/keV/kg/y]

External
Environmental � <3.6⇥10�4

Environmental n (8±6)⇥10�6

Environmental µ (1.0±0.2)⇥10�4

Far

Rods and 300KFlan: natural radioactivity (7±3)⇥10�5

SI : natural radioactivity (2.2±0.4)⇥10�4

ModernPb: natural radioactivity <1.8⇥10�4

RomanPb: natural radioactivity <2.9⇥10�3

CuOFE : natural radioactivity <1.7⇥10�3

Near

TeO2 : cosmogenic activation <6.7⇥10�5

CuNOSV : cosmogenic activation <2.2⇥10�6

CuNOSV : natural radioactivity (8.7±0.3)⇥10�3

TeO2 : natural radioactivity (1.2±0.1)⇥10�3

each pdf is taken as the estimation of the BI and the
RMS is used to compute its statistical uncertainty.
In the adopted procedure, BIHolder is computed under
the hypothesis of neglecting the small parts contribu-
tion to the ROI rate. This assumption, though com-
pletely acceptable in the case of CUORE-0 analysis (see
discussion in Section 5.4), may not be thoroughly valid
in CUORE because of the di↵erent scaling of the ge-
ometrical e�ciencies of CuNOSV and small parts go-

ing from CUORE-0 to CUORE. As a matter of fact,
the various towers of the CUORE detector are facing
the same amount of small parts surface but di↵erent
amounts of CuNOSV surface, depending on their posi-
tion in the array with respect to the CuNOSV thermal
shield of the cryostat. Though small parts contribution
is compatible with zero in the case of CUORE-0 model,
their introduction in CUORE model adds an additional
+15% systematic error to BIHolder. Therefore, the final
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CUORE data will help quantify backgrounds that are 
poorly constrained by radio assay measurements  

At DNP see 
FN.00009
Background projections for CUPID
G. Benato 

HA.00109 : 
Tracking Crystal-Based Sources of CUORE Background
B. Daniel 
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Table 8 Main background indexes expected for the various components of CUORE (limits are 90% C.L.).

Region Source
Background Index
[counts/keV/kg/y]

External
Environmental � <3.6⇥10�4

Environmental n (8±6)⇥10�6

Environmental µ (1.0±0.2)⇥10�4

Far

Rods and 300KFlan: natural radioactivity (7±3)⇥10�5

SI : natural radioactivity (2.2±0.4)⇥10�4

ModernPb: natural radioactivity <1.8⇥10�4

RomanPb: natural radioactivity <2.9⇥10�3

CuOFE : natural radioactivity <1.7⇥10�3

Near

TeO2 : cosmogenic activation <6.7⇥10�5

CuNOSV : cosmogenic activation <2.2⇥10�6

CuNOSV : natural radioactivity (8.7±0.3)⇥10�3

TeO2 : natural radioactivity (1.2±0.1)⇥10�3

each pdf is taken as the estimation of the BI and the
RMS is used to compute its statistical uncertainty.
In the adopted procedure, BIHolder is computed under
the hypothesis of neglecting the small parts contribu-
tion to the ROI rate. This assumption, though com-
pletely acceptable in the case of CUORE-0 analysis (see
discussion in Section 5.4), may not be thoroughly valid
in CUORE because of the di↵erent scaling of the ge-
ometrical e�ciencies of CuNOSV and small parts go-

ing from CUORE-0 to CUORE. As a matter of fact,
the various towers of the CUORE detector are facing
the same amount of small parts surface but di↵erent
amounts of CuNOSV surface, depending on their posi-
tion in the array with respect to the CuNOSV thermal
shield of the cryostat. Though small parts contribution
is compatible with zero in the case of CUORE-0 model,
their introduction in CUORE model adds an additional
+15% systematic error to BIHolder. Therefore, the final
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CUORE Background budget   ROI @ 2528 keV
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Table 8 Main background indexes expected for the various components of CUORE (limits are 90% C.L.).

Region Source
Background Index
[counts/keV/kg/y]

External
Environmental � <3.6⇥10�4

Environmental n (8±6)⇥10�6

Environmental µ (1.0±0.2)⇥10�4

Far

Rods and 300KFlan: natural radioactivity (7±3)⇥10�5

SI : natural radioactivity (2.2±0.4)⇥10�4

ModernPb: natural radioactivity <1.8⇥10�4

RomanPb: natural radioactivity <2.9⇥10�3

CuOFE : natural radioactivity <1.7⇥10�3

Near

TeO2 : cosmogenic activation <6.7⇥10�5

CuNOSV : cosmogenic activation <2.2⇥10�6

CuNOSV : natural radioactivity (8.7±0.3)⇥10�3

TeO2 : natural radioactivity (1.2±0.1)⇥10�3

each pdf is taken as the estimation of the BI and the
RMS is used to compute its statistical uncertainty.
In the adopted procedure, BIHolder is computed under
the hypothesis of neglecting the small parts contribu-
tion to the ROI rate. This assumption, though com-
pletely acceptable in the case of CUORE-0 analysis (see
discussion in Section 5.4), may not be thoroughly valid
in CUORE because of the di↵erent scaling of the ge-
ometrical e�ciencies of CuNOSV and small parts go-

ing from CUORE-0 to CUORE. As a matter of fact,
the various towers of the CUORE detector are facing
the same amount of small parts surface but di↵erent
amounts of CuNOSV surface, depending on their posi-
tion in the array with respect to the CuNOSV thermal
shield of the cryostat. Though small parts contribution
is compatible with zero in the case of CUORE-0 model,
their introduction in CUORE model adds an additional
+15% systematic error to BIHolder. Therefore, the final

�14

CUORE-0 Bkg 
Model

HPGe &
 NAA

Fluxes at LNGS

Eur. Phys. J. C (2017) 77:543

�14

Improved materials selection required  for CUPID with 130Te

CUORE Background budget   ROI @ 2528 keV

For higher Q-value isotope  (e.g 100Mo @ 3034keV) β/γ  
background is decreased by ~20 fold



CUPID: CUORE Upgrade with Particle ID

 15

•Dominant background is degraded alphas from 
surface contamination  

Karsten Heeger, Yale University UMass, December 16, 2015 38

• Cherenkov light or scintillation to distinguish α from 
β/γ (130TeO2, Zn82Se, 116CdWO4, and Zn100MoO4)

• More rejection power needed: 99.9% α background 
suppression. Light detector R&D for better 
resolution. 

• Background free search.

116CdWO4

130TeO2

phonon+photon

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

Casali et al
Eur.Phys.J. C75 (2015) 1, 12

Cherenkov signal

scintillation signal

Beyond CUORE: Particle ID with Light Detectors
•Leverage other energy loss mechanisms to tag particle  
type

•Maturing R&D and demonstrator efforts 

Enriched Li100MoO4 scintillating bolometers 

Enriched Zn82Se scintillating bolometers 

Enriched 130TeO2 bolometer with  
Cherenkov readout  
 

Scintillating bolometers

If the absorber is also an efficient scintillator the 
energy is converted into heat + light

Bolometer features: 

 high energy resolution O(1/1000) 

 wide choice of compound 130TeO2, Li2100MoO4, Zn82Se

 high detection efficiency (source = detector) 

 scalable to large masses 

 particle ID
A background-free experiment is possible: 
α-background: identification and rejection 

β/γ-background: ββ isotope with large Q-value

A bolometer is a highly sensitive calorimeter 
operated @ cryogenic temperature (~10 mK). 

Energy deposits are measured as temperature 
variations of the absorber.

 7

Fig. from L. Pattivina



CUPID: Li2100MoO4

• 100 Mo is an excellent choice for scintillating bolometer 0vbb search  

• Q-value: 3034 keV  

• Natural abundance: 9.7%,  enrichment to ~97% is demonstrated 

• Seminal R&D from Lumineu project  

• Possible to grow large, high purity, high optical quality LMO crystals and operate 
as scintillating bolometers 

• Vendors capable of growing high-quality LMO identified in Russia, US, China and 
France
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Fig. 1 Photographs of the first large-mass 100Mo-enriched scintilla-
tors: the ∼ 1.4 kg Zn100MoO4 crystal boule with the cut ∼ 0.38 kg
scintillation element enrZMO-t (top panels), and the ∼ 0.5 kg boule of
Li100

2 MoO4 crystal with the produced ∼ 0.2 kg sample enrLMO-t (bot-

tom panels). Both scintillation elements were cut from the top part of
the boules. Color and transparency of the enrZMO-t crystal are different
from the ones of the boule due to artificial light source and grinded side
surface. The photo on the top left panel is reprinted from [37]

Table 1 Zinc and lithium molybdate crystal scintillators grown by the
LTG Cz method from molybdenum with natural isotopic composition
and enriched in 100Mo. The molybdenum compound has been purified
by single or double sublimation with subsequent double recrystalliza-
tion in aqueous solutions. A Li2CO3 compound supplied by NRMP (see
text) was used to produce all Li-containing scintillators, except LMO-3

(produced from Alfa Aesar Li2CO3). The position in the crystal boule
is given for those samples cut from the same boule. The crystal ID is
represented by the abbreviation of the chemical compound with an extra
“enr” to mark enriched samples and/or “t” or “b” to indicate the position
in the boule and a number to distinguish boules of the same material

Scintillator Molybdenum sublimation Boule crystallization Crystal ID Position in boule Size (⊘ × h mm) Mass (g)

ZnMoO4 Single Double ZMO-t Top 50 × 40 336

ZMO-b Bottom 50 × 40 334

Zn100MoO4 Double Single enrZMO-t Top 60 × 40 379

enrZMO-b Bottom 60 × 40 382

Li2MoO4 Single Single LMO-1 – 40 × 40 151

Single Double LMO-2 – 50 × 40 241

Single Single LMO-3 – 50 × 40 242

Li100
2 MoO4 Double Triple enrLMO-t Top 44 × 40 186

enrLMO-b Bottom 44 × 44 204

Double Double enrLMO-2t Top 44 × 46 213

enrLMO-2b Bottom 44 × 44 207

123

0.2 kg LMO scintillating bolometer

Eur. Phys. J. C (2017) 77:785
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Table 3 The main construction elements of 100Mo-containing heat
detectors studied in the present work. Their IDs coincide with the scin-
tillation crystal IDs defined above. Three types of reflectors were used:
Radiant Mirror Film (RMF) VM2000/VM2002 and Enhanced Specular

