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state is always Iπ = 0+. The ββ decay rate is a steep function of the energy carried by the outgoing leptons
(i.e. of the decay Q-value). Hence, transitions with larger Q-value are easier to observe. For this reason
in Table 1 I list all candidate nuclei with Q values larger than 2 MeV that are particularly well suited for
the study of the ββ decay.

There has been a significant progress recently in the accuracy of the atomic mass determination using
various trap arrangements. In many cases the Q-values are determined with accuracy better than 1 keV,
making the search for the all important 0νββ decay mode easier; in Table 1 these more recent Q-value
determinations are shown, together with the corresponding references.

In both modes of the ββ decay the rate can be expressed as a product of independent factors that
depend on the atomic physics (the so called phase-space factors G0ν and G2ν) that include also the Q-value
dependence as well as the fundamental physics constants, nuclear structure (the nuclear matrix elements
M0ν and M2ν), and for the 0νββ mode the possible particle physics parameters (the effective neutrino
mass ⟨mββ⟩ in the simplest case). Thus

1

T 0ν
1/2

= G0ν |M0ν |2|⟨mββ⟩|2 ;
1

T 2ν
1/2

= G2ν |M2ν |2 . (2)

Table 1: Candidate nuclei for ββ decay with Q > 2 MeV

Transition Q-value Ref. (G2ν)−1 (G0ν)−1

(keV) (y × MeV−2) (y × eV2)
48
20Ca → 48

22Ti 4273.6± 4 7) 9.7 ×1016 4.1×1024

76
32Ge → 76

34Se 2039.006 ± 0.050 8) 2.9×1019 4.1×1025

82
34Se → 76

36Kr 2995.50 ± 1.87 7) 8.8×1017 9.3×1024

96
40Zr → 96

42Mo 3347.7 ± 2.2 7) 2.0×1017 4.5×1024

100
42 Mo → 96

44Ru 3034.40 ± 0.17 9) 4.1×1017 5.7×1024

110
46 Pd → 96

48Cd 2017.85 ± 0.64 10) 9.6×1018 5.7×1025

116
48 Cd → 116

50 Sn 2813.50 ± 0.13 11) 4.8×1017 5.3×1024

124
50 Sn → 124

52 Te 2287.80 ± 1.52 7) 2.3×1018 9.5×1024

130
52 Te → 130

54 Xe 2527.01 ± 0.32 12) 8.0×1017 5.9×1024

136
54 Xe → 136

56 Ba 2458.7 ± 0.6 13) 7.9×1017 5.5×1024

150
60 Nd → 150

62 Sm 3371.38 ± 0.20 14) 3.2×1016 1.3×1024

The values of G0ν and G2ν are also listed in Table 1. The entries there are taken from Ref. 6), and
are not corrected for the small changes in Q and gA since that time. Also, since by convention the nuclear
matrix elements M0ν are dimensionless, the nuclear radius appears in them as a multiplicative factor. To
compensate for it, the phase-space factor G0ν is proportional to R−2, where R = r0 × A1/3 is the nuclear
radius. In Table 1 the value r0 = 1.2 fm was used. (Note that, obviously, the values of the phase-space
factors depend on the convention used for r0 and gA. One has to keep that issue in mind when using the
Eq. (2) to relate the half-lifes and nuclear matrix elements (see e.g. 15,?)).)

Double beta transitions are possible and potentially observable because nuclei with even Z and N are
more bound than the odd-odd nuclei with the same A = N + Z. A typical example is shown in Fig. 1.
With one exception, all nuclei in Table 1 have an analogous mass pattern. The one exception is 48Ca
where the intermediate nucleus 48Sc can be in principle reached by the β− decay of 48Ca with Q= 278
keV. However, the ground state of 48Sc is 6+ and the first excited state at 131 keV is 5+. β decays with a
large nuclear spin change are heavily suppressed; in this particular case the β− decay of 48Ca has not been
observed as yet, while the 2νββ decay has been observed.

The two-neutrino mode (2νββ) is just an ordinary beta decay of two bound neutrons occurring simul-
taneously since the sequential decays are forbidden by the energy conservation law. For this mode, clearly,
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Phase space factor Nuclear matrix element

Decay half-life Effective Majorana ν mass:

‣ For mββ = 15 meV estimated half lives  
1027 - 1028 years, depending on the 
nuclear system

dramatic progress in our ability to compensate for high-
momentum physics that is cut out !see, e.g., Bogner et al.
"2003#$, but reliably correcting for low energy excitations
such as core polarization is a longstanding problem. Par-
tial summation of diagrams, a tool of traditional
effective-interaction theory, is helpful but apparently not
foolproof.

In the long term these issues will be solved. As al-
ready mentioned, the coupled-cluster approximation, an
expansion with controlled behavior, is being applied in
nuclei as heavy as 40Ca. With enough work on three- and
higher-body forces, on center-of-mass motion, and on
higher-order clusters, we should be able to handle 76Ge.
The time it will take is certainly not short, but may be
less than the time it will take for experimentalists to see
neutrinoless double beta decay, even if neutrinos are in-
deed Majorana particles and the inverted hierarchy is
realized. And the pace of theoretical work will increase
dramatically if the decay is seen. Observations in more
than one isotope will only make things better. Our opin-
ion is that the uncertainty in the nuclear matrix elements
in no way reduces the attractiveness of double beta de-
cay experiments. Given enough motivation, theorists are
capable of more than current work seems to imply.

VI. EXPERIMENTAL ASPECTS

A. Background and experimental design

Double beta decay experiments are searching for a
rare peak "see Fig. 5# upon a continuum of background.
Observing this small peak and demonstrating that it is
truly !!"0"# is a challenging experimental design task.
The characteristics that make an ideal !!"0"# experi-
ment have been discussed "Elliott and Vogel, 2002; Zde-
senko 2002; Elliott, 2003#. Although no detector design
has been able to incorporate all desired characteristics,
each includes many of them. "Section VII.C describes
the various experiments.# Here we list the desirable fea-
tures:

• The detector mass should initially be large enough to
cover the degenerate mass region "100–200 kg of iso-

tope# and be scalable to reach the inverted-hierarchy
scale region "%1 ton of isotope#.

• The !!"0"# source must be extremely low in radio-
active contamination.

• The proposal must be based on a demonstrated tech-
nology for the detection of !!.

• A small detector volume minimizes internal back-
grounds, which scale with the detector volume. It
also minimizes external backgrounds by minimizing
the shield volume for a given stopping power. A
small volume is easiest with an apparatus whose
source is also the detector. Alternatively, a very large
source may have some advantage due to self-
shielding of a fiducial volume.

• Though expensive, the enrichment process usually
provides a good level of purification and also results
in a "usually# much smaller detector.

• Good energy resolution is required to prevent the
tail of the !!"2"# spectrum from extending into the
!!"0"# region of interest. It also increases the signal-
to-noise ratio, reducing the background in the region
of interest. Two-neutrino double beta decay as back-
ground was analyzed by Elliott and Vogel "2002#.

• Ease of operation is required because these experi-
ments usually operate in remote locations and for
extended periods.

• A large Q!! usually leads to a fast !!"0"# rate and
also places the region of interest above many poten-
tial backgrounds.

• A relatively slow !!"2"# rate also helps control this
background.

• Identifying the daughter in coincidence with the !!
decay energy eliminates most potential backgrounds
except !!"2"#.

• Event reconstruction, providing kinematic data such
as opening angles and individual electron energies,
can reduce background. These data might also help
distinguish light- and heavy-particle exchange if a
statistical sample of !!"0"# events is obtained.

• Good spatial resolution and timing information can
help reject background processes.

• The nuclear theory is better understood in some iso-
topes than others. The interpretation of limits or sig-
nals might be easier for some isotopes.

Historically, most !! experiments have faced U and
Th decay-chain isotopes as their limiting background
component. A continuum spectrum arising from
Compton-scattered # rays, ! rays "sometimes in coinci-
dence with internal conversion electrons#, and $ par-
ticles from the naturally occurring decay chains can
overwhelm any hoped for peak from the !!"0"# signal.
This continuum is always present because U and Th are
present as contaminants in all materials. The level of
contamination, however, varies from material to mate-

FIG. 5. The distribution of the sum of electron energies for
!!"2"# "dotted curve# and !!"0"# "solid curve#. The curves
were drawn assuming that %0" is 1% of %2" and for a 1−&
energy resolution of 2%.

