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Double-Beta Decay

• Not allowed by the Standard Model (ΔL=2)

• Decay never observed:  T½ >1022 -1025 y

• Possible only if neutrinos are Majorana particles

• Second order SM weak process

• Rarest decay ever observed: T½ ~1019 -1021 y

2νββ

0νββ

It is a very rare nuclear decay:
(A,Z) → (A, Z+2)+2e-+(2νe)-
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• Nuclear process: (A,Z) ! (A,Z+2) + 2 e-

• Can only happen if lepton number is not 

conserved.

• The decay amplitude depends on the effective

neutrino Majorana mass        :

• The measurable quantity is the half-life (       ):

Indirect neutrino mass 
measurement
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The observation of 0νββ:

• proof of the Majorana nature of 

neutrinos

• constraints on neutrino mass 

hierarchy

• neutrino mass scale

• infer information about Majorana 

phases

Decay rate:
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* High efficiency
* Good energy resolution
* Large mass source

Calorimetry
Solid-state device   Bolometer   Gas Detector

Scintillation & Tracking

* Large mass source
* Particle identification

Liquid scintillator TPC

Experimental signature
Measurement of the kinetic energy of the 
decay products (~MeV).

It is a monochromatic peak at the Q-value 
of the nuclear transition.
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Scintillation & Tracking

* Large mass source
* Particle identification

Liquid scintillator TPC

Experimental signature

6

* High efficiency
* Good energy resolution
* Large mass source
* Wide range of absorber materials

Calorimetry
Solid-state device   Bolometer   Gas Detector

Measurement of the kinetic energy of the 
decay products (~MeV).

It is a monochromatic peak at the Q-value 
of the nuclear transition.



0vββ Sensitivity
S0v: half-life corresponding to the minimum number of detectable 

signals above background at a given C.L.

Q-value: 2995 keV
Material: ZnSe
Enriched a.i.: 95% 
Source Mass: ~10 kg of Se-82
Projected Bkg: ~0.001 c/keV/kg/y
Resolution: ~ 10 keV @ ROI
Sensitivity T1/2: ~1026 y in 5 y

F.Alessandria et al., arXiv:1109.0494

Q-value: 2528 keV
Material: TeO2
Natural a.i.: 34% 
Source Mass: 206 kg Te-130
Projected Bkg: ~0.01 c/keV/kg/y
Resolution: ~ 5 keV @ ROI
Sensitivity T1/2: ~1026 y in 5 y

S0⌫ � a.i.

r
M · t
B ·�E

i.a.: isotopic 
abundance

M: detector 
mass

t: measuring 
time

high natural 
i.a. among 0νββ 

candidates
or enrichment

Large mass array Stable over long time (~y)

Bolometric 
approach

- Deep underground location
- Material selection
- High granularity

ΔE:  energy 
resolutionB: background

http://arxiv.org/abs/1109.0494
http://arxiv.org/abs/1109.0494
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The bolometric technique
Almost all the deposited energy is 

converted into phonons which induce a 
measurable temperature rise

The heat capacity of the crystal must 
be very small

(-> low Temperature ~10 mK)

Absorber
- M ~ 0.45 kg
- C ~ 10-10 J/K
- ΔT/ΔE ~ 500µK/MeV

fully-active detector

Heat-sink:
Copper

Thermal 
conductance (G):
PTFE & gold wires

Absorber

Thermometer:
Ge-NTD

ZnSe

Sensor
- R = R0 exp[(T0/T)1/2]
- R ~ 100 MΩ
- ΔR/ΔE ~ 3 MΩ/MeV



0vββ candidate isotopes
-> the “best-isotope” must have:

   * high Q-value 

   * high a.i.