Reflector (ESR) film by 3M™and a thin silver layer (Ag) deposited on
the holder. The masses of all used NTD sensors are ≈ 50 mg. The
enrZMO-t, enrZMO-b, and LMO-2 detectors were also equipped with
a smeared 238U α source

Standard Heat detector ID Support Reflector NTD sensor type

Copper PTFE No. 1 No. 2

LUMINEU ZMO-t Holder L- and S-shaped RMF HR HR

ZMO-b HR LR

LMO-1 LR –

LMO-3 Ag LR –

LUMINEU (tower) ZMO-b Holder L- and S-shaped ESR LR –

enrLMO-t LR –

LUCIFER enrZMO-t Plate, columns S-shaped ESR LR LR

enrZMO-b LR LR

LMO-2 LR LR

enrLMO-b HR HR

Fig. 2 Photographs of a three-spring suspended tower (first col-
umn) and two LUMINEU scintillating bolometers (second column):
the 334 g ZnMoO4 (top photo; ZMO-b, ⊘50 × 40 mm) and the
186 g Li100

2 MoO4 (bottom photo; enrLMO-t, ⊘44×40 mm) bolometers

together with two identical ⊘44-mm Ge light detectors (third column).
A third detector of the tower (bottom in the left photo, not shown in
details) is a 0.2 kg Ge bolometer

ically injected by a pulser system to stabilize the bolometer
response over temperature fluctuations [56,57].

The detectors were assembled according to either
LUMINEU or LUCIFER standard schemes (see Table 3).
The mechanical structure and the optical coupling to the crys-
tal scintillators are designed to optimize the heat flow through
the sensors and to maximize the light collection. The stan-

dard adopted by LUMINEU for the EDELWEISS-III set-up
implies the use of a dedicated copper holder where the crys-
tal scintillator is fixed by means of L- and S-shaped PTFE
clamps [35–37]. The holder is completely covered internally
by a reflector to improve the scintillation-light collection. For
the prototype of the LUMINEU suspended tower, shown in
Fig. 2, the holders were slightly modified to make the array

123

Main crystal, Ge wafer cryogenic light detector 
readout by NTDs 
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Table 3 The main construction elements of 100Mo-containing heat
detectors studied in the present work. Their IDs coincide with the scin-
tillation crystal IDs defined above. Three types of reflectors were used:
Radiant Mirror Film (RMF) VM2000/VM2002 and Enhanced Specular

Reflector (ESR) film by 3M™and a thin silver layer (Ag) deposited on
the holder. The masses of all used NTD sensors are ≈ 50 mg. The
enrZMO-t, enrZMO-b, and LMO-2 detectors were also equipped with
a smeared 238U α source

Standard Heat detector ID Support Reflector NTD sensor type

Copper PTFE No. 1 No. 2

LUMINEU ZMO-t Holder L- and S-shaped RMF HR HR

ZMO-b HR LR

LMO-1 LR –

LMO-3 Ag LR –

LUMINEU (tower) ZMO-b Holder L- and S-shaped ESR LR –

enrLMO-t LR –

LUCIFER enrZMO-t Plate, columns S-shaped ESR LR LR

enrZMO-b LR LR

LMO-2 LR LR

enrLMO-b HR HR

Fig. 2 Photographs of a three-spring suspended tower (first col-
umn) and two LUMINEU scintillating bolometers (second column):
the 334 g ZnMoO4 (top photo; ZMO-b, ⊘50 × 40 mm) and the
186 g Li100

2 MoO4 (bottom photo; enrLMO-t, ⊘44×40 mm) bolometers

together with two identical ⊘44-mm Ge light detectors (third column).
A third detector of the tower (bottom in the left photo, not shown in
details) is a 0.2 kg Ge bolometer

ically injected by a pulser system to stabilize the bolometer
response over temperature fluctuations [56,57].

The detectors were assembled according to either
LUMINEU or LUCIFER standard schemes (see Table 3).
The mechanical structure and the optical coupling to the crys-
tal scintillators are designed to optimize the heat flow through
the sensors and to maximize the light collection. The stan-

dard adopted by LUMINEU for the EDELWEISS-III set-up
implies the use of a dedicated copper holder where the crys-
tal scintillator is fixed by means of L- and S-shaped PTFE
clamps [35–37]. The holder is completely covered internally
by a reflector to improve the scintillation-light collection. For
the prototype of the LUMINEU suspended tower, shown in
Fig. 2, the holders were slightly modified to make the array
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• LMO alpha/beta discrimination using heat and light signals
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CUPID: Li2100MoO4

• Energy resolution demonstrated to be 5~6 keV FWHM 

• Current limits on internal radio purity are compatible with requirements

• A pilot 2β experiment with four 0.2-kg Li2
100MoO4 cryogenic detectors.

The results of the LUMINEU R&D demonstrated that the crystallization technology is mature for a mass production
of large (up to ⊘4.5 × 15 cm or ⊘6 × 10 cm), perfect optical quality, highly radiopure Li2

100MoO4 scintillators and
that the bolometric technology is well reproducible in terms of high detector’s performance (e.g. see in Table 1 and
Figure 1), which altogether completely satisfies the LUMINEU specifications.

TABLE 1. Performance and radiopurity of four Li2
100MoO4 scintillating bolometers tested at 17 mK in the EDELWEISS set-up

at the Modane underground laboratory (LSM, France). The energy resolution (FWHM) is measured at 2615 keV γ quanta of
208Tl during a 232Th calibration. The light yield for γ(β)’s (LYγ(β)) and the α/γ(β) separation efficiency are extracted from an
AmBe calibration data (the 2.5–3.5 MeV γ(β)’s and α+t events with ∼5.1 MeV electron-equivalent energy caused by 6Li(n,t)α
reaction were used). The radioactive contamination is estimated from the analysis of the energy spectra of α events accumulated
in the background measurements. The performed analysis is similar to the one described in detail in [7].

Detector’s Crystal’s FWHM (keV) LYγ(β) α/γ(β) Separation Activity (µBq/kg)
ID mass (g) at 2615 keV (keV/MeV) above 2.5 MeV 228Th 226Ra 210Po

enrLMO-1 186 5.8(6) 0.41 9σ ≤4 ≤6 450(30)
enrLMO-2 204 5.7(6) 0.38 9σ ≤6 ≤11 200(20)
enrLMO-3 213 5.5(5) 0.73 14σ ≤3 ≤3 76(10)
enrLMO-4 207 5.7(6) 0.74 14σ ≤5 ≤9 20(6)
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FIGURE 1. Left panel: The energy spectra of the 232Th source and the dependence of FWHM energy resolution measured by a
single 0.2 kg Li2

100MoO4 module and four-bolometer array operated at LNGS (12 mK; [7]) and LSM (17 mK), respectively. The
expected resolution at Qββ of 100Mo is ∼5–6 keV FWHM shown as an open circle and an open square with error bars according to
the fits to the LNGS and LSM data respectively. Right panel: The scatter-plots of light yield vs. heat energy of the AmBe data (290
h) of the enrLMO-2 and enrLMO-4 detectors operated at LSM without and with a reflecting film, respectively.

INVESTIGATION OF 2β DECAY OF 100Mo

The LUMINEU pilot 2β experiment was able to perform a precise investigation of the two neutrino double-beta decay
of 100Mo, as it is illustrated in Figure 2 (left). The analysis is similar to the one described in [7]. The half-life value
is derived with the best up to-date accuracy (see Table 2). Figure 2 (right) shows a few events registered above the
2615 keV peak with an average rate 1.1(2) cpd/kg, but no events are observed in the 200-keV-wide energy interval

centered at Qββ of 100Mo. Thus, we set a lower half-life limit T
0ν2β
1/2
≥ 0.7×1023 yr at 90% C.L. which is about one

order of magnitude weaker than the NEMO-3 result (T
0ν2β
1/2
≥ 1.1× 1024 yr at 90% C.L. [9]), but it is achieved over an

exposure of 100Mo shorter by a factor 600 (0.06 vs. 34.3 kg×yr).

• A pilot 2β experiment with four 0.2-kg Li2
100MoO4 cryogenic detectors.

The results of the LUMINEU R&D demonstrated that the crystallization technology is mature for a mass production
of large (up to ⊘4.5 × 15 cm or ⊘6 × 10 cm), perfect optical quality, highly radiopure Li2

100MoO4 scintillators and
that the bolometric technology is well reproducible in terms of high detector’s performance (e.g. see in Table 1 and
Figure 1), which altogether completely satisfies the LUMINEU specifications.

TABLE 1. Performance and radiopurity of four Li2
100MoO4 scintillating bolometers tested at 17 mK in the EDELWEISS set-up

at the Modane underground laboratory (LSM, France). The energy resolution (FWHM) is measured at 2615 keV γ quanta of
208Tl during a 232Th calibration. The light yield for γ(β)’s (LYγ(β)) and the α/γ(β) separation efficiency are extracted from an
AmBe calibration data (the 2.5–3.5 MeV γ(β)’s and α+t events with ∼5.1 MeV electron-equivalent energy caused by 6Li(n,t)α
reaction were used). The radioactive contamination is estimated from the analysis of the energy spectra of α events accumulated
in the background measurements. The performed analysis is similar to the one described in detail in [7].