496 Avignone, Elliott, and Engel: Double beta decay, Majorana neutrinos, and …

Rev. Mod. Phys., Vol. 80, No. 2, April–June 2008

2νββ

0νββ

‣ Hypothetical ββ decay mode allowed if neutrinos are Majorana particles, 
i.e  �̄i � �i

Neutrinoless	Double	Beta	Decay

2!"" 

0!"" 

Double beta decay 

•  Neutrinoless double beta decay  
–  The nature of neutrinos, Dirac or Majorana 
–  lepton number violation 

•  Extremely rare events T > 1024 year. 
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matrix element, and m⇥⇥ is the e⇥ective Majorana mass defined as

m⇥⇥ �

�����

3⇥

i=1

U2
ei mi

����� . (2.2)

The particle physics information is contained in m⇥⇥. The phase space factor,
G0⌅(Q, Z), is calculable. Calculation of the nuclear matrix element, M0⌅ , is a
challenging problem in nuclear theory (discussed further in Sect. 2.1). Experi-
ments attempt to measure T 0⌅⇥⇥

1/2 , and in the absence of a signal, they set a lower
limit. Combining the measurement and the calculations, the value of m⇥⇥ is de-
duced or an upper limit is set.

If neutrinos are Majorana particles, measuring or constraining the e⇥ective
Majorana mass provides information on the neutrino mass scale and hierarchy.
This is possible because there is a relationship between the e⇥ective Majorana
mass and the mass of the lightest neutrino. The relationship depends on whether
the hierarchy is normal or inverted because which neutrino mass eigenstate is the
lightest depends on which hierarchy is realized in nature, as indicated in Fig. 1.3.
For the normal hierarchy, m1 is the lightest and therefore

m⇥⇥ � |U2
e1m1 + U2

e2m2 + U3
e3m3|

=

����U
2
e1m1 + U2

e2

⇤
�m2

12 + m2
1 + U2

e3

⇤
|�m2

13| + m2
1

����

=

����cos2 ⇥12 cos2 ⇥13e
i�1m1 + sin2 ⇥12 cos2 ⇥13e

i�2

⇤
�m2

12 + m2
1

+ sin2 ⇥13e
�2i⇤

⇤
|�m2

13| + m2
1

���� .

(2.3)

A similar expression is easily derived for the inverted hierarchy in which m3 is the
lightest mass eigenvalue. Plugging in the measured values of the neutrino mixing
angles and mass-squared di⇥erences from Table 1.1, a value for m⇥⇥ is obtained
for each value of the lightest neutrino mass, m1 for the normal hierarchy or m3

for the inverted hierarchy, and for a given set of values for the phases. Figure 2.4
shows the range of allowed values for m⇥⇥ for each value of the lightest neutrino
mass, obtained by allowing the unknown phases to vary over their possible values
from 0 to 2⌅. There are distinct bands of allowed m⇥⇥ depending on the hierar-
chy, though the bands overlap in the quasi-degenerate mass regime. Neutrinoless
double beta decay experiments set upper limits on m⇥⇥ and therefore exclude a
region from the top of Fig. 2.4. In this way, 0⇤�� decay experiments can rule
out the quasi-degenerate mass regime under the assumption that neutrinos are
Majorana particles. Future 0⇤�� decay experiments may have the sensitivity to
rule out the inverted hierarchy.

Direct counting experiments search for double beta decay by measuring the
sum of the electron energies and, in some experiments, the energy of the nuclear

Sum of electrons energy 

Ke Han, Berkeley Lab 

ν mass from double beta decay INT Workshop Feb. 2010

0νββ decay

>> Nuclear 
Process

(A, Z) (A, Z+2)

W- W-

e- e-

νi (R) νi (L)Uei Uei

Requires:
• neutrino to have non-zero mass

• “wrong-handed” helicity admixture ~ mi/Eνi

Any process that allows 0νββ to occur requires 
Majorana neutrinos with non-zero mass. 
Schechter and Valle, 1982

• Lepton number violation
• No experimental evidence that Lepton 
number must be conserved
 (i.e. general SM principles, such as electroweak-
isospin conservation and renormalizability)

If 0νββ decay is observed ⇒ neutrinos are Majorana particles

                                lepton number is violated  

Monday, February 8, 2010

‣ Observation of 0νββ  would mean 
- Lepton number violation 
- Neutrinos are Majorana particles 
- Rate measures (effective) electron 

neutrino mass

1937

G. Mayer in 1935

E. Majorana 
in 1937
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14C
40K
232Th 

The Universe 

Two Neutrino Double Beta

Neutrinoless Double Beta

Proton Decay
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1010 years

1010 years

 1020 years

>1026 years

>1034 years
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Why	is	it	so	difficult?
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But	what’s	the	probability	of	finding	this!

4



Source internal to detector 

Pros: event topology, background 
rejection, multiple isotopes possible. 
Cons: detector mass, resolution, 
acceptance. 
Technology: typically tracking 
detectors.

Source external to detector 

Pros: detector mass, energy resolution, 
acceptance 
Cons: event topology, background rejection 
Technology: calorimeters (bolometers, 
ionization, scintillation), tracking

May prove invaluable to test models  
once 0νββ is discovered

Typically aimed at 0νββ discovery

Example: SuperNEMO Example: MAJORANA, EXO, CUORE, 
SNO+, Kamland-Zen, etc.

Nemo

Experimental	approaches	to	the	0νββ	search
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Figure 1.4: The topological signature in NEXT is a “spaghetti with two meat balls”,
that is, a track that ends in two “blobs” of energy, corresponding to ranging-out elec-
trons. The trajectory of electrons contains no information, being dominated by multiple
scattering in the dense gaseous xenon.
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Technology: 
Pressurized TPC 
(10-16 atm)

CUORE

NEXT

Cabling 

Texas A&M Seminar, Jan 31, 2013 38 Ke Han, Berkeley Lab 
EXO
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Karsten Heeger, Univ. of Wisconsin SNOLAB, May 16, 2012 

For E = 1 MeV: ΔT = E/C ≅ 0.1 mK
 Signal size: 1 mV

Time constant:  τ = C/G = 0.5 s 
Energy resolution: ~ 5 keV at 2.5 MeV

 TeO2 Bolometers

Single pulse example
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voltage signal ∝ energy deposited

5 cm

790g per crystal deposited energy 
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CUORE-0 status 

•  The detector was cooled down to base temperature <10 mK, but not stable. 
–  NTD resistance between 500 MΩ to 2GΩ ( ~ 9mK ) 

•  We have been working on detector commissioning.  
–  Some calibration runs have been taken. 
–  The detector array works fine, but we are experiencing a lot of problem with the 

aging dilution refrigerator.  

Texas A&M Seminar, Jan 31, 2013 Ke Han, Berkeley Lab 41 

The (first) cool down started in August. 
 
We worked until the middle of September on the verticalization system to 
find the correct position of the tower (that has not to touch the 50 mk shied).  

The first cool down 
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TeO2 Bolometers (source = detector) 

For E = 1 MeV: 

Time constant: 

δE: 

ΔT = E/C ~ 0.1mK 
Signal size ~ 1 mV 

τ = C/G = 0.5 sec 

~5 keV a 2.5 MeV 

Natural Isotopic Abundance of 34.2%
Q-value = 2528 keV

5

00νββνββ research with TeO research with TeO22

high natural i.a. (34.2 %) -- NO enrichment is needed 

reasonably high Q-value (Q~2528 keV) -- high G(Q,Z) and low background

 130Te is a good 0nbb  candidate ( 130Te → 130Xe + 2 e-)

MiDBD
1.8 kg  130Te

1997-2001

Cuoricino
11.3 kg 130Te

2003-2009 2012...2014

CUORE-0
11 kg 130Te

CUORE
206 kg 130Te

2014...

T1/2
0ν > 2.8 x 1024 y [5] T1/2

0ν > 2.1 x 1023 y [21]

   Silvia Capelli            Rencontres de Moriond 2013         5

Thermal Bath: Cu-structure 

Thermal coupling Teflon
+Gold wires 
Thermometer: 
Ge NTD Termistor 
(dR/dT ~ 100kΩ/μK) 

CUORE past and future
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CUORE-0/CUORE	low	background	assembly	

7

Figure 3. Left: A TeO2 CUORE crystal. Right: Six TeO2 crystals packed for transportation and storage:
the crystals are triple vacuum-packed in plastic bags and they are stored in a vacuum packed box.

aggressive cleaning procedures to minimize surface contamination, especially contamination by
alpha emitters.