Environmental radioactivity 
energy spectrum (232Th & 238U)
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requirements:

- high Q-value -> better if > 3 MeV
- high a.i. -> the highest possible but...
- easy/cheap enrichment -> reduce radioactive contaminations
- solid -> bolometers have crystal structures
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Bkg sources in bolometric 
DBD experiments

Since bolometers are fully-active detectors and are sensitive to all 
radiation types, various sources can limit the experimental sensitivity

- neutron activation: (n,γ) reactions
* appropriate shields are needed

- energy deposit in the ROI
* underground installation & granularity & veto

- natural radioactivity (238U & 232Th)
* isotope choice and material selection

- αs coming out from detector surfaces 
* surface cleaning and particle discrimination

Neutrons =>

Muons =>

β/γs =>

degraded αs =>



α-region

calibration

background

CUORICINO experiment
• first large array (62 bolometers = ~41 kg) for DBD
• high statistics (exposure: 19.75 kg(Te130)×y )
• energy resolution @ DBD0ν: 6.3±2.5 keV

Cuoricino:

background @ DBD0ν:
  0.17 c/keV/kg/y

12

QDBD0ν

E. Andreotti et al., Astropart. Phys. 34, 822 (2011)

calibration

background

Degraded α struggling 
from TeO2 and Cu 

surface 
contaminations

(232Th & 238U)

65%

External
high energy γ
(232Th)

35%

γ-region

CUORICINO final spectrum
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High energy β/γs background
Background can be induced by contaminations

of 238U & 232Th decay products.
Elements with Qvalue ~ QDBD:

- 214Bi-214Po : Qvalue 3.27 MeV

- 210Tl-210Po : Qvalue 5.49 MeV
- 208Tl-208Pb : Qvalue 5.00 MeV

=> rejection because of pile-up
with 214Po and slow thermal signal

=> delayed coincidence with 214Bi α
=> delayed coincidence with 212Bi α

Far contaminations (external) are dangerous
=> proper shields & material 
selection

Near contaminations (crystal or Cu structure):
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α decays may occur on surfaces of 
Cu structure or on the detectors 
due to possible re-contaminations 

of radio-pure materials.

Etot = Eα + Erecoil
~MeV = ~MeV + ~10-100 keV

M. Clemenza et al., Eur. Phys. J. C 71, 1805 (2011)

N.B. bolometers are 
fully-active detectors
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Detector Detector

Cu structure

1
2

3

4

5

decay
αRecoil 2-4 may induce a bkg in 

the DBD energy region
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The simultaneous read-out of light and thermal signals allows to discriminate 
the α background thanks to the scintillation yield different from β particles.

When a bolometer is an efficient scintillator at low 
temperature, a small but significant fraction of the deposited 
energy is converted into scintillation photons while the 
remaining dominant part is detected through the heat channel.

Scintillating bolometers

QF: is defined as the ratio of the 
signal amplitudes induced by an α and 
an β/γ of the same energy.
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Light detectors (LD)
Light signal: => few keV/MeV (depending on the crystal)

=> is isotropic

Ge - LD Heater NTD PTFE

PTFE Heater

ZnMoO4

NTD Reflecting
Foil

Figure 4. Setup of the detector.

the central axis of the growth. The composite device (bolometer + light detector) is schematized in
Fig. 4. The crystal is held by means of two L-shaped Teflon (PTFE) pieces fixed to two cylindrical
Cu frames; the PTFE forces the crystal to the base consisting of a Cu plate covered with an Al
foil. The crystal is surrounded by a 25.1 mm diameter cylindrical reflecting foil (3M VM2002). At
cryogenic temperatures (10÷100 mK) for which a detector can work as bolometer, no “standard”
light detectors can work properly. The best way to overcome this problem is to use a second -very
sensitive- “dark” bolometer that absorbs the scintillation light giving rise to a measurable increase
of its temperature. Our Light Detector (LD) [34] consists of a 36 mm diameter, 1 mm thick pure
Ge crystal absorber.