Detector’s Crystal’s FWHM (keV) LYγ(β) α/γ(β) Separation Activity (µBq/kg)
ID mass (g) at 2615 keV (keV/MeV) above 2.5 MeV 228Th 226Ra 210Po

enrLMO-1 186 5.8(6) 0.41 9σ ≤4 ≤6 450(30)
enrLMO-2 204 5.7(6) 0.38 9σ ≤6 ≤11 200(20)
enrLMO-3 213 5.5(5) 0.73 14σ ≤3 ≤3 76(10)
enrLMO-4 207 5.7(6) 0.74 14σ ≤5 ≤9 20(6)
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FIGURE 1. Left panel: The energy spectra of the 232Th source and the dependence of FWHM energy resolution measured by a
single 0.2 kg Li2

100MoO4 module and four-bolometer array operated at LNGS (12 mK; [7]) and LSM (17 mK), respectively. The
expected resolution at Qββ of 100Mo is ∼5–6 keV FWHM shown as an open circle and an open square with error bars according to
the fits to the LNGS and LSM data respectively. Right panel: The scatter-plots of light yield vs. heat energy of the AmBe data (290
h) of the enrLMO-2 and enrLMO-4 detectors operated at LSM without and with a reflecting film, respectively.

INVESTIGATION OF 2β DECAY OF 100Mo

The LUMINEU pilot 2β experiment was able to perform a precise investigation of the two neutrino double-beta decay
of 100Mo, as it is illustrated in Figure 2 (left). The analysis is similar to the one described in [7]. The half-life value
is derived with the best up to-date accuracy (see Table 2). Figure 2 (right) shows a few events registered above the
2615 keV peak with an average rate 1.1(2) cpd/kg, but no events are observed in the 200-keV-wide energy interval

centered at Qββ of 100Mo. Thus, we set a lower half-life limit T
0ν2β
1/2
≥ 0.7×1023 yr at 90% C.L. which is about one

order of magnitude weaker than the NEMO-3 result (T
0ν2β
1/2
≥ 1.1× 1024 yr at 90% C.L. [9]), but it is achieved over an

exposure of 100Mo shorter by a factor 600 (0.06 vs. 34.3 kg×yr).
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FIGURE 2. Left panel: The background energy spectrum of γ(β) events accumulated by an array of four 0.2 kg Li2
100MoO4

scintillating bolometers over 0.04 kg×yr of 100Mo exposure in the EDELWEISS set-up. The data are fitted by a simple model
constructed from a distribution of the 2ν2β decay of 100Mo (2ν2β), a bulk / external 40K (int / ext 40K), an external 232Th (ext 232Th)
and an exponential function to describe other contribution of γ quanta from a residual pollution of the set-up (ext γ). Right panel:
The energy spectrum of γ(β) events in the vicinity of 0ν2β decay of 100Mo extracted from the background measurements with
0.2 kg Li2

100MoO4 cryogenic detectors (0.06 kg×yr of 100Mo) operated in the EDELWEISS set-up.

TABLE 2. The most precise half-lives of 2ν2β decay of 100Mo (g.s.→g.s.) and the signal-to-background ratio (S/B) achieved by
means of a passive and an active ββ source techniques. Other results can be found in [11].

T
2ν2β
1/2 (1018 yr) S/B Experiment ββ Source 100Mo exposure Year [Ref.]

7.11±0.02(stat)±0.54(syst) 40 NEMO-3 100Mo foils 7.37 kg×yr 2005 [10]
6.92±0.06(stat)±0.36(syst) 10 LUMINEU Li2

100MoO4 bol. 0.04 kg×yr 2017 [This work]

CUPID-0/Mo 2β EXPERIMENT

Taking into account the achievements of the LUMINEU project, an extension of the LUMINEU pilot experiment to
a CUPID demonstrator based on Li2

100MoO4 scintillating bolometers (CUPID-0/Mo) is in preparation. According to
the availability of ∼7 kg of 100Mo-enriched molybdenum and the cryogenic set-up(s) able to host the LUMINEU-like
modules, the CUPID-0/Mo project is planned to be realized in two phases:

• Twenty Li2
100MoO4 crystals (⊘44 × 45 mm, ∼0.2 kg each; 2.34 kg of 100Mo) to be operated as scintillating

bolometers in five towers inside the EDELWEISS set-up (LSM, France) by the end of 2017.
• Additional twenty similar-size Li2

100MoO4-based detectors ready to be operated in a complementary set-up1,
e.g. CUPID-0 (LNGS, Italy), in the middle of 2018.

As one can see in Table 3, the sensitivity of the considered CUPID-0/Mo configurations would be compara-
ble with the most stringent constraints on the effective Majorana neutrino mass (0.06–0.6 eV) derived from the
results of the most sensitive 0ν2β experiments [1, 2], for which a typical exposure is tens–hundreds kg×yr of iso-
tope of interest. It should be noted that the sensitivity of the CUPID-0/Mo Phase I remains substantially unaf-
fected even with an order of magnitude worse projected background (10−2 counts/yr/kg/keV), which is similar to
the 0.06±0.03 counts/yr/kg/keV measured in the 2.8–3.6 MeV energy interval by the LUMINEU pilot 2β experi-
ment2. So, in spite of the considerably small scale of the CUPID-0/Mo experiment, this search would be among the
leading ones in the field.

1In principle, the experimental volume of the EDELWEISS set-up is able to host also these additional 20 detectors, however a part of the cryostat
is going to be dedicated to the EDELWEISS low mass WIMPs search program [12].

2The observed events above 2.65 MeV (see Figure 2) could be explained by pile-ups of γ cascade from 208Tl decays nearby the detectors and/or
muon-induced events [7]. Therefore, we are going to improve the present background by removing identified Th contaminated elements and using
an available muon veto with a 98% coverage.
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FIGURE 2. Left panel: The background energy spectrum of γ(β) events accumulated by an array of four 0.2 kg Li2
100MoO4

scintillating bolometers over 0.04 kg×yr of 100Mo exposure in the EDELWEISS set-up. The data are fitted by a simple model
constructed from a distribution of the 2ν2β decay of 100Mo (2ν2β), a bulk / external 40K (int / ext 40K), an external 232Th (ext 232Th)
and an exponential function to describe other contribution of γ quanta from a residual pollution of the set-up (ext γ). Right panel:
The energy spectrum of γ(β) events in the vicinity of 0ν2β decay of 100Mo extracted from the background measurements with
0.2 kg Li2

100MoO4 cryogenic detectors (0.06 kg×yr of 100Mo) operated in the EDELWEISS set-up.

TABLE 2. The most precise half-lives of 2ν2β decay of 100Mo (g.s.→g.s.) and the signal-to-background ratio (S/B) achieved by
means of a passive and an active ββ source techniques. Other results can be found in [11].

T
2ν2β
1/2 (1018 yr) S/B Experiment ββ Source 100Mo exposure Year [Ref.]

7.11±0.02(stat)±0.54(syst) 40 NEMO-3 100Mo foils 7.37 kg×yr 2005 [10]
6.92±0.06(stat)±0.36(syst) 10 LUMINEU Li2

100MoO4 bol. 0.04 kg×yr 2017 [This work]

CUPID-0/Mo 2β EXPERIMENT

Taking into account the achievements of the LUMINEU project, an extension of the LUMINEU pilot experiment to
a CUPID demonstrator based on Li2

100MoO4 scintillating bolometers (CUPID-0/Mo) is in preparation. According to
the availability of ∼7 kg of 100Mo-enriched molybdenum and the cryogenic set-up(s) able to host the LUMINEU-like
modules, the CUPID-0/Mo project is planned to be realized in two phases:

• Twenty Li2
100MoO4 crystals (⊘44 × 45 mm, ∼0.2 kg each; 2.34 kg of 100Mo) to be operated as scintillating

bolometers in five towers inside the EDELWEISS set-up (LSM, France) by the end of 2017.
• Additional twenty similar-size Li2

100MoO4-based detectors ready to be operated in a complementary set-up1,
e.g. CUPID-0 (LNGS, Italy), in the middle of 2018.

As one can see in Table 3, the sensitivity of the considered CUPID-0/Mo configurations would be compara-
ble with the most stringent constraints on the effective Majorana neutrino mass (0.06–0.6 eV) derived from the
results of the most sensitive 0ν2β experiments [1, 2], for which a typical exposure is tens–hundreds kg×yr of iso-
tope of interest. It should be noted that the sensitivity of the CUPID-0/Mo Phase I remains substantially unaf-
fected even with an order of magnitude worse projected background (10−2 counts/yr/kg/keV), which is similar to
the 0.06±0.03 counts/yr/kg/keV measured in the 2.8–3.6 MeV energy interval by the LUMINEU pilot 2β experi-
ment2. So, in spite of the considerably small scale of the CUPID-0/Mo experiment, this search would be among the
leading ones in the field.

1In principle, the experimental volume of the EDELWEISS set-up is able to host also these additional 20 detectors, however a part of the cryostat
is going to be dedicated to the EDELWEISS low mass WIMPs search program [12].

2The observed events above 2.65 MeV (see Figure 2) could be explained by pile-ups of γ cascade from 208Tl decays nearby the detectors and/or
muon-induced events [7]. Therefore, we are going to improve the present background by removing identified Th contaminated elements and using
an available muon veto with a 98% coverage.
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• BB-decay results from Lumineu

• A pilot 2β experiment with four 0.2-kg Li2
100MoO4 cryogenic detectors.

The results of the LUMINEU R&D demonstrated that the crystallization technology is mature for a mass production
of large (up to ⊘4.5 × 15 cm or ⊘6 × 10 cm), perfect optical quality, highly radiopure Li2

100MoO4 scintillators and
that the bolometric technology is well reproducible in terms of high detector’s performance (e.g. see in Table 1 and
Figure 1), which altogether completely satisfies the LUMINEU specifications.

TABLE 1. Performance and radiopurity of four Li2
100MoO4 scintillating bolometers tested at 17 mK in the EDELWEISS set-up

at the Modane underground laboratory (LSM, France). The energy resolution (FWHM) is measured at 2615 keV γ quanta of
208Tl during a 232Th calibration. The light yield for γ(β)’s (LYγ(β)) and the α/γ(β) separation efficiency are extracted from an
AmBe calibration data (the 2.5–3.5 MeV γ(β)’s and α+t events with ∼5.1 MeV electron-equivalent energy caused by 6Li(n,t)α
reaction were used). The radioactive contamination is estimated from the analysis of the energy spectra of α events accumulated
in the background measurements. The performed analysis is similar to the one described in detail in [7].