The detector components (i.e. frames, columns, shield) were machined from a high-purity
Electrolytic Tough Pitch (ETP1) copper alloy, produced by Aurubis under the name NOSV and
cast by the same company. NOSV copper was selected for its low hydrogen content and its ex-
tremely low bulk contamination levels; the upper limits are 5.0 ⇥ 10�13 g/g for 232Th [37] and
5.3 ⇥ 10�12 g/g for 238U (90% C.L.). To clean the surfaces of the copper detector parts, an aggres-
sive cleaning procedure (TECM) was developed at the Legnaro National Laboratories in Legnaro,
Italy, consisting of several stages: precleaning, mechanical abrasion (tumbling), electropolishing,
chemical etching, magnetron-plasma etching and packaging.

During precleaning, the copper components were first manually cleaned with solvents: tetra-
chloroethylene, acetone and ethanol, in that order. This precleaning was designed to remove con-
taminants (mainly grease and oil) introduced by the machining. The components were then treated
in an ultrasonic bath with alkaline soap and rinsed several times with deionized water to remove
residual contamination.

The tumbling consisted of the erosion (approximately 1 µm) and smoothing out of the copper
surfaces to prepare the components for the electropolishing process. The tumbling was performed
in a wet environment (water and soap) with an abrasive medium of alumina powder in an epoxy
cone matrix. For the thinnest components (those under 1 mm thick, including wire trays, shields
and screws), the tumbling process was not performed to avoid damaging them. Instead, a soft
chemical treatment was performed using a bath of ammonium persulfate. All components were
then cleaned again in an ultrasonic bath with alkaline soap and rinsed in deionized water.

The electropolishing consisted of a controlled oxidation of the copper surfaces and the con-
sequent dissolution of the generated oxide. The oxide was formed by applying a positive anode
potential to the copper and was dissolved with a bath of phosphoric acid and butanol. The shape of
the cathode was optimized for each type of copper component in order to make the surface erosion
uniform. The electropolishing removed 100 µm of material from the copper surface, resulting in
a reduction of the roughness and a mirror-like surface. As in the precleaning and tumbling steps,
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‣ The raw tellurium metal and the TeO2 
powder were assayed using high-purity 
germanium detectors and ICPMS, showing 
<2x10-10 g/g (90% C.L.) in 232Th and 238U 

‣ The structure made of copper that 
supports the crystals constitutes the largest 
inactive mass that is closest to the 
detectors. 

‣ Copper on frames, columns and shield 
were machined from NOSV copper by 
Aurubis 

‣ Surface cleaning was developed at the 
Legnaro National Laboratories (Italy). 



0νββ region 

(c∙keV-1∙kg-1∙yr-1)

2700-3900 keV * 

(c∙keV-1∙kg-1∙yr-1)

CUORICINO 
ε = 83% 0.169 ± 0.006 0.110 ± 0.001

CUORE-0 
ε = 81% 0.058 ± 0.004 0.016 ± 0.001

CUORE-0	background	reduction
α-dominatedβ/γ-dominated

190Pt

210Po
208Tl

Qββ=2528 keV

8



CUORE	detector	installation,	cooldown	and	first	pulses

All detector towers installed inside the cryostat, it took about 1 month

‣ Custom-made clean room flushed with Rn-free 
air (Rn<0.1 Bq/m3, typically 5 mBq/m3) 

‣ Dec 2016: Cooldown to 4K: 22 days 
‣ Jan 2017: noise mitigation @ 4K 
‣ Jan 2017 cooldown to base: 3 days 
‣ Lowest temperature reached: 6.7 mK 
‣ First detector pulses: Jan 27, 2017

9
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CUORE	calibration	spectrum
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300 K

4 K
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Inner string

Outer string

‣ 232Th calibration spectrum from all CUORE 
detector array  

‣ 12 kevlar strings are lowered through a series 
of tubes inside the cryostat 

‣ 6 outer strings provide aprox. 20 Bq. 
‣ 6 inner strings provide about 4 Bq.
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CUORE	background	spectrum
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CUORE Preliminary
yr⋅Exposure: 38.1 kg‣ Background in ROI dominated 

by alpha particle events 
‣ Next generation experiment 

will require to tag or eliminate 
this background

‣ Reduction of backgrounds 
in the gamma region, as 
expected from cleaner 
CUORE  cryostat  

‣ Spectrum consistent with 
background model
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CUORE	energy	resolution

‣ Energy resolution from physics data:                         
7.9 ± 0.6 keV FWHM 

‣ Physics data from 899 (90%) of channels (so far) 
‣ Noise reduction and analysis improvements ongoing
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What	is	CUPID?

‣ 988 enriched (90%) crystals, particle identification with light detection 
‣ Sensitivity to cover IH region 

‣ Reduce backgrounds to 0.1 events / (ton-year) 
‣ 99.9% α rejection @ >90% signal efficiency 
‣ 5 keV FWHM resolution 
‣ Half-life sensitivity (2-5)x1027 years in 10 years (3σ) 
‣ mββ sensitivity of 6-20 meV (3σ)
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CUORE Goal (90% C.L.)

Next-generation bolometric tonne-scale experiment based on CUORE design 

13CUPID Interest Group arXiv:1504.03612 & arXiv:1504.03599



The	path	to	reach	sensitivity	goal
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Particle ID2

to assemble the detector in ultra radiopure environments.
The success of this effort has been recently demonstrated
by the CUORE-0 experiment, an array of 52 bolometers that
reached an a background index of 0.019±0.002 counts/(keVkgy),
a factor 6 less than Cuoricino [7]. The background in CUORE,
however, is still foreseen to be dominated by a particles,
limiting the sensitivity to the 0nbb half-life to around 1026

years in 5 years of data taking. This corresponds to an effec-
tive neutrino Majorana mass that ranges, depending on the
choice of the nuclear matrix element, from 40 to 100 meV,
values that are quite far from covering the entire interval
of masses corresponding to the inverted hierarchy scenario,
that ranges from 10 to 50 meV [1].

The background can be reduced by detecting the small
amount of Cherenkov light that is emitted by interacting par-
ticles in TeO2 crystals. In fact, at the energy scale of interest
for 0nbb , the b s (signal) are above threshold for Cherenkov
emission, while a particles (background) are not [8]. In a
previous paper [9] we operated a 117 g TeO2 bolometer sur-
rounded by a 3M VM2002 reflecting foil, monitoring a crys-
tal face with a germanium bolometer acting as light detec-
tor. In coincidence with the heat released in the TeO2 we
were able to detect the light emitted by b/g particles, which
amounted to 173 eV at 2528 keV. The crystal was doped
with natural samarium, which contains 147Sm, an a-unstable
isotope with Q = 2310 keV. The light detected from these
decays was compatible with zero, confirming that at the 0nbb
energy scale no light is emitted by as. Finally, room temper-
ature tests confirmed that the light emitted by particles inter-
acting in TeO2 can be ascribed to the sole Cherenkov emis-
sion, excluding a contribution from the scintillation [10].

In this paper we present the results of a test conducted on
a CUORE bolometer, i.e. a 750 g crystal, 6 times larger than
that used in our previous work and without samarium dop-
ing. The results confirm that the a discrimination in CUORE
is possible, but the light signal is small and requires light de-
tectors with higher sensitivity than that provided by bolome-
ters.

2 Experimental setup

The TeO2 crystal comes from samples of the CUORE batches
used to check the radiopurity and the bolometric performances
during the production [11], and therefore is identical to the
crystals that are currently being mounted in CUORE. The
crystal is a 5⇥ 5⇥ 5 cm3 cube with translucent faces, two
opposite of which have a better polishing quality, close to
optical polishing grade. All faces are surrounded by the VM2002
light reflector except for an optical one that is monitored by
a 5 cm in diameter, 300 µm thick germanium light detector
(LD) [12] (Fig. 1). Both the TeO2 crystal and the germa-
nium are operated as bolometers, using a neutron transmu-
tation doped germanium (NTD-Ge) thermistor as tempera-

Fig. 1: The TeO2 crystal in the copper holder, surrounded by
a 3M VM2002 light reflector and monitored by the germa-
nium bolometric light detector.

ture sensor [13]. The detectors are held in a copper structure
by means of teflon (PTFE) supports, anchored to the mix-
ing chamber of a dilution refrigerator. The setup is operated
in the CUORE/LUCIFER R&D cryostat, in the Hall C of
LNGS [14].