The temperature sensor of the ZnMoO4 crystal is a 3x3x1 mm3 neutron transmutation doped
Germanium thermistor, identical to the ones used in the CUORICINO experiment [35]. The tem-
perature sensor of the LD has a smaller volume (3x1.5x0.4 mm3) in order to decrease its heat
capacity, increasing therefore its thermal signal. A resistor of ⇠300 kW, realized with a heavily
doped meander on a 3.5 mm3 silicon chip, is attached to each absorber and acts as a heater to
stabilize the gain of the bolometer [36, 37]. The detectors were operated deep underground in the
Gran Sasso National Laboratories in the CUORE R&D test cryostat. The details of the electronics
and the cryogenic facility can be found elsewhere [38, 39, 40].

The heat and light pulses, produced by a particle interacting in the ZnMoO4 crystal and trans-
duced in a voltage pulse by the NTD thermistors, are amplified and fed into a 16 bit NI 6225 USB
ADC unit. The entire waveform (raw pulse) of each triggered voltage pulse is sampled and ac-

– 5 –

Light detector: => quantum efficiency
=> extremely good energy resolution
=> intrinsic radio-purity
=> must work @ low T
=> energy threshold

BolometerPMT

✔

✘
✔
✔

✘
✘

✔

✔

✘

✘



- HP-Ge disk (3-5 cm diameter, 0.1-1 mm thick)
- SiO2 coating for darkening the surface => reduce light reflections
- Calibration with 55Fe X-rays @ 5.9 keV and 6.5 keV

- Energy resolution: ~100 eV
- Energy threshold: ~10 eV

Bolometric LD

Table 1. Performances of the Ge Light Detector. FWHMbaseline represents the energy resolution of the
baseline and it is estimated from the fluctuations of the detector baseline after the OF is applied. τR and τD

are the rise and decay time of the acquired thermal pulses, they are defined as the time difference between
the 90% and the 10% of the leading edge, and the time difference between the 30% and 90% of the trailing
edge, respectively.

Detector FWHMbaseline FWHM55Fe τR τD

[keV] [keV] [ms] [ms]

LD 0.068±0.001 0.262±0.002 2.6 6.1

Histogram3
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Figure 1. Calibrated energy spectrum of the Light Detector, the two prominent lines represent the two
characteristcs X-rays of 55Fe at 5.9 keV and 6.5 keV.

Figure 2. Light vs. Heat scatter plots for a calibration measurement with a 137Cs (left) and 40K (right)
source. In the inset is shown the source peak, where just β /γ events are selected.

This is the first time that the LY for this type of crystal is computed and it is in agreement with the
estimation of [5]
.

The energy resolution of the Li2MoO4 crystal is evaluated applying a cut on the light channel,
selecting just β /γ events, the results vary from 5.19±0.35 keV at 661 keV to 4.35±0.42 keV at
1460 keV (see Fig. 2).

– 3 –
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LUCIFER
Low-background Underground Cryogenics 

Installation For Elusive Rates

- First prototype array of enriched 
scintillating bolometers

- LUCIFER will search DBD0ν in:
Zn82Se or Zn100MoO4 or 116CdWO4 crystals

- Total isotope mass: ~10 kg, ~36 detectors

- Light Detectors: HPGe bolometers

Q-value
[keV]

Useful
material

LYβ/γ
[keV/MeV] QFα

ZnSe 2995 56% 6.4 4.2

ZnMoO4 3034 44% 1.5 0.2

CdWO4 2809 32% 17.6 0.19

LUCIFER is funded by an 
Advanced Grant ERC: 3.3M€ 
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LUCIFER
Low-background Underground Cryogenics 

Installation For Elusive Rates

- First prototype array of enriched 
scintillating bolometers

- LUCIFER will search DBD0ν in:
Zn82Se or Zn100MoO4 or 116CdWO4 crystals

- Total isotope mass: ~10 kg, ~36 detectors

- Light Detectors: HPGe bolometers

Q-value
[keV]