Detector’s Crystal’s FWHM (keV) LYγ(β) α/γ(β) Separation Activity (µBq/kg)
ID mass (g) at 2615 keV (keV/MeV) above 2.5 MeV 228Th 226Ra 210Po

enrLMO-1 186 5.8(6) 0.41 9σ ≤4 ≤6 450(30)
enrLMO-2 204 5.7(6) 0.38 9σ ≤6 ≤11 200(20)
enrLMO-3 213 5.5(5) 0.73 14σ ≤3 ≤3 76(10)
enrLMO-4 207 5.7(6) 0.74 14σ ≤5 ≤9 20(6)
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FIGURE 1. Left panel: The energy spectra of the 232Th source and the dependence of FWHM energy resolution measured by a
single 0.2 kg Li2

100MoO4 module and four-bolometer array operated at LNGS (12 mK; [7]) and LSM (17 mK), respectively. The
expected resolution at Qββ of 100Mo is ∼5–6 keV FWHM shown as an open circle and an open square with error bars according to
the fits to the LNGS and LSM data respectively. Right panel: The scatter-plots of light yield vs. heat energy of the AmBe data (290
h) of the enrLMO-2 and enrLMO-4 detectors operated at LSM without and with a reflecting film, respectively.

INVESTIGATION OF 2β DECAY OF 100Mo

The LUMINEU pilot 2β experiment was able to perform a precise investigation of the two neutrino double-beta decay
of 100Mo, as it is illustrated in Figure 2 (left). The analysis is similar to the one described in [7]. The half-life value
is derived with the best up to-date accuracy (see Table 2). Figure 2 (right) shows a few events registered above the
2615 keV peak with an average rate 1.1(2) cpd/kg, but no events are observed in the 200-keV-wide energy interval

centered at Qββ of 100Mo. Thus, we set a lower half-life limit T
0ν2β
1/2
≥ 0.7×1023 yr at 90% C.L. which is about one

order of magnitude weaker than the NEMO-3 result (T
0ν2β
1/2
≥ 1.1× 1024 yr at 90% C.L. [9]), but it is achieved over an

exposure of 100Mo shorter by a factor 600 (0.06 vs. 34.3 kg×yr).

0.06 kgxyr0.04 kgxyr

T 2⌫
1/2 = (6.92± 0.06(stat)± 0.36(syst.))⇥ 1018yr
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CUPID-Mo Demonstrators
• Phase 1: Array of 20 enriched 0.2 kg Li2100MoO4 crystals operated a Lumineu-style scintillating 

bolometers (LMO) 

• Deployed in the Edelweiss cryogenic setup at Modane lab 

• Goal is an extended run to confirm LMO operation and reach higher-sensitivity on internal radio 
purity  

• Currently running at Modane Underground lab 

• Phase 2: Additional 20 modules to be deployed in the CUPID-0 R&D cryostat at LNGS 

Figs courtesy of 
CUPID-Mo 
collaboration



CUPID-Mo Demonstrators

TABLE 3. The CUPID-0/Mo sensitivity (90% C.L.) to the 0ν2β decay half-life of 100Mo for different config-
urations of the experiment. Assumed background is 10−3 counts/yr/kg/keV in 10 keV window centered at Qββ
of 100Mo (73% of decays); the efficiency of the pulse shape discrimination is set to be 95% [7]. The recent
calculations of a phase-space factor [13, 14], the nuclear matrix elements [15, 16], and an axial-vector coupling

constant equal to 1.269 are used to estimate the sensitivity to the effective Majorana neutrino mass
〈

mββ
〉

.

CUPID-0/Mo configuration Exposure (kg×yr of 100Mo) limT
0ν2β
1/2

(yr) lim
〈

mββ
〉

(eV)

(1) 20×0.5 crystal×yr 1.2 1.3×1024 0.33–0.56
(2) 20×1.5 crystal×yr 3.5 4.0×1024 0.19–0.32
(3) 40×3.0 crystal×yr 14 1.5×1025 0.10–0.17

CONCLUSIONS

A production line of large, optical quality, radiopure 100Mo-enriched Li2
100MoO4 crystal scintillators and their high

performance as scintillating bolometers have been established within the LUMINEU project. A reasonably high sen-
sitivity to the 0ν2β and the most precise half-life value for the 2ν2β decay of 100Mo (g.s. to g.s. transitions) have been
achieved in a pilot LUMINEU 2β experiment over only ≈0.1 kg×yr exposure of four 0.2 kg Li2

100MoO4 detectors
array operated inside the EDELWEISS set-up in the Modane underground laboratory (France). A successful accom-
plishment of the LUMINEU project triggered its extension to CUPID-0/Mo 2β experiment aiming at operating forty
0.2-kg Li2

100MoO4 scintillating bolometers. The start of data taking with 20 detectors is foreseen in the EDELWEISS
set-up by the end of 2017. The main CUPID-0/Mo goal is to demonstrate zero-background conditions in the vicinity
of the expected 100Mo 0ν2β decay peak and therefore to prove the viability of the LUMINEU technology for CUPID
project, a ton-scale bolometric 0ν2β experiment.
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CUPID: Zn82Se

• 82 Se embedded in ZnSe scintillating bolometers 

• Q-value:  2998 keV  

• CUPID-0 Se demonstrator now operating at LNGS See L. M. Pattivina’s talkCUPID-0
CUPID-0 is the first array of scintillating bolometers 

for the investigation of 82Se 0νββ

30 cm

•  82Se Q-value 2998 keV 

•  95% enriched Zn82Se bolometers 

•  26 bolometers (24 enr + 2 nat) arranged in 5 towers 
•  10.5 kg of ZnSe 
•  5.17 kg of 82Se -> Nββ = 3.8x1025 ββ nuclei 

•  LD: Ge wafer operated as bolometer 

•  Simplest modular detector ➜ scale up 
•  Copper structure (ElectroToughPitch) 
•  PTFE holders  
•  Light Reflector (VIKUITI 3M)
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for the investigation of 82Se 0νββ
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Cu ~22% - PTFE/Vik. ~0.1% - ZnSe+Ge ~78%

CUPID-0 Coll., Eur. Phys. J. C (2018) 78:428.
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CUPID: Zn82Se

• Light detector: Ge-wafer bolometer readout with  
NTDs

See L. M. Pattivina’s talkCUPID-0 Light Detectors

CUPID-0 has 31 LDs

•  Well established technology for bolometric LDs  
•  Ge disk 44.5 x 0.17 mm 
•  Ge-NTD thermal sensor 2x1.5x3 mm3 
•  Si-heater for gain drift corrections 

•  One face coated with 60 nm SiO2  
•  Light collection enhancement ~50% 

•  Performance are crucial for background 
suppression 

•  Light vs Heat: α leakage in β/γ ROI band 
•  PSA of Light: highly efficient PID
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Background data selection

T1/2(82Se ➜82Kr) > 4.0·1024 yr @ 90C.L.

NEMO3 measurement 3.6·1023 yr @ 90C.L.
 A. S. Barabash and V. B. Brudanin, NEMO, Phys.Atom.Nucl.74, 312 (2011),

mββ < (290-596)1 meV

UEML Simultaneous fit over the datasets

Exposure: 5.46 kg·y of ZnSe 

Energy resolution in ROI: 23.0±0.6 keV 
Total signal efficiency: 75±2%

(εntrigger  + εsignal + εββ)
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CUPID: TeO2 prospects

•As proposed in EPJC65 (2010) 359 exploit  Cherenkov emission to tag 
beta/gamma events vs alpha events

360 Eur. Phys. J. C (2010) 65: 359–361

the energy of the expected neutrinoless double beta decay
transition can be ascribed to energy-degarded alpha events
and 1/3 to gamma rays from the radioactive contaminants
in the cryostat materials. In CUORE, the background is ex-
pected to be dominated by alpha events, while the gamma
contribution to the background will be reduced to a negli-
gible level, through an improved design of passive shields
inside the cryostat [2].

Several approaches for active background reduction
against alpha events have been proposed, based on the anti-
coincidence of nearby crystals or on the use of designated
veto Si bolometers mounted on the TeO2 surfaces [4, 5]. Al-
ternatively, a dual readout approach based on the simultane-
ous measurement of the bolometric signals and of the scin-
tillation light has been advocated, with applications both in
double beta decay and in Dark Matter searches [6–10]. The
rationale of this technique is that the scintillation light due
to heavy particles is strongly quenched and the measure-
ment of the ratio of the emitted light over the energy dissi-
pated in heat allows one for signal-background discrimina-
tion. While recent results in this direction are encouraging
on some crystals [11, 12], this approach is only limited to
materials that exhibit some scintillation property. The ex-
ploitation of this techniques with TeO2 is frustrated by the
low luminescence of this crystal, which is also critically
dependent on the quality of the crystal growth and on the
choice of suitable dopants. In spite of these difficulties, the
interest of the potential application has prompted for some
dedicated R&D efforts [13–16]. As an alternative to these
efforts, we suggest that standard TeO2 crystals have suitable
optical properties to act as excellent Cerenkov radiator. At
variance with scintillation properties, the optical parameters
are less dependent on crystal growth conditions. As we show
in the next section, the Cerenkov light emitted by fast elec-
trons can be exploited to efficiently tag double beta decay
events against the alpha background.

3 The Cerenkov yield
from neutrinoless double beta decay
of 130Te in TeO2 crystals

TeO2 is a clear crystal, transparent to light from about
350 nm to the infrared region, and it has index of refrac-
tion of about n = 2.4 [17], corresponding to a threshold for
Cerenkov emission of about 50 keV for electrons and about
400 MeV for alpha particles. Thus, at variance with scin-
tillation, no Cerenkov emission is expected form the alpha
background and a positive tag of a double beta decay with
full background rejection could be achieved, ideally, even
upon the detection of one single Cerenkov photon.