As in Ref. [9], the read-out of the thermistor is performed
using the Cuoricino electronics [15]. The analog signals are
filtered by 6-pole active Bessel filters [16] and then fed into
an 18-bit National Instrument PXI analog-to-digital converter
(ADC), the same system being used in CUORE-0. The fil-
ter cutoff and the ADC sampling frequency are set to 12 Hz
and 125 Hz for the TeO2, respectively, and to 120 Hz and
2000 Hz for the LD, respectively. The trigger is software
generated on each bolometer. When it fires, waveforms 5 s
long on the TeO2 and 250 ms long on the LD are saved on
disk. Additionally, when the trigger fires on the TeO2, the
waveform on the LD is acquired irrespective of its own trig-
ger.

To maximize the signal to noise ratio, the waveforms are
processed offline with the optimum filter algorithm [17, 18].
On the TeO2 the pulse is identified with a peak finder algo-
rithm, and the amplitude is evaluated as the maximum of the
peak. On the LD, to eliminate noise artifacts at the threshold,
the pulse amplitude is evaluated at the characteristic time de-
lay of the LD response with respect to the pulse on the TeO2,
which is estimated in calibration runs using events generated
by particles interacting in both detectors (for more details
see Ref. [19]).

The light detector is exposed to a permanent 55Fe source,
providing 5.9 and 6.5 keV calibration X-rays. The typical
rise and decay times of the pulses are 2.6 and 6 ms, respec-
tively, while the energy resolution at the iron peaks and at
the baseline is 135 and 72 eV RMS, respectively. To cali-
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to assemble the detector in ultra radiopure environments.
The success of this effort has been recently demonstrated
by the CUORE-0 experiment, an array of 52 bolometers that
reached an a background index of 0.019±0.002 counts/(keVkgy),
a factor 6 less than Cuoricino [7]. The background in CUORE,
however, is still foreseen to be dominated by a particles,
limiting the sensitivity to the 0nbb half-life to around 1026

years in 5 years of data taking. This corresponds to an effec-
tive neutrino Majorana mass that ranges, depending on the
choice of the nuclear matrix element, from 40 to 100 meV,
values that are quite far from covering the entire interval
of masses corresponding to the inverted hierarchy scenario,
that ranges from 10 to 50 meV [1].

The background can be reduced by detecting the small
amount of Cherenkov light that is emitted by interacting par-
ticles in TeO2 crystals. In fact, at the energy scale of interest
for 0nbb , the b s (signal) are above threshold for Cherenkov
emission, while a particles (background) are not [8]. In a
previous paper [9] we operated a 117 g TeO2 bolometer sur-
rounded by a 3M VM2002 reflecting foil, monitoring a crys-
tal face with a germanium bolometer acting as light detec-
tor. In coincidence with the heat released in the TeO2 we
were able to detect the light emitted by b/g particles, which
amounted to 173 eV at 2528 keV. The crystal was doped
with natural samarium, which contains 147Sm, an a-unstable
isotope with Q = 2310 keV. The light detected from these
decays was compatible with zero, confirming that at the 0nbb
energy scale no light is emitted by as. Finally, room temper-
ature tests confirmed that the light emitted by particles inter-
acting in TeO2 can be ascribed to the sole Cherenkov emis-
sion, excluding a contribution from the scintillation [10].

In this paper we present the results of a test conducted on
a CUORE bolometer, i.e. a 750 g crystal, 6 times larger than
that used in our previous work and without samarium dop-
ing. The results confirm that the a discrimination in CUORE
is possible, but the light signal is small and requires light de-
tectors with higher sensitivity than that provided by bolome-
ters.

2 Experimental setup

The TeO2 crystal comes from samples of the CUORE batches
used to check the radiopurity and the bolometric performances
during the production [11], and therefore is identical to the
crystals that are currently being mounted in CUORE. The
crystal is a 5⇥ 5⇥ 5 cm3 cube with translucent faces, two
opposite of which have a better polishing quality, close to
optical polishing grade. All faces are surrounded by the VM2002
light reflector except for an optical one that is monitored by
a 5 cm in diameter, 300 µm thick germanium light detector
(LD) [12] (Fig. 1). Both the TeO2 crystal and the germa-
nium are operated as bolometers, using a neutron transmu-
tation doped germanium (NTD-Ge) thermistor as tempera-

Fig. 1: The TeO2 crystal in the copper holder, surrounded by
a 3M VM2002 light reflector and monitored by the germa-
nium bolometric light detector.

ture sensor [13]. The detectors are held in a copper structure
by means of teflon (PTFE) supports, anchored to the mix-
ing chamber of a dilution refrigerator. The setup is operated
in the CUORE/LUCIFER R&D cryostat, in the Hall C of
LNGS [14].

As in Ref. [9], the read-out of the thermistor is performed
using the Cuoricino electronics [15]. The analog signals are
filtered by 6-pole active Bessel filters [16] and then fed into
an 18-bit National Instrument PXI analog-to-digital converter
(ADC), the same system being used in CUORE-0. The fil-
ter cutoff and the ADC sampling frequency are set to 12 Hz
and 125 Hz for the TeO2, respectively, and to 120 Hz and
2000 Hz for the LD, respectively. The trigger is software
generated on each bolometer. When it fires, waveforms 5 s
long on the TeO2 and 250 ms long on the LD are saved on
disk. Additionally, when the trigger fires on the TeO2, the
waveform on the LD is acquired irrespective of its own trig-
ger.

To maximize the signal to noise ratio, the waveforms are
processed offline with the optimum filter algorithm [17, 18].
On the TeO2 the pulse is identified with a peak finder algo-
rithm, and the amplitude is evaluated as the maximum of the
peak. On the LD, to eliminate noise artifacts at the threshold,
the pulse amplitude is evaluated at the characteristic time de-
lay of the LD response with respect to the pulse on the TeO2,
which is estimated in calibration runs using events generated
by particles interacting in both detectors (for more details
see Ref. [19]).

The light detector is exposed to a permanent 55Fe source,
providing 5.9 and 6.5 keV calibration X-rays. The typical
rise and decay times of the pulses are 2.6 and 6 ms, respec-
tively, while the energy resolution at the iron peaks and at
the baseline is 135 and 72 eV RMS, respectively. To cali-
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Fig. 2: Energy spectrum acquired by the TeO2 crystal. All
the labeled peaks are gs, except for the single and dou-
ble escape peaks of the 2615 keV g from 208Tl, which are
e� + e+ + g and e� + e+ events, respectively, and for the
events around 5.4 MeV, which are generated by the a-decay
of 210Po in the crystal.

brate the TeO2 and to generate events in the 0nbb region,
the setup is illuminated by a 232Th source placed outside the
cryostat. The rise and decay times of the TeO2 pulses are
40 and 532 ms, respectively, values that are similar to the
CUORE-0 ones [7].

The energy resolution at the 2615 keV 208Tl peak from
the thorium source is 11.5 keV FWHM, worse than the 5.7 keV
FWHM obtained averaging all the CUORE-0 bolometers.
This might be due to the different working temperature, which
was chosen higher than in CUORE-0 (20 mK instead of
10 mK) in order to improve the energy resolution of the light
detector (see Ref. [12] for details). The worse energy resolu-
tion of the TeO2 bolometer does not affect our results, since
the attention is focused on the light signal.

3 Results

The energy spectrum acquired from the TeO2 bolometer in
6.86 days of data taking is shown in Fig. 2. The peak around
5400 keV is due to the a-decay of 210Po, a natural contami-
nation of the TeO2 crystal observed also in the 117 g detec-
tor and in CUORE-0. The remaining peaks are gs from the
232Th source, except for the peak at 1461 keV, which is a g
from 40K contamination of the cryostat. Both the single (SE)
and double escape (DE) peaks of the 2615 keV g from 208Tl
are visible. The presence of the DE peak is of particular in-
terest because it is a single site production of a e� and of a
e+, a process similar to the 0nbb .