This consideration, though still qualitative, open new al-
leys to dual readout approaches in bolometric experiments,

making compounds with null or weak scintillation poten-
tially as attractive as scintillators. In case of pure Cerenkov
radiators the signature would be clean; in case of weak scin-
tillators, such as TeO2, time and spectral properties of the
Cerenkov emission can be exploited to select Cerenkov pho-
tons at readout. Less aggressively, Cerenkov emission can
be considered as supplementary to scintillation to improve
signal to background discrimination.

A quantitative estimate of the Cerenkov yield from the
two electrons emitted in the neutrinoless double beta decay
of 130Te has been derived from the above-mentioned optical
properties of the crystal and from electron range tables for a
6 g/cm3 density TeO2 crystal [19]. The energy spectrum of
the two electrons in the pair has been simulated according
to the parametrisation dN/dTe ∝ (Te + 1)2(Q + 1 − Te)

2,
where Te is the kinetic energy of the electron and Q is the
transition energy [20]. From the above, we calculate that
the two electrons emit in total along their range about 125
Cerenkov photons in an energy interval from 2 eV (about
600 nm) to 3.5 eV (about 350 nm). This emission corre-
sponds to an energy efficiency of about 140 eV/MeV, about
two order of magnitude larger than the observed emission
from alpha particles in TeO2 crystals [13], though the lat-
ter results are not corrected for detection efficiency. Fluc-
tuations around the above value are expected from Poisson
statistics and from the sharing of the energy between the two
electrons. As we show in Fig. 1, the Cerenkov yields from
the sum of the two electrons is practically independent of the
energy sharing between the two electrons. The relative yield
increases by less than about 10%, when one of the electrons
takes the entire decay energy. This figure is comparable or

Fig. 1 Calculated Cerenkov yield from 350 nm to 600 nm in TeO2 as
a function of the kinetic energy of one of the two electrons emitted in
the ββ-decay of 130Te. The three curves show the yield associated to
that electron (full dots), the yield of the other electron (open dots) and
the total yield from the sum of the two electrons (squares)

Expected (theory) Cherenkov Yield

e-1 + e-2
e-1

e-2
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•Challenge: very low light emission (~100 eV) vs a few keV of light in 
scintillating bolometers

•Ge cryogenic light 
detector

EPJC 75 12 (2015)

•EPJC 65 (2010) 359

At DNP see DM.00009:  
Measurements of Light Emissions in TeO2 Crystals  
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•R&D to discriminate electron/alpha events based on Cherenkov light 
emission in TeO2 is yielding positive results  

•Low threshold bolometric light detectors are steadily improving, exploiting  
Neganov-Luke amplification 

L. Berge et al. Phys. Rev. C 97 032501 2018 
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CUPID: TeO2 prospects

•Light detector thermometry can be  
done with standard NTD  

•Other light detector readout schemes 
 TES and KIDs are being investigated

Fig. Courtesy of Andrea Giuliani,  
CSNSM, Saclay 



•R&D to discriminate electron/alpha events based on Cherenkov light 
emission in TeO2 is yielding positive results  

•Low threshold bolometric light detectors are steadily improving exploiting  
Neganov-Luke amplification 
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FIG. 2. Left panel: scatter plots of the heat-vs.-light signals in the measurements with a 784-g TeO2 bolometer in coincidence
with a Neganov-Luke Ge light detector operated respectively as a standard light detector (0 V electrode bias – Top figure)
and in a signal-amplification regime (60 V electrode bias – Bottom figure). The TeO2 detector was irradiated by γ quanta
from a 232Th source and α particles from a partially-smeared 210Po source. Heater events were used for the thermal response
stabilization. Right panel: projections onto the y-axis of the events marked in red in the left panel, for 0 V (Top figure)
and 60 V (Bottom figure) electrode bias respectively. The light signal distributions are fitted with Gaussian functions. The
discrimination power (see text) between α and γ events is 3.17.

and the light signals associated to the TeO2 out-coming
light. If a voltage potential is applied between two
nearby electrodes of the light detector (Neganov-Luke
mode), an electric field develops within the germanium
wafer. When photons are absorbed by germanium, elec-
trons and holes are created and drifted by the electric
field towards the electrodes. Eventually, additional heat
is released in the wafer because of the charge motion,
magnifying the detector heat signal. A more detailed
description of the Neganov-Luke-assisted light detector
can be found in Ref. [15]. The TeO2 crystal was also
supplied with an epoxy-glued Si:P-based heater, through
which a constant energy was injected periodically to pro-
vide an off-line stabilisation of the detector response [16].

The detector was operated inside the EDELWEISS set-
up in LSM (Laboratoire Souterrain de Modane, France)
and ran at 17 mK. The details about the cryogenic fa-
cility, the read-out electronics and DAQ can be found in
Refs. [17, 18]. Data processing was performed with an
optimal filter technique [19]. The heat-light coincidences
were treated according to Ref. [20].

This work reports the results of a week-long calibration
measurement with a low activity (∼300 Bq) 232Th source
placed outside the thermal screens of the cryostat. The
energy spectrum of the TeO2 bolometer is shown in Fig. 1
(Left panel). The detector exhibited excellent perfor-
mance with heat-energy resolution as good as 6.5(5) keV

FWHM at 2615 keV. The light detector was calibrated by
X-ray fluorescence, stimulated in the material surround-
ing it by the periodical use of an external ∼200 kBq 60Co
source. This calibration was performed for 1 h per day
with the electrode voltage bias set to zero. Fig. 1 (Right
panel) shows the light detector calibration spectrum. It
returned a baseline noise of 108 eV (RMS); this value is
not exceptional for an NTD-Ge-based light detectors of
this size, for which baseline noises of ∼30–50 eV RMS
have been already achieved [10].

A part of the 232Th measurements (49.6 h) was per-
formed with Neganov-Luke amplification off, i.e. zero
electrode bias. A second part of the data (98.7 h) was
collected at 60 V electrode bias, at which the detector ex-
hibited the best performance in terms of signal-to-noise
ratio. Figure 2 (Left panel) shows the event-by-event
heat-light scatterplots for both electrode bias 0 V and
60 V and demonstrates how the Neganov-Luke signal
amplification makes the separation between γ(β) and α
possible.

The 0 V electrode bias data were used to demonstrate
both the lack of α/γ(β) discrimination capability in the
case of using a standard light detector and to estimate the
light energy output of γ’s of 208Tl, selected in a narrow
heat energy interval around 2615 keV (see Top plots in
Fig. 2). We will use this information to evaluate the
energy sensitivity of the light detector in the Neganov-
Luke mode [15].
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FIG. 4. The rejection factor of α events versus the accep-
tance level of γ(β) events based on the results of the α/γ(β)
separation in the ROI of 0ν2β decay of 130Te achieved with
the present work with a 784-g TeO2 bolometer coupled to
the Neganov-Luke light detector and compared with the only
previous test conducted so far with a CUORE-size TeO2 crys-
tal [22]. The right boundary of the accepted γ(β) was set at
3×σLight, while the left boundary was varied to get a selec-
tion efficiency within 90–97%. The corresponding α rejection
efficiency was computed with an infinite left boundary, while
the level of the right boundary was set according to the left
boundary of the γ(β) acceptance band.

CUORE [21]. The achieved separation for α’s amounts
to 5.9 σ and complies with the CUPID goal [7, 26]. By
using the results of the two-Gaussian fits given in Ta-
ble I, we computed the efficiency of α-event rejection as
a function of the γ(β) acceptance. Fig. 4 shows that an
α rejection factor of 99.9% can be achieved with a γ(β)
acceptance of about 96%, pointing out a dramatic im-
provement compared to the previous results [22].
Summarizing, this work unambiguously demonstrates,

for full-size CUORE TeO2 bolometers, an event-by-event
active particle identification capability, which complies
with the requirements of the CUPID 0ν2β project in
terms of α background rejection. We stress that the
achieved results were possible only thanks to the su-
perior performance of the Neganov-Luke-assisted light
detecting bolometer, whose design and fabrication pro-
cess have been developed in the CSNSM laboratory (Or-
say, France). This technology results nowadays mature
and reproducible, and represents one of the best possible
choices for the CUPID project with TeO2 bolometers.
This work has been partially performed in the frame-

work of the LUMINEU program, a project funded by
the Agence Nationale de la Recherche (ANR, France).
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•99.9% alpha rejection with >95% signal 
acceptance in CUORE-sized crystal

3

-20

0

20

40

60

0 1000 2000 3000 4000 5000 6000 7000

electrodes: 0 V 

γ(β) γ,208Tl

α, smeared

α,210Po
heater

Heat (keV)

Li
gh

t (
A

D
U

)

-20

0

20

40

60

0 1000 2000 3000 4000 5000 6000 7000

electrodes: 60 V 

γ(β)

γ,208Tl

α, smeared

α,210Po
heater

Heat (keV)

Li
gh

t (
A

D
U

)

0

5

10

15

20

25

-20 -10 0 10 20 30 40 50 60

electrodes: 0 V
γ (208Tl) and α (smeared)

Light (ADU)

C
ou

nt
s /

 b
in

0
10
20
30
40
50
60
70

-20 -10 0 10 20 30 40 50 60

electrodes: 60 V
α (smeared)

γ (208Tl)

DPα/γ(β) = 3.17

Light (ADU)

C
ou

nt
s /

 b
in

FIG. 2. Left panel: scatter plots of the heat-vs.-light signals in the measurements with a 784-g TeO2 bolometer in coincidence
with a Neganov-Luke Ge light detector operated respectively as a standard light detector (0 V electrode bias – Top figure)
and in a signal-amplification regime (60 V electrode bias – Bottom figure). The TeO2 detector was irradiated by γ quanta
from a 232Th source and α particles from a partially-smeared 210Po source. Heater events were used for the thermal response
stabilization. Right panel: projections onto the y-axis of the events marked in red in the left panel, for 0 V (Top figure)
and 60 V (Bottom figure) electrode bias respectively. The light signal distributions are fitted with Gaussian functions. The
discrimination power (see text) between α and γ events is 3.17.

and the light signals associated to the TeO2 out-coming
light. If a voltage potential is applied between two
nearby electrodes of the light detector (Neganov-Luke
mode), an electric field develops within the germanium
wafer. When photons are absorbed by germanium, elec-
trons and holes are created and drifted by the electric
field towards the electrodes. Eventually, additional heat
is released in the wafer because of the charge motion,
magnifying the detector heat signal. A more detailed
description of the Neganov-Luke-assisted light detector
can be found in Ref. [15]. The TeO2 crystal was also
supplied with an epoxy-glued Si:P-based heater, through
which a constant energy was injected periodically to pro-
vide an off-line stabilisation of the detector response [16].