The light detected versus calibrated heat in the TeO2
crystal is shown in Fig. 3. The distribution of the light cor-
responding to each peak in Fig. 2 (blue dots in the figure) is
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Fig. 3: (Color online) Detected light versus calibrated heat
in the TeO2 bolometer for all the acquired events (gray) and
for the events belonging to the peaks labeled in Fig 2 (blue).
The mean light is clearly energy dependent for the g peaks
(red circles below 3 MeV) and compatible with zero for the
a-decay of the 210Po (pink circle at 5.4 MeV).

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

The detected light at the 0nbb is small, at the same
level of the LD noise, and does not allow one to perform an
event by event rejection of the a background. As indicated
in Ref. [8], the emitted Cherenkov light amounts to several
hundreds of eV, a much higher value than what we detect.

To increase the light collection efficiency, we applied
different modifications to the setup: 1) we changed the VM
2002 light reflector to aluminum foils. Aluminum is expected
to have higher reflectivity in the UV band, the region where
the Cherenkov emission is more intense. Nevertheless, the
amount of light detected is 25% less than in the case of VM
2002; 2) we removed the VM 2002, which is a specular light
reflector, and wrapped the crystal with teflon tape, which is
a light diffusor. The amount of light detected is compatible
with the VM 2002 measurement; 3) we changed the LD to

Cherenkov light from a full 750g TeO2 crystal

101± 3.4 eV of light for a β/γ event with energy 0νββ value
R&D on improved light detectors currently ongoing:  

TES, MKIDs, Neganov-Luke assisted, MMCs
We need to discriminate between α and β/γ at 5σ, ie 99.9% rejection α’s with 90% efficiency. 

For a light yield of 100 eV implies resolution need of better than 20eV.
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Neganov-Luke	Amplification	within	CUPID	R&D
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Fig. 3 Detected light vs. calibrated heat in the TeO2 bolometer for all the acquired events. On
the top left the electric field on the LD is turned off, in the top right a 30 V bias is applied. In
the bottom left figure the LD is amplified with 50 V of applied voltage, while in the bottom right
90 V.

6 Conclusions

The present work shows the potential of Neganov-Luke effect as signal amplitude
amplifier for cryogenic light detectors. The developed device ensures high gain
without spoiling the baseline noise. Coupling our LD to a CUORE-like massive
TeO2 bolometer allows for an efficient particle discrimination to an unprecedented
level. Such technology enables the suppression of the a-background in the ROI
for 130Te 0nbb decay.
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‣ Detector has Al interleaved electrodes, 
similarly made for EDELWEISS 

‣ 5cm diameter, 180 μm thick, with a Ge-
NTD sensor and Neganov-Luke amp. 

‣ On top of 750g TeO2 crystal 
‣ Electrodes biased up to 300 V (factor of 

5x amplification) with no worsening of 
baseline noise.

‣ 20 x 20 mm2 silicon slab, 625 μm thick 
‣ Central dot is biased with 300V 
‣ Square electrode on perimeter is GND. 
‣ Light detector 1.7 mm from a 1 cm3 

TeO2 crystal 
‣ Crystal surrounded by VM2000 (3M) 

reflecting foil, bottom covered with Al 
tape. 

‣ Sources: 232Th on surfaces and outside. 
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Figure 3: Scatter plot of light channel signal vs. heat channel signal. The di↵erent
populations are described in the text. The solid lines correspond to 90% confidence
level bands; the dashed line is the average trend of the beta/gamma band, while
the points represent the average of some full energy, double and single escape peaks,
systematically below the continuum trend.

Both sources are expected to produce events in the 2-3 MeV energy region with a rate
of ⇠1 mHz and ⇠50 mHz, respectively.

Finally, the detectors are mounted inside an Oxford Instruments TL200 3He/4He
dilution refrigerator and operated at a temperature of about 15mK.

4 Data analysis and results

The data analysis is completely performed o↵-line. It exploits the Optimal Filter
[19] technique to evaluate the pulse amplitudes with the best signal-to-noise ratio and
apply an e↵ective pulse shape discrimination. Due to their di↵erent shape spurious
events not associated to particles interacting in the TeO2 crystal are recognised and
rejected.

Since the signal-to-noise ratio in the light channel is generally small, light pulses
are often hidden below the noise level and trigger algorithms can be only applied to
the heat signal. When a signal on the heat channel is triggered an equivalent segment
is acquired also from the light channel. The amplitude of the light channel filtered
waveform is then evaluated at a (previously measured) fixed delay with respect to the

5

4

0 keV is about 80 eV14), but did prove to be highly reproducible4. For this rea-
son, highly performing LD based on Ge-NTD thermal sensors are very promising
devices.

So far, standard Ge-NTD based LDs consist of highly pure germanium disks
operated as bolometers, these show performance good enough for the detection
of light emitted by scintillating bolometers used in 0nbb applications15, but not
enough for an effective Cherenkov light measurement with TeO2 detectors.

Taking advantage of the Neganov-Luke effect17,18, the detector performance,
in terms of energy threshold, can be enhanced when operating Ge-NTD based
LDs. During particle interaction in the LD (e.g. Cherenkov photons), phonons
and charged carriers are produced. If an electrical field is applied on the detector,
electron-hole pairs will drift across the field while generating additional phonons,
resulting in an amplification of the thermal signal. In first approximation, the gain
linearly scales with the voltage across the detector:

G = 1+
e ·V

e
(1)

where, e is the electron charge, V the applied voltage and e the energy needed to
create an electron-hole pair.
The detector energy threshold will be significantly lowered if the absolute signal
amplitude is increased, without spoiling the baseline detector noise.

4.1 Light detector performance

The detector, produced at CSNSM (Orsay, France), is characterized by aluminum
interleaved electrodes, the same design used for the EDELWEISS Dark Matter
project16, see Fig. 1.

Fig. 1 Picture of the electrodes deposited on the 5 cm Ge light absorber. The wafer is housed
inside a copper structure and kept in position by means of PTFE holders. On the edge of the disk
the Ge-NTD sensor is also visible.

In this work, we report on the performance of a germanium light absorber disk
(5 cm of diameter and 180 µm of thickness) equipped with a Ge-NTD sensor and
amplified using the Neganov-Luke effect. The measurements are carried out at
the L.N.G.S. underground laboratories of I.N.F.N. (Italy) in the LUCIFER R&D
cryostat15.

3

Fig. 1 Neganov-Luke detector geometry. Left: technical drawing of the electrode layout. Right: picture of the actual detector
with aluminum electrodes and bonding pads. The central dot is the bonding pad and the electrode itself. The annular electrode
has a pad for wire bonding at the midpoint of one side. The square in the upper left corner is a gold patch foreseen for the
placement of the NTD temperature sensor.

continuously recorded. The o↵-line analysis allows to
determine the pulse amplitude, as well as many pulse
shape parameters.

Two types of light sources have been faced to the
detectors: BGO (Bismuth Germanate) crystals illumi-
nated by a 232Th source located outside the cryostat
and YAP (Yttrium Aluminum Perovskite) scintillators
with a monochromatic ↵ source deposited on a surface.

4 Detector performance

The performance of the detectors have been studied by
applying di↵erent polarizing voltages at the Neganov-
Luke e↵ect electrodes. The polarity of the bias has also
been inverted to characterize any asymmetric behaviour
of the device and determine the best operating condi-
tions. Voltages up to 240 V have been applied on 12
detectors without encountering any failure and observ-
ing a consistent behaviour.

4.1 Detectors noise and energy resolution

The noise level of the detectors has been evaluated dur-
ing the data taking at di↵erent values of Neganov-Luke
voltage by randomly sampling the baseline after the ap-
plication of an optimal filtering algorithm. No depen-
dence of the noise level on the applied voltage has been
observed up to the maximum applied voltage of 240 V.
The energy resolution has also been estimated by mea-
suring the width of the peak corresponding to the light
pulses produced by the YAP source. As expected, al-
ready at the lowest value of applied voltage (40 V) the
relative energy resolution is compatible with the width
of the light source emission of about 7% (dominated by

the alpha source smearing), and remains constant when
the voltage is increased.