The detector was operated inside the EDELWEISS set-
up in LSM (Laboratoire Souterrain de Modane, France)
and ran at 17 mK. The details about the cryogenic fa-
cility, the read-out electronics and DAQ can be found in
Refs. [17, 18]. Data processing was performed with an
optimal filter technique [19]. The heat-light coincidences
were treated according to Ref. [20].

This work reports the results of a week-long calibration
measurement with a low activity (∼300 Bq) 232Th source
placed outside the thermal screens of the cryostat. The
energy spectrum of the TeO2 bolometer is shown in Fig. 1
(Left panel). The detector exhibited excellent perfor-
mance with heat-energy resolution as good as 6.5(5) keV

FWHM at 2615 keV. The light detector was calibrated by
X-ray fluorescence, stimulated in the material surround-
ing it by the periodical use of an external ∼200 kBq 60Co
source. This calibration was performed for 1 h per day
with the electrode voltage bias set to zero. Fig. 1 (Right
panel) shows the light detector calibration spectrum. It
returned a baseline noise of 108 eV (RMS); this value is
not exceptional for an NTD-Ge-based light detectors of
this size, for which baseline noises of ∼30–50 eV RMS
have been already achieved [10].

A part of the 232Th measurements (49.6 h) was per-
formed with Neganov-Luke amplification off, i.e. zero
electrode bias. A second part of the data (98.7 h) was
collected at 60 V electrode bias, at which the detector ex-
hibited the best performance in terms of signal-to-noise
ratio. Figure 2 (Left panel) shows the event-by-event
heat-light scatterplots for both electrode bias 0 V and
60 V and demonstrates how the Neganov-Luke signal
amplification makes the separation between γ(β) and α
possible.

The 0 V electrode bias data were used to demonstrate
both the lack of α/γ(β) discrimination capability in the
case of using a standard light detector and to estimate the
light energy output of γ’s of 208Tl, selected in a narrow
heat energy interval around 2615 keV (see Top plots in
Fig. 2). We will use this information to evaluate the
energy sensitivity of the light detector in the Neganov-
Luke mode [15].
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Figure 5: Top: Light vs Energy scatter plots obtained for 130TeO2-1 + GeLuke (left) and 130TeO2-2 + GeCo (right) with 30 and 36 hours 228Th calibration,
respectively. Bottom: corresponding distributions of the light signals due to 208Tl-2615 keV �s and 210Po-5407 keV ↵s interactions for the same detectors. Each
distribution, chosen with a cut on the heat-energy signal corresponding to an interval of ± 2� around the central value of each peak, is fitted with a simple Gaussian
function. See text for more details.

Table 5: Main parameters of the two LDs bolometers. The gain is evaluated
as the amplitude of the Cherenkov light signal induced by the absorption of a
2615 keV � quanta in the 130TeO2 at Vgrid=25 V (GeLuke) and Vgrid=55 V
(GeCo), divided by the corresponding value obtained at Vgrid=0 V. The last
column, instead, represents the baseline noise obtained by applying the Vgrid

voltage. The fact that RMS/RMSVgrid
< Gain clearly indicates the presence of

excess noise induced by injection of the bias to the grid.

Rwork Signal RMS Gain RMS
[M⌦] [µV/MeV] [eV] (Vgrid) [eV] (Vgrid)

GeLuke 2.4 570 166 5.8 (25 V) 35 (25 V)
GeCo 2.3 1320 87 8.9 (55 V) 25 (55 V)

4.3. Particle identification
In Fig. 5 (top) we show the Light vs Energy scatter plot ob-

tained with the two enriched crystals. There is a clear separa-
tion between the �/� induced events and the ↵-events (mainly
due to 210Po). In order to evaluate the �/� vs ↵ Discrimination
Power (DP), we select the light signals belonging to the 2615
keV 208Tl �-line and the 5407 keV 210Po ↵-line, taken as signal
and background, respectively. In the bottom part of Fig. 5 the
two light distributions are fitted with a Gaussian function. The
DP between the two distributions can be quantified as the dif-
ference between the average values of the two distributions nor-
malized to the square root of the quadratic sum of their widths:

DP =
|µ↵ � µ�/�|q
�2
↵ + �

2
�/�

. (1)

Using the fit values shown in Fig. 5, we get a DP = 2.65 for
130TeO2-1 (GeLuke) and DP = 3.5 for the 130TeO2-2 (GeCo),
respectively. Choosing an acceptance level of 95 % for the e/�
signal, we get ↵ rejection factors of 98.21 % and 99.99 %, re-
spectively.

For the sake of completeness, two important remarks should
be made. The first regards the fact that to correctly evaluate the
e�ciency of a particle ID, the two classes of events should have
the same energy, while in this case the light-signal distributions
we compared were generated by 2615 keV �s and 5407 keV ↵s.

However, since the ↵-particles do not emit photons (the mean
energy of the two light distributions - as shown in Fig. 5 - is
very close to zero2), this point does not hold. This can be also
deduced by the fact that the width of the ↵ light signal distri-
bution of the two detectors (see Fig. 5) is fully compatible with
the RMS noise of the LDs, as given in Table 5.

The second point is that the Q�� value of 130Te is at 2528 keV,
slightly less than 2615 keV. Since the Cherenkov light, at first
level, is proportional to the energy, this would correspond to a
slightly lower DP in the RoI. However, simulations show [43]
that the Cherenkov light generated by two electrons (i.e. the
0⌫-DBD signal) sharing 2528 keV is statistically larger with re-
spect to the one generated by a � of the same energy. In fact this
last e↵ect overtakes the first one so that, actually, the evaluated
DP at 2615 keV slightly underestimates the one at Q�� for the
0⌫-DBD detection.

Finally, to have a more clear picture of the extremely small
amplitude of the acquired Cherenkov light signals, in Fig. 6 we
plot four pulses corresponding to two di↵erent energies. These
pulses come from the tails (left and right) of the 208Tl � light
distribution of Fig. 5 (bottom right). Thanks to the Optimum
Filter technique [35, 36] and, especially, to the trigger synchro-

2In fact a small deviation from zero could be induced by a very small cross
talk between light and heat channels or by a very weak scintillation light emitted
by the TeO2 crystal in addition to Cherenkov light, as the results in Ref. [13]
seem to suggest. In any case, this behaviour slightly underestimates the real DP
at lower energies.
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possible radio-contamination of samples. In order to maximize
the Cherenkov light output, four of the surfaces were roughly
ground while the other two (the hard faces) were polished to
optical standards.

3. Experimental technique

Bolometers are very sensitive calorimeters operated at cryo-
genic temperatures. These solid-state detectors share with Ge
diodes the capability of achieving excellent energy resolution
(⇠5 keV FWHM from several keV to several MeV) with size-
able active mass devices. Our bolometers apply the calorimet-
ric (source=detector) approach for the detection of rare decays:
the source isotope is part of the active mass of the detector. The
latter consists of two elements: a single crystal that plays the
role of the calorimetric mass, and a sensor that measures the
amount of energy converted into heat in the crystal, converting
the phonon signal into an electrical one.

3.1. Enriched TeO2 Bolometers

To operate a crystal as a bolometer it must be coupled with
a suitable thermometer; in this work we use 3⇥3⇥1 mm3 Neu-
tron Transmutation Doped (NTD) Germanium thermistors [23],
thermally coupled to the crystal via nine epoxy glue spots of
⇠600 µm diameter and ⇠ 50 µm height. The NTD is a resistive
device made of semiconducting material, which converts tem-
perature variations into resistance variations. When the ther-
mistor is biased with a constant current, any resistance variation
produces a voltage pulse that constitutes the signal. In addition
a ⇠300 k⌦ resistor, made of a heavily doped meander on a 3.5
mm3 Silicon chip, is attached to each crystal and acts as a heater
to stabilize the gain of the bolometer [24].

The crystal is held by means of four S-shaped PTFE supports
mounted on Cu columns (see Fig. 1). These Teflon supports
ensure that with the down-cooling of the set-up the crystal is
clasped tighter (PTFE thermal contraction is one of the highest
among di↵erent materials), to minimize heat-noise generated
by frictions induced by the acoustical vibration of the cryogenic
facility. In order to increase the light collection, the crystal is
surrounded laterally and on the bottom part (with no direct ther-
mal contact) by a plastic reflecting sheet (3M VikutiT M ESR),
while the LD is faced to the top part.

3.2. Neganov-Luke light detectors

The LDs developed for DBD scintillating bolometers exper-
iments [25] generally consist of Ge wafers coupled to NTD Ge
thermistors. The performances of these devices are well satis-
factory to read out the scintillation light (few keV) while they
are generally insu�cient to separate ↵ and � particles on an
event-by-event basis in the Region of Interest (RoI) for 0⌫-DBD
of 130Te, their RMS baseline (⇠100 eV) being comparable with
the weak Cherenkov light signal (even if values ⇠30–50 eV
RMS were recently obtained [26]).