4.2 Pulse amplitude and gain

When a voltage is applied to the electrodes the ampli-
tude of the pulses generated by light interacting with
the absorber is largely increased. The corresponding
gain G(VLuke), defined as the ratio between the am-
plitude of a pulse with a given bias voltage VLuke and
the amplitude of a pulse produced by a particle of the
same energy with no voltage applied, shows a smooth
and nearly linear dependence on the voltage, with abso-
lute value depending on the electrodes design. The gain
stability over time has been characterized and a general
behaviour has been identified on all the di↵erent elec-
trode designs: after an initial transient during which the
gain decreases exponentially, the pulse amplitude sta-
bilizes. The time constant of the transient strongly de-
pends on the rate of energy deposition on the absorber,
and hence on the rate of charge produced and drifted
by the electric field: the light detectors facing the BGO
source with low rate of interaction are stable over long
time scales, while the gain of the detectors facing the
YAP sources quickly decays by a factor 20-40%. This
behaviour, already observed in similar applications [9,
10,11], is ascribed to charge trapping phenomena in the
detector and the consequent generation of a shielding
field whose features can be observed and studied when
the polarizing voltage is removed. This e↵ect can be
reduced with a careful selection of high purity silicon
absorbers and by following a proper procedure when
the voltage is applied; the residual charge can be easily
removed by flashing the detector with light. Given the
rate of interaction that the detectors must sustain in

300 V
L. Gironi et al., Phys. Rev. C 94, 054608 (2016)

L. Pattavina et al., J. Low Temp. Phys. (2016) 184:286-291
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achieve the required sensitivity, we have taken the ap-
proach suggested by Niinikoski of using arrays of small
Si bolometers. We chose, however, to follow the approach
in [26] and use transition-edge sensors (TES) as the tem-
perature readout. We took these ideas and optimized the
design for this sterile neutrino search.

B. Detector design and expected performance

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

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

R
dR
dT .

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

!Erms ¼ "E #

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4kBT

2Ctot

!

ffiffiffiffiffiffiffiffiffiffiffiffiffi
#þ 1

2

svuut
; (7)

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

ffiffiffiffiffiffiffiffiffiffi
2 ln2

p
"E < 3:14 eV.

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

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

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

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

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

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

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

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

are shown in dashed outlines. For this study we have assumed
Cexcess and/or Gexcess can be made small enough to become
negligible.
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proach suggested by Niinikoski of using arrays of small
Si bolometers. We chose, however, to follow the approach
in [26] and use transition-edge sensors (TES) as the tem-
perature readout. We took these ideas and optimized the
design for this sterile neutrino search.
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This section focuses on the details of our design choices
for this experiment. For more background material on low-
temperature detectors, we suggest the following: a com-
prehensive overview of the applications can be found in
[34]; specifics on operation and capabilities are reviewed in
[35], and details of TES physics are reviewed in [36].
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and resistance R is the quantity !, defined as ! ! T
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where kB is the Boltzmann constant, Ctot is the total heat
capacity of the bolometer, and # is the exponent of the
temperature dependence of the thermal conductivity be-
tween the bolometer and the refrigerator. To unambigu-
ously detect events above the noise from the detector, we
set the experimental threshold to 7:5"E. For a 10 eV
threshold, we then need a detector with "E < 1:33 eV, or
expressed in terms of the full width at half maximum,
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refrigerator dominated by Kapitza resistance, # ¼ 4, and
with a temperature T ¼ 15 mK, a 10 eV threshold could be
attained with a heat capacity Ctot % 200 pJ=K. However,
this model is not complete, as it assumes a perfectly
isothermal bolometer. In practice, the various internal
heat capacity systems of the bolometer are decoupled
from each other through internal conductances, and ther-
malization times of each separate heat capacity must also
be taken into account. These internal decouplings intro-
duce various sources of noise, degrading the energy reso-
lution of the bolometer and consequently requiring a
smaller heat capacity to attain the desired threshold.

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

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

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

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

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

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

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

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

Towards Low Tc sensors

At ANL with sputtering chamber on the back
Cryogen free DR and Co-60 
thermometry down to ~7mK

Iridium bilayers

Collaborators at ANL: Val Novosad, Gensheng Wang, and Volodymir Yefremenko

Collaborating at ANL with C. Chang, V. Novosad, T. Polakovic, G. Wang and V. Yefremenko

Dicing at Beeman’s Lab

1 x 3 mm2
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Tc	suppression	in	Iridium/Platinum	Bilayers

Temperature [mK]
20 40 60 80 100 120

]
Ω

R
es

is
ta

nc
e 

[

0

0.2

0.4

0.6

0.8
1

1.2

1.4

1.6

 
 Ir/Pt Bilayers

100 / 20 [nm]
100 / 30 [nm]
100 / 40 [nm]
100 / 50 [nm]
100 / 60 [nm]
100 / 70 [nm]
100 / 80 [nm]

Platinum thickness [nm]
20 30 40 50 60 70 80

 [m
K]

c
Ir/

Pt
 b

ila
ye

r T

20

40

60

80

100

120

Graph

Iridium
Platinum

‣ We found 2 recipe solutions for fabrication 
of Low Tc TES 

‣ Films fabricated at and in collaboration 
with Argonne National Lab. 

‣ Sputtering at room temperature allows for 
a scalable solution
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Tc	suppression	in	Gold/Iridium/Gold	Trilayers
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‣ We found 2 recipe solutions for fabrication 
of Low Tc TES 

‣ Films fabricated at and in collaboration 
with Argonne National Lab. 

‣ Sputtering at room temperature allows for 
a scalable solution
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Ir/Pt:	A	new	promising	bilayer	for	low	Tc	TES
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From	films	to	TES	on	2	inch	diameter	Si	wafer
‣ Ir/Au TES on 2 inch wafer sputtered at 

room temperature 
‣ Tc consistent with that obtained with films 
‣ AC current bias using Magnicon squid with 

a local Nb can on squid 
‣ Working on noise mitigation, measurement 

of Gep and testing of Ir/Pt towards using 
lower Tc recipes found on films already



Enriched	TeO2	bolometers	with	PID

‣ 92% enriched 130Te crystals, 435g each, produced at SICCAS in a similar way 
to CUORE crystals but starting with an enriched 130Te powder.

First results of performance of a large (36x38x52 mm3) TeO2 crystals in which 
Cherenkov light is used for Particle Identification (PID).

and processed (shaped, chemical etched and polished) in a ded-
icated clean room with special precautions aimed at preventing
possible radio-contamination of samples. In order to maximize
the Cherenkov light output, four of the surfaces were roughly125

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 Ge130

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. The135

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 Bolometers140

To operate a crystal as a bolometer it must be coupled with
a suitable thermometer; in our case 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 resistive145

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 3.5150

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 sup-
ports mounted on Cu columns (see Fig. 1). These S-shaped
Teflon supports ensures that with the down-cooling of the set-155

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 collec-
tion, the crystal is surrounded laterally and on the bottom part160

(with no direct thermal contact) by a plastic reflecting sheet (3M
VikutiT M ESR).

3.2. Neganov-Luke light detectors

The LDs developed for DBD scintillating bolometers exper-
iments [25] generally consist of Ge wafers coupled to NTD Ge165

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 with170

the weak Cherenkov light signal (even if values ⇠30–50 eV
RMS were recently obtained [26]).

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.

The two LDs used in this work have essentially the same
structure and materials, and especially the same temperature
sensor, but their signal-to-noise ratio can be significantly im-175

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 the180

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 an185

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-190

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 the195

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 the200

achieved amplification for both detectors (GeLuke and GeCo)
is shown in Fig. 2. We remark that - for a fixed deposited en-
ergy - the amplification for Cherenkov absorption is expected to
be lower than the amplification for LED light absorption, since
the Cherenkov photons are distributed in the optical and near-205

ultraviolet frequency range. Therefore, the individual photon
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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 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 the290

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).295

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,300

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-305

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 unique310

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-315

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 the320

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 and325

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 longer330

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 of335

the LDs are shown in Table 5.

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

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

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

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

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

spectrum correspond to 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 the290

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).295

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,300

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-305

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 unique310

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-315

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 the320

data and the use of the light-synchronization [37] allowed the

Energy [keV]
3000 4000 5000 6000 7000

C
o

u
n

ts
/1

0
 k

eV

1

10

210

310

Energy [keV]
3000 4000 5000 6000 7000

C
o

u
n

ts
/1

0
 k

eV

1

10

210

310

210
Po (ext)

Po (int)
210

Po (int)
210

U (int)
238

210
Po (ext)

U (int)
238

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 and325

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 longer330

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 of335

the LDs are shown in Table 5.

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

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

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

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

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

spectrum correspond to 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 the290

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).295

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,300

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-305

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 unique310

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-315

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 the320

data and the use of the light-synchronization [37] allowed the
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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 and325

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 longer330

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 of335

the LDs are shown in Table 5.

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

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

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

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

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

8

Table 2: Summary of the a vs. b/g discrimination power (DP, see Eq. (8)) obtained for several scintillating bolometers
and for TeO2 bolometers. Results for three techniques are shown: the double readout of the heat and the scintillation light,
the pulse shape analysis, and the readout of the Cherenkov light. All results were obtained at the 2615 keV 208Tl line. For
the Cherenkov light readout, the values of the discrimination power reported here are lower than the separations calculated
in [49] and [61] due to a different definition of DP.

Bolometer Scintillation Pulse shape Cherenkov Ref.

ZnSe 9 15 - [50]
CdWO4 15 - - [52]
ZnMoO4 8-17 8-20 - [55–57]

TeO2 - - 1-1.5 [49, 61]
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Fig. 4: Light vs. heat scatter plots of recently tested bolometers. The different nature of the light signal should be noted.
CdWO4 (a), ZnMoO4 (b), and ZnSe (c) are scintillating bolometers where the light signal is given by the scintillation induced
by particle interactions. TeO2 (d) does not scintillate, however Cherenkov light is produced by b /g interactions (circles) and
not by a ones (triangles). Pictures are readapted with authors consensus from the following papers: [52] (a), [55] (b), [50]
(c) and [61] (d).

116CdWO4

Zn100MoO4

Zn82Se 130TeO2

Sensitivity to the Majorana 
mass mββ goes as:

]
-1

 [y
NF

-1410

-1310

-1210

-1110

Ca48 Ge76 Se82 Zr96 Mo100 Cd116 Sn124 Te128 Te130 Xe136 Nd150

IBM
QRPA-T
QRPA-J
ISM
PHFB
GCM

�� Decay Reaction

Isotopic Abundance Q-value

[atomic %] [keV]

48
Ca!48

Ti 0.2 4274

76
Ge!76

Se 7.6 2039

82
Se!82

Kr 8.7 2996

96
Zr!96

Mo 2.8 3348

100
Mo!100

Ru 9.6 3034

116
Cd!116

Sn 7.5 2814

124
Sn!124

Te 5.8 2288

128
Te!128

Xe 31.8 866

130
Te!130

Xe 34.2 2528

136
Xe!136

Ba 8.9 2458

150
Nd!150

Sm 5.6 3368M. Vignati 2

130Te 76Ge 100Mo 
116Cd 

82Se 

136Xe

environmental γ bkg.

Ad
va

nc
es

 in
 H

EP
,  V

ol
 2

01
3 

(2
01

3)
, A

rt
ic

le
 ID

 2
37

97
3

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

24



CUPID-0:	First	array	of	Zn82Se	bolometers
‣ 22 enriched Zn82Se (Qββ=2996 keV) bolometers to 95% (400g each) + 2 not 

enriched   
‣ 5 towers, total mass ~11 kg (5.3 kg 82Se) 
‣ Goal to demonstrate a background of 10-3 count/keV/kg/y and energy resolution 

of 10 keV in ROI.

3

The Se powder was enriched at URENCO Stable
Isotope Group (Netherlands) to overcome the rather
poor natural isotopic abundance of 82Se (8.73% [38]).
We measured the radio-purity of the 96.3% enriched
powder with HP-Ge spectroscopy and, since we found
no evidences of contaminations, we set upper limits of
61µBq/kg, 110µBq/kg and 74µBq/kg at 90% C.L. for
232Th, 238U and 235U, respectively [39]. We measured
with the same sensitivity also Zn metal, and found no
signatures of 232Th, 238U and 235U.

The Zn82Se synthesis, as well as the crystals growth
were performed at the Institute for Scintillation Materi-
als (ISMA, Kharkov, Ukraine). To prevent contamina-
tions, the synthesis and the subsequent powder purifi-
cation treatments were performed in Argon atmosphere
using tools/containers selected according to their radio-
purity. After the test run described in this paper, all
the 95.4% enriched CUPID-0 crystals were cut, shaped
and polished in order to obtain bolometers with 4.4 cm
diameter and 5.5 cm height, for an average mass of
440.5 g. These operations were carried out in a clean
room at LNGS following the protocols for radio-purity
described in Ref. [40]. The procedures that we devel-
oped for the Zn82Se synthesis and purification allowed
to reach a yield of 98%, with 2% irrecoverable loss of
enriched Se. The yield of the crystals production was
reduced by losses of material evaporated during the
crystal growth. The crystals presented in this paper
were grown using graphite crucible, with an irrecov-
erable loss of material of about 15%. The growth pro-
cedure was then optimized in order to reduce the mate-
rial loss down to 2% using glassy graphite crucible. The
fraction of material discarded during the manufactur-
ing process (about 40%) can be reprocessed to obtain
other Zn82Se crystals. More details about the synthesis,
crystal growth and processing can be found in Ref [41].

The scintillation light emitted by each Zn82Se will
be measured by two light detectors [42], facing the top
and bottom surfaces of the crystal (see Figure 1-a). The
light detectors are also bolometers made of disk-shaped
Ge crystals (4.4 cm diameter) grown by UMICORE us-
ing the Czochralski technique. Since the energy emitted
as scintillation light is only a few % of the total, the Ge
crystals must be very thin to ensure a low heat capac-
ity and, thus, a higher signal. For this reason, the light
detectors were cut in 170µm thick wafers, that were
polished and etched on both sides. The face showing
the best optical properties was coated with a thin layer
(70 nm) of SiO in order to increase the light absorp-
tion [43,44].

To convert temperature variations into readable volt-
age signals, each ZnSe and Ge crystal will be equipped
with a Neutron Transmutation Doped (NTD) Ge ther-

Zn82Se

Ge-LD

PTFE 
Zn82SePTFE 

Ge-LD

Detector 
read-out

Column

Copper 
Frame

a

b

c d

Fig. 1 a) Lateral view of a single module: the Zn82Se is
placed between two light detectors (Ge-LD), not visible in
this scheme because of their small thickness (about 170µm);
all the detectors are held in the copper structure using PTFE
elements. Top (b) and 3D (c) views of the CUPID-0 detector.
d) 3D view of the CUPID-0 detector hosted in the CUORE-0
cryostat.

mistor using a semi-automatic gluing system. In addi-
tion, a Si Joule heater will be glued to the crystals for
the o✏ine correction of thermal drifts by heat pulses
injection [45].

The Zn82Se and Ge bolometers will be mounted
in an Oxygen Free High Conductivity (OFHC) copper
structure, serving as thermal bath to cool the detectors
at ⇠10mK. To account for di↵erent thermal contrac-
tions of the detectors and copper, the crystals will be
secured to the copper frames using PTFE elements, act-
ing also as weak thermal coupling to the bath. The final
layout of the CUPID-0 detector, that will be hosted in
the same cryostat used for CUORE-0 with an upgrade
for the reduction of the microphonic noise, is shown in
Figure 1.

To test the CUPID-0 assembly line, as well as to
verify the compliance of the final detectors with the re-
quirements on energy resolution, background rejection
capability and intrinsic radio-purity, we mounted an ar-
ray of three Zn82Se crystals and performed a bolometric
run. In this paper we present the results of the test run
and discuss the perspectives for CUPID-0.

3 Detector

The detector consists of three Zn82Se crystals (for a
total Zn82Se mass of about 1.32 kg) and four light de-
tectors, arranged in a single tower following the layout
depicted in Figure 1.

Apart from the number of crystals, there are only
few di↵erences with the final CUPID-0 protocol for
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(red) interactions with energy of about 2.6MeV.

pulses computed for the best light detector is shown for
Zn82Se-1 in Figure 5.

Because of the worse signal-to-noise ratio, the �/�
and ↵ bands become wider at lower energies. To com-
pute the discrimination capability at the 0⌫DBD en-
ergy, we divided the ↵ and �/� bands in intervals and
made Gaussian fits to derive the mean value (µ) and
the standard deviation (�) of the Shape Parameter in
each interval. We fitted the energy dependence of µ(E)
and �(E) with polynomial functions and defined the
Discrimination Power (DP) as a function of the energy
as:

DP (E) =
|µ

↵

(E)� µ
��

(E)|q
�2
↵

(E) + �2
��

(E)

and found DP = 12 at the 82Se Q-value. The same
analysis was made on the other two crystals, obtaining a
DP of 11 and 10 for Zn82Se-2 and Zn82Se-3 respectively.