The two LDs used in this work have essentially the same
structure and materials, and especially the same temperature

130TeO2 

Ge Light 
Detector 

55Fe-source Thermistors 

PTFE 

Reflecting 
sheet 

Figure 1: Schematic view of the single module detector. The crystal is sur-
rounded by the reflector sheet in order to enhance the light collection towards
the LD, mounted on the top, facing one of the optical polished surface of the
crystal.

sensor, but their signal-to-noise ratio can be significantly im-
proved by exploiting the Neganov-Luke e↵ect [27, 28]. This
e↵ect is based on the application of an electric field in the light-
absorber volume. The work done by the field on the drifting
charges (generated by the absorption of scintillation light) is
converted into additional heat, which amplifies considerably the
thermal signal provided by the NTD Ge thermistor. In our case,
the field is generated through a set of concentric Al rings, elec-
trically connected by means of ultrasonic wedge bonding with
an alternate pattern. This allows the application of a voltage
drop (Vgrid) between adjacent rings and the production of an
electric field parallel to the surface. This ring structure enables
increasing the collecting field for a given applied voltage and
decreasing the charge trapping probability thanks to the short
path length of the charges to the electrodes.

The two Ge LDs (named GeLuke and GeCo in the follow-
ing) have a diameter of 44 mm and a thickness of 0.17 mm.
They were previously tested above ground at CSNSM in a di-
lution refrigerator dedicated to the development of luminescent
bolometers [29, 30]. In particular the amplification induced by
the Neganov-Luke e↵ect as a function of the voltage across the
electrodes for a given light pulse was measured. The light was
guided to the electrode surface of the Ge absorber through an
optical fibre by a room temperature LED. The LED wavelength
was 820 nm, in the near infrared, with a corresponding absorp-
tion length in Germanium of ⇠ 0.2 µm. An example of the
achieved amplification for both LDs is shown in Fig. 2. We
remark that - for a fixed deposited energy - the amplification
for Cherenkov absorption is expected to be lower than the am-
plification for LED light absorption, since the Cherenkov pho-
tons are distributed in the optical and near-ultraviolet frequency
range. Therefore, the individual photon energy is higher with
respect to LED excitation, decreasing the e�ciency in produc-
ing electron-hole pairs. In fact, by comparing the LED data in
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emitters (82Se, 100Mo, 116Cd, 130Te). The aim of CUPID, which
will use the CUORE infrastructure once that experiment has
concluded, is to increase the sensitivity to completely cover the
inverted hierarchy region. In order to reach this goal, two major
scientific milestones need to be reached:

1. increase the number of active DBD nuclei through devel-
opment of bolometers made of enriched isotopes (as the
experimental volume of the CUORE cryostat is fixed);

2. decrease the present natural radioactive background by
two orders of magnitude by rejecting the major source of
background for DBD bolometers due to ↵-particle interac-
tions [11].

The initial idea to decrease the ↵-background in DBD
bolometers was to use scintillating crystals [12] in which the
discrimination between e/� and ↵/neutron particles can be sim-
ply obtained with the additional readout of the scintillation
light, through a second - very sensitive - bolometer working
as a Light Detector (LD). Rather recently, however, after the
observation of a very tiny light signal in a small TeO2 bolome-
ter [13], it was suggested [14] that particle discrimination could
be obtained also in non-scintillating crystal bolometers (like
TeO2) by exploiting the Cherenkov light emission. Heavy ↵
particles arising from natural radioactivity have velocities far
below the threshold to emit Cherenkov photons in any kind of
crystal. In the last four years several tests were performed on
large [15, 16, 17] and very small [18, 19] TeO2 crystal samples
coupled with di↵erent types of bolometric LDs. The challenge
of this method is the detection of the extremely small amount of
light emitted by electrons at the 0⌫-DBD energy of 130Te (2.53
MeV) that is of the order of ⇡100 eV [20].

In this work we present for the first time the performance
of large enriched TeO2 in which the Cherenkov light is used
for particle identification. This work demonstrates that 130TeO2
can be a suitable candidate for the CUPID experiment in terms
of energy resolution, internal radioactive contaminations and ↵-
background discrimination.

2. Enriched crystal growth

The 130TeO2 crystals used in this work were manufactured
starting from enriched 130Te in the form of metal powder, pur-
chased from JSC Isotope, Russia.

The purity of the enriched material was certified as
> 99.9875 %. The concentrations of the most troublesome
metallic impurities were measured independently by ICP-MS
and were found to be below 1 ppm, except for Fe (1.5 ppm), Cu
(3.5 ppm) and Al (4.5 ppm). Radioactive 238U and 232Th were
not observed, with a detection limit of the order of 5 ppt. The
isotopic abundances of Tellurium in the powder, as measured
by ICP-MS, are given in Table 1 and compared to the values
reported by the vendor and the isotopic concentration of natu-
ral Tellurium [21]. The 130TeO2 crystals were manufactured
by Shanghai Institute of Ceramics of the Chinese Academy of
Sciences (SICCAS), P.R. China, following basically the same
technology as the one applied for the production of CUORE
crystals [22]. Some specific procedures were applied though, in

Table 1: Concentration of the most abundant Tellurium isotopes in the metal
used for the production of the crystals in this work. The errors on the measure-
ments are of the order of 0.5 % for the first two rows, and of the order of 10 %
for the other three.

Isotope ICP-MS Certification Natural
[%] [%] [%]

130Te 92.26 92.13 34.08
128Te 7.71 7.28 31.74
126Te 0.015 0.02 18.84
125Te 0.006 0.01 7.07
124Te 0.0005  0.005 4.74

order to reduce the material losses which resulted in a 130TeO2
powder synthesis e�ciency � 80 %, and a crystal growth e�-
ciency � 90 %, meaning an irrecoverable loss of 28 %1. As
shown in Table 2, the synthesis of the 130TeO2 powder acts as a
purification process reducing most of the metallic impurities to
a concentration below 1 ppm.

A dedicated furnace and crucible system were built in order
to cope with the relatively small amount of 130TeO2 available
and a single-growth cycle was applied instead of the double-
growth process used for the production of CUORE crystals.
This last point was adopted in order to decrease the amount
of losses of the enriched material.

Also a dedicated temperature gradient and growth regime
were applied in order to minimize any mass transfer between
the seed (TeO2 crystal with natural Te isotopic concentration)
and the growing crystal. Preliminary tests were made using
low enriched material as marker in order to make sure that the
isotopic concentration of the feeding 130TeO2 powder remains
unchanged in the grown crystal (a detailed description of en-
riched 130TeO2 crystal production will be given in a dedicated
article). One single enriched crystal ingot was finally grown.
Two crystals were produced out of the single ingot in order to
study possible (radioactive) impurities segregation e↵ects dur-
ing crystal growth. The shapes of the two crystals were fixed by
the requirement that the crystals be identical with the maximum
total mass yield. Two 36⇥38⇥52 mm3 435 g crystals were cut
and processed (shaped, chemical etched and polished) in a ded-
icated clean room with special precautions aimed at preventing

1In an industrial dedicated synthesis and growing procedure these irrecov-
erable losses could be reduced.

Table 2: Concentration of the most problematic metallic impurities in enriched
metal and in the 130TeO2 powder used for the 130TeO2 crystals growth. Last
column: same values for a sample of natural TeO2 powder.

Element 130Te metal 130TeO2 powder Nat. TeO2 powder
[ppm] [ppm] [ppm]

Cu 3.3 <0.19 <0.19
Pb <0.017 <0.02 0.026
Al 4.4 3.4 <1.9
Fe 0.3 <0.2 1.0
Cr <0.09 <0.09 0.15
Ni <0.09 <0.09 0.09

2

• Test run at LNGS with 2x  435~g 
enriched 130TeO2 crystals

bolometric performance Det 1 Det 2

Energy res. 
(FWHM @2615 keV) 6.5 keV 4.3 keV

alpha rejection for 
95% signal acceptance 98.21% 99.99%
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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

Alpha region of the spectrum

Det 1 
uBq/kg

Det 2 
uBq/kg

CUORE 
uBq/kg

232Th <4.3 <4.8 <0.8

238U 8+/- 3 15 +/- 4 <0.6

• Ongoing R&D item to purify crystal  
materials 130Te (zone refining) 

•Larger exposure demonstrator  
under development

Physics Letters B 767, 321-329 (2017)



R&D on light detector readout schemes

• Bolometer readout based on NTD thermistors have been demonstrated to 

meet the technical requirements for alpha discrimination for CUPID  

• There is active R&D to explore alternative temperature readout schemes  

• CUPID-US group exploring Transition edge sensor (TES) readout  

• CALDER project in Europe exploring kinetic inductance detectors (KIDS) 

• Advanced light detector technologies benefit both the 100Mo and 130Te 

strategies



number of detected photons (Poisson statistics). During the detec-
tor 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 rl and rTeO2 parameters
since heater pulses, in contrast to particle pulses, are not affected
by photon statistics. The values for the detector module of this work
are rl = 261 keV, rTeO2 = 9.8 keV and S1 = 360 keV.

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

A projected view of the light yield in (eV/MeV) allows to visual-
ize the achieved discrimination of a-particles from e/c-events; in
Fig. 7 a histogram of all events observed 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): a-particles appear at (0.80 ! 0.89) eV/MeV, whereas for the
distribution of e/c-events the mean value is found to be
(48.55 ! 0.36) eV/MeV.

The fit gives a resolution of r = (8.74 ! 0.27) eV/MeV for the e/
c-peak and r = (9.53 ! 0.75) eV/MeV for the a-peak. Since the a-
events do not produce light, the resolution is expected to be
slightly better in respect to the e/c-events because of the missing
Poisson statistics contribution. However, the rs of both dis-
tributions are compatible due to the dominant contribution of
the baseline noise and the lack of statistics (see Fig. 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 ¼
lb=c # laffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r2

b=c þ r2
a

q ; ð3Þ

where lb=c and la are the mean values of the two distributions and
rb=c and ra are their corresponding widths. Inserting the values
obtained from the double-Gaussian fit displayed in Fig. 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 2).
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Fig. 5. Left figure: The result of a fit to an averaged pulse (solid line) created from direct hit events in the light detector and from Cherenkov events (dashed line), both at an
absolute energy of about 125 eV (this work) is shown. Right figure: The result of a fit to an averaged pulse from direct hit events in a SOS light detector at 5.9 keV (55Mn Ka-
line) is displayed. Since this light detector is paired with a CaWO4 crystal, the corresponding scintillation light event (same energy deposition in the light detector) from the
CaWO4 crystal is shown as a dashed line. As the scintillation process is slow in comparison to the production of the prompt Cherenkov light, the scintillation light event can be
discriminated by pulse shape from a direct hit event in the light detector. A discrimination of a Cherenkov light event from a direct hit event in the light detector (left plot) is
not feasible.
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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
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bands. The dotted lines are !1.28r contours whereas the solid lines are !3.1r
contours, thus 99.8% of all e/c-events are expected to be contained within the two
solid contour lines. The a-particle distribution appears at a light yield of zero,
separated from the populated e/c-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.
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Fig. 7. A histogram of the light yield [eV/MeV] distribution is used to evaluate the
discrimination power of e/c-events from a-particles in the region of interest. The
distribution is fit with two Gaussians (all parameters free) and includes all events
observed in the energy interval from 2400 keV to 2800 keV. We find a separation in
this energy interval of 3.7 using Eq. (3).
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TES readout for CUPID

• Demonstration with tungsten TES  
(developed in CRESST)  

• 3.7σ separation of α events from β/γ with  
98% signal acceptance 

• W-TES are difficult to produce reproducibly

Measured 
R-T 

03/18/2016  CUORE and CUPID

TeO2+Light R&D in the US
• TES sensor operates at transition temperature Tc

q Should be near base T~10 mK 
q Europe: W-TES, lowest Tc=15 mK
FDifficult to produce reliably

• US: TES based on superconducting bilayer films
q Argonne, UCB/LBNL, MIT/UCLA
q Already candidates with Tc~20 mK
q Milestones:
F  2016: prototype LD; demonstrate !/" discrimination 

in small crystal (surface)
F 2017: !/" discrimination in CUORE-sized crystals 

(underground)
F 2018: single-tower TeO2 demonstrator with dual 

readout 
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Berkeley/ANL

Response to heater pulse

3

Animated GIF:

http://moller.physics.berkeley.edu/
~tdonnell/work/squiddata/figs/

HeaterPowerScan.gif

~0.2 MeV ~0.4 MeV

2x ~0.4 MeV

Background: ANL printed patterned TES sample.

• Our first printed (not glued) and patterned 
bilayers. 

• 5 TES’s on 500µm Si wafer (different 
thickness Ir/Pt + Au, designed for low TC. ).  

• Made with lift-off.  

• None were seen to transition to s.c. regime. 

4

Response to heater pulse

3

Animated GIF:

http://moller.physics.berkeley.edu/
~tdonnell/work/squiddata/figs/

HeaterPowerScan.gif

~0.2 MeV ~0.4 MeV

2x ~0.4 MeV

Astroparticle Physics 69 (2015) 30–36 

• Ongoing R&D activity to use TES sensors fabricated from Ir/Au, 
Ir/Pt bilayers  

• Bilayers with low Tc demonstrated 

Superconducting bilayers

3
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FIG. 2. Measurements of Tc of Ir/Pt bilayers (black tri-

angles) and Ir/Au bilayers (green triangles) in which 80 nm

iridium base was deposited applying heat to the silicon wafer

and then let cool until room temperature before deposition of

a 20 nm platinum layer and 160 nm gold layer respectively.

where R is the resistance, T is the temperature, D is fixed
as the maximum resistance and C is a nonzero parasitic
resistance. The critical temperature is determined by:

T
c

= �B

A
(2)

The dominant systematic error on the T
c

measurement is
due to the di↵erence in temperature between the mixing
chamber plate and the superconducting sample during
temperature scans across T

c

.
Figure 1 shows an example of the resistance vs temper-

ature data with a T
c

fit for the case of an Ir/Pt bilayer
in which Ir=100 nm, and Pt=60 nm are the thicknesses
of the layers.

The T
c

measurements are made with two excita-
tion currents, 3.16 µA for films with impedances above
⇠100 m⌦ (Ir/Pt bilayers) and 31.6 µA for films with
impedances below it (Au/Ir/Au trilayers) in order to im-
prove signal-to-noise ratio of the low impedance films.
We performed T

c

measurements at di↵erent excitation
currents on one Ir/Pt bilayer (Ir=100 nm, Pt=80 nm)
sputtered at room temperature and found a weak de-
pendance on the excitation current. Decreasing the
bias current from 3.16 µA to 0.316 µA shifted T

c

from
20.9±0.03 mK to 23.0±0.05 mK. For all T

c

measure-
ments we report the excitation current used to measure
the impedance of the films.

III. IRIDIUM Tc SUPPRESSION RESULTS

A. Ir/Au and Ir/Pt bilayers

We investigated T
c

suppression on Ir/Au and Ir/Pt
sputtered at room temperature. In principle, due to the
proximity e↵ect, an increase in normal metal thickness
should reduce T

c

. We found this to be true for Ir/Pt
all the way to our lowest cryostat temperature (⇠8mK).
However, for the case of Ir/Au bilayer we observed that

after a Au thickness of ⇠200 nm, adding more Au would
instead increase the T

c

of the the Ir/Au bilayer. This
e↵ect could be associated with the way the films were
being fabricated. We moved on to produce Au/Ir/Au
trilayers at room temperature in which T

c

could be sup-
pressed more e↵ectively on both sides of the iridium, as
shown on Section III B.
We also investigated Ir/Au and Ir/Pt films in which

heating was applied to the silicon wafer during deposi-
tion of the iridium base film. Once the iridium deposition
is done, we turn o↵ the heater and let the sample cool
o↵ to room temperature, at which point we proceed to
sputter the Au or Ir film. We fabricated a set of samples
in which only the applied heat during iridium deposition
was varied and in which the thickness of Ir/Au and Ir/Pt
was fixed. Results from this set of samples are shown in
Figure 2 in which a factor of ⇠2 in T

c

suppression is
achieved between 200-600�C for both Ir/Au and Ir/Pt
bilayer films. Suppression of T

c

by applying heat during
deposition of the iridium base layer could be explained if
this process increases the quality of the crystaline struc-
ture of the iridium and also the interface between the
superconducting and normal metal.
The conditions of the sputtering chamber for Pt depo-
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FIG. 3. Top) Measurements of the Tc suppression in Ir/Pt

bilayers in which both the iridium (100 nm) and platinum

(20-70 nm) layers were deposited at room temperature. A

bias current of 3.16 µA was used and the uncertainty in the Tc

measurement includes the di↵erence between scans increasing

or decreasing in temperature. Bottom) Resistance vs temper-

ature data for Ir/Pt bilayers from which Tc was obtained.

At DNP see 

DM.00008: 
Development of cryogenic optical-photon detectors with Ir/Pt-based transition 
edge sensors for CUPID
V. Singh ( Oct 25 8.45 am)

EN.00008 : 
Application of Cryogenic TES based Light Detectors for CUPID
B. Welliver (Oct 25 8.45pm)

https://arxiv.org/pdf/1711.03648.pdf



Summary: CUPID Goals
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• CUPID: 
CUore Upgrade with Particle ID 

• Fully probe the inverted hierarchy of neutrino masses  

• Baseline target isotope is 100Mo embedded 
in LiMoO4 scintillating bolometers  

• Viable alternative is 130Te embedded in TeO2 
instrumented with advanced cryogenic light detectors

BI (c/kev/kg/yr) T1/2 sensitivity (90% C.L) mbb (meV)

100 Mo <10-4 2x1027 9-15

130Te <10-4 5x1027 6-28

At DNP see:
EN.00009:
Li2MoO4 for 0 decay search in CUPID - The Physics case and current status
B. Schmidt 



Conclusions

• CUORE (750kg TeO2 array) shows it is possible to operate a large array of macro bolometers at ultra-low 

cryogenic temperatures 

• CUORE will continue to push sensitivity to 0vbb decay of 130Te and measure intrinsic background levels in 

the cryogenic system 

• There is active R&D program in the US and Europe to realize a next generation experiment with the 

background, resolution and target mass required to probe the inverted hierarchy  

• Small (~20 detector) scintillating bolometer arrays have made tremendous progress (CUPID-0 Se, Lumineu)  

• Lithium molybdate scintillating bolometers enriched in 100Mo is the baseline choice for CUPID: 

• excellent alpha suppression 

• excellent energy resolution  

• high Q-value (above most environmental beta/gamma  background) 

• good radio purity with improved limits expected from CUPID-Mo demonstrator 

• Emergence of low noise cryogenic light detectors make enriched 130TeO2 bolometers a viable option for 

CUPID although lower Q-value requires additional care in materials selection for some cryogenic components



CUPID Working Meeting\

• A CUPID interest group meeting is planned aimed at forming the CUPID 

collaboration and developing the conceptual design report 

When:  November 19 and 20 2018  

Where: Gran Sasso Laboratory  

Contacts:   cupid_kickoff@mit.edu 

More information: http://cupid.mit.edu/ 

• Open to any one interested in collaborating

mailto:cupid_kickoff@mit.edu
http://cupid.mit.edu/
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Overview of experimental setup

Minus-K isolators

Support columns

External lead shield 
(~70 t)

Concrete walls

Seismic isolators

Y beam

Main Support Plate

Cryostat

H3BO3 panels

Polyethylene

Screw jacks

Movable platform
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The CUORE cryostat

Detector
Towers

Top Lead
Shield

Side Lead
Shield

300 K

40 K

4 K

600 mK
50 mK

10 mK

Bo�om Lead
Shield

Plates:
• Cryogen-free cryostat 
• Fast Cooling System (4He gas) 

down to ~50K 
• 5 pulse tubes down to ~4K 
• Dilution refrigerator to operating  

temperature ~10 mK 
• Nominal cooling power: 3 μW @ 10mK 
• Cryostat total mass ~30 tons 
• Mass to be cooled < 4K: ~15 tons 
• Mass to be cooled < 50 mK: ~3 tons (Pb, Cu 

and TeO2)
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