We report in Figure 6 the zoom at high energy of
the spectrum collected with the Zn82Se array in about
530 h, before and after the rejection of the ↵ back-
ground and of the events occurring simultaneously in
more than one crystal. The number of events above the
208Tl peak is very small if we consider that the cryo-
genic set-up used for this test did not provide an e�-
cient shield against 214Bi produced in Rn-contaminated
air, and that the crystals were measured immediately
after production (when the activation could still give
rise to an important background). For CUPID-0 we
foresee an even better result, as the cryostat used by
CUORE-0 will be equipped with a more e↵ective Rn-
free system and a more e�cient shielding. Moreover,
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Fig. 6 High-energy spectrum of the Zn82Se array collected
in 530 h before (gray) and after (red) the rejection of the ↵
background. The green lines indicate a FWHM region cen-
tered on the 82Se Q-value.

storing the crystals underground will suppress the ac-
tivity of isotopes like 56Co (T1/2 ⇠79 d) that, as ex-
plained in the previous section, was expected to pro-
duce a non-negligible background in this run.

6.3 Crystal Contaminations

The radio-purity of Zn82Se crystals is of primary con-
cern for the achievement of the target sensitivity, as
the long-living isotopes of the natural 238U and 232Th
chains may give rise to an irreducible background in the
region of interest around 3 MeV.

Due to their very short range, ↵ particles can give
a clear indication of bulk or surface contaminations. If
the ↵-decaying isotope is located in the crystal bulk,
both the ↵ particle and the nuclear recoil are absorbed
by the bolometer, giving rise to a peak at the Q-value
of the decay. On the contrary, if the contaminant is
located on the crystal surface, ↵’s (and with much lower
probability nuclear recoils) may leave the crystal before
being stopped and the event is recorded with an energy
lower than the Q-value. Only for very shallow surface
contamination the ↵ line (about 100 keV below the Q-
value) becomes visible.

To extract the crystal contaminations in the iso-
topes of the 238U and 232Th chains, we analyzed the
↵ region of the total energy spectrum, reported in Fig-
ure 7. The same analysis was performed on the energy
spectra of each Zn82Se to highlight possible di↵erences,
and the results are shown in Table 3. In some cases we
had no evidences of contaminations, thus we reported
the 90% C.L. upper limit. For this purpose, we defined
the signal as the number of events falling in the energy
region [Q-value - 3�, Q-value + 3�] and the background

4

Fig. 2 Two stages of the tower assembly. Left: a light de-
tector equipped with an NTD Ge thermistor and a Si Joule
heater is mounted on top of a Zn82Se bolometer, surrounded
by a 3M VM2002 reflecting foil. Right: the second Zn82Se
bolometer is placed on top of the previous light detector.

the detector assembly: (1) the cleaning procedure de-
fined for the surface of the crystals in CUPID-0 was
not yet applied the present crystals, as we were inter-
ested mainly in the bolometric performance and crys-
tal bulk contaminations, (2) the detector was mounted
above-ground, shortly after the crystal growth, while
the CUPID-0 towers will be assembled in a Radon-free
underground clean room using crystals stored under-
ground to reduce the cosmogenic activation, (3) during
the measurement the Zn82Se were permanently exposed
to smeared ↵ sources of 147Sm (Q-value⇠2.3MeV) to
assess the background rejection capability in a short
measurement time.

We used two classes of NTD Ge thermistors, charac-
terized by di↵erent dimensions: the large sensors (2.8⇥3.0⇥1.0mm)
were attached on Zn82Se bolometers, while the smaller
ones (2.8⇥2.0⇥0.5mm) were glued to the light detec-
tors that, because of their much smaller mass, require
sensors with lower heat capacity. Two stages of the de-
tector assembly are shown in Figure 2.

The Zn82Se array was anchored to the coldest point
of a 3He/4He dilution refrigerator located in the Hall C
of LNGS. For technical reasons, the refrigerator could
not be operated below 20mK, which is however satisfac-
tory for our purposes. The final CUPID-0 towers will
reach a much lower base temperature (about 10mK)
exploiting the cryostat that was used for the CUORE-0
experiment.

The signals were amplified by high gain voltage am-
plifiers with input stages based on Silicon JFETs, fil-
tered by a 6-pole low-pass Bessel-Thomson filter [46,
47,48] with roll-o↵ rate of 120 dB/decade, and fed into
an 18 bit NI-6284 PXI ADC unit. Due to the di↵erent
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scintillation light detected by the top (blue, continuous line)
and bottom (orange, dotted line) light detectors. The side of
the top light detector facing the Zn82Se bolometer was coated
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time development of heat and light pulses (shown in
Figure 3) we set a cut-o↵ frequency of 63Hz for Zn82Se
and 200Hz for light detectors. When the software trig-
ger of each Zn82Se fired, we saved on disk 5 s long time-
windows sampled at 1 kHz. The light detectors were
acquired with a shorter window of 250ms and a higher
sampling frequency (2 kHz). In addition to the deriva-
tive trigger, we used a second trigger that forced the
acquisition of the light detectors every time the trigger
of a Zn82Se fired.

To maximize the signal-to-noise ratio, the waveforms
were processed o✏ine with the optimum filter algo-
rithm [49,50]. Unlike the classical nuclear pulse shape
processing (gaussian, semi-gaussian, CR-(RC)n etc.) the
optimum filter estimates the signal at each frequency
with weights equal the signal-to-noise ratio at the same
frequency, embedding in its shape the proper timing
parameters. In our case it behaves as a pass-band fil-
ter with the lower frequency optimized for 1/f noise
rejection, while the higher frequency is limited by sig-
nal roll-o↵, minimizing the contribution of white noise.
Since light pulses feature a worse signal-to-noise ratio,
we used a dedicated algorithm, exploiting the known
time-delay between heat and light signals, to compute
their amplitude [51].

The general features of the Zn82Se bolometers are
reported in Table 1. The working resistance of the NTD
Ge thermistor R

work

depends on the detector temper-
ature: the lower the temperature, the larger the resis-
tance. The electronics channels are optimized for R

work

of the order of tens/hundreds of M⌦ (corresponding to
a crystal temperature lower than 10mK) but the high
base temperature of the cryostat prevented the achieve-
ment of such a resistance, somehow spoiling the detec-
tor performance. Given the low values of R

work

(re-

Reflective foil

Zn82Se

Teflon holder

Light Detector  
(Ge wafer with NTD)

‣ The ZnSe powder was enriched at URENCO Stable Isotope 
Group in the Netherlands. 

‣ The Zn82Se synthesis and crystal growth was done at Institute 
for Scintillation Materials (ISMA) in Kharkov, Ukraine.
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CUPID-Mo

‣ Four Li100MoO4  (LMO) bolometers 
were operated at LSM (Modane 
underground lab, France)
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Current test of four enriched crystals 
Four Li2100MoO4 (LMO) scintillating bolometers are now in operation at LSM  
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‣ Excellent energy resolution on heat 
channel (see Figure), good 
radiopurity and easy crystallization

‣ Successful test of performance of 4 
enriched Li100MoO4  (LMO) using the 
EDELWEISS cryostat, electronics and 
DAQ

‣ CUPID-0/Mo is a 20 detector 
demonstrator is being planned and 
data taking is expected to start at 
early 2018.
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1. CUORE-0 was a successful demonstration of the low-background techniques that 
we have applied to CUORE. 

2. CUORE has been commissioned and is currently in data-taking phase  

3. CUPID is a next generation 0νββ decay search experiment aiming at a zero-
background (0.1 events/ton-year) with a sensitivity to mββ<20 meV to cover IH. 

4. We have a vigorous R&D program aimed to demonstrate this sensitivity on the 
timescale of 2-3 years: 

(a) CUORE has demonstrated the cryogenic technology 

(b) Scalable and low Tc TES technology is a promising sensor for CUPID. 
Other sensor technologies are also being developed such as MKIDs 
(CALDER). 

(c) Neganov-Luke amplification with a Ge-NTD has already been 
demonstrated as a viable light detector technology, using 2 enriched 130Te 
crystals, 435g each. 

(d) Enrichment and crystal production of 130Te: a promising starting point. 

(e) Scintillating bolometer R&D proceeding with pilot experiments, including 
CUPID-0

Summary
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The	CUORE	collaboration
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