Useful
material

LYβ/γ
[keV/MeV] QFα

ZnSe 2995 56% 6.4 4.2

ZnMoO4 3034 44% 1.5 0.2

CdWO4 2809 32% 17.6 0.19

113Cd:
- high neutron XS
(n-inelastic scattering, 113Cd(n,γ), ...)
- natural beta emitter
(Q-value: 316 keV)

{

LUCIFER is funded by an 
Advanced Grant ERC: 3.3M€ 



Experimental location:
• Average depth ~ 3650 m w.e.
• Muon flux ~ 2.6×10-8 µ/s/cm2 
• Neutrons < 10 MeV: 4*10-6 n/s/cm2 
• Gamma < 3 MeV: 0.73 γ/s/cm2

The underground facility

NE

A24

Hall C:
CUORE & LUCIFER

R&D facility

20

Laboratori Nazionali del Gran Sasso INFN, Italy
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ZnMoO4
Candidate: 100Mo

m=330 g 
Calibrations α & γ
Background 520 h

Page 4 of 6 Eur. Phys. J. C (2012) 72:2142

Fig. 2 Calibration spectrum obtained by exposing the ZnMoO4 crys-
tal to the 228Th source for 80 h. The peak at 2615 keV of 208Tl, mag-
nified in the inset, shows a FWHM resolution of 6.3 keV

Table 2 FWHM energy resolutions of the ZnMoO4 detector evaluated
on the two thermistors and on their sum

ZnMoO4-1
[keV]

ZnMoO4-2
[keV]

ZnMoO4-Sum
[keV]

583 keV 4.1 ± 0.7 3.0 ± 0.5 2.9 ± 0.4

911 keV 4.9 ± 0.4 4.7 ± 0.5 4.0 ± 0.4

1461 keV 4.9 ± 1.5 5.4 ± 1.2 4.9 ± 1.0

2615 keV 6.8 ± 0.4 6.6 ± 0.6 6.3 ± 0.5

obtained in two different ways: using the light signal and/or
by using the PSD. We define discrimination power (DP) be-
tween the α and β/γ distributions the difference between
the average values of the two distributions normalized to the
square root of the quadratic sum of their widths:

DP = µβ/γ − µα√
σ 2

β/γ + σ 2
α

. (1)

3.1 Light vs heat discrimination

The light-to-heat energy ratio2 as a function of the heat en-
ergy is shown for the calibration spectrum in Fig. 3. β/γ

and α decays give rise to very clear separate distributions.
In the upper band, ascribed to β/γ events, the 2615 keV γ -
line is well visible. The lower band, populated by α decays,
shows the continuous background induced by the degraded
α source.

The evaluated LY of the ZnMoO4 crystal is 1.54 ±
0.01 keV/MeV. This value is surprisingly larger (+40 %)
with respect to our previous measurements on 30 g (color-
less) samples [19]. This, unexpected, larger LY results in

2Since we attribute to the heat peaks the nominal energy of the calibra-
tion γ ’s, the light-to-heat energy ratio also represents the Light Yield
of the crystal.

Fig. 3 The light-to-heat energy ratio as a function of the heat energy
obtained in the 80 h 228Th calibration with ZnMoO4-Sum. The up-
per band (ascribed to β/γ events) and lower band (populated by α
decays) are clearly separated. The 2615 keV 208Tl γ -line is well vis-
ible in the β/γ band as well as a the continuous background induced
by the degraded α source. The events belonging to the energy region
2.5 ÷ 3.2 MeV (highlighted in the plot) are used to evaluate the DP,
that results ≈19

Fig. 4 TVR as a function of the energy, for the same events of
Fig. 3. The upper band is populated by α particles (events in the
2.5 ÷ 3.2 MeV energy range are shown in red) while β/γ ’s contribute
to the lower band (events in the 2.5÷3.2 MeV energy range are shown
in black)

an increase of the DP using the scintillation light. Consid-
ering the events in the 2.5 ÷ 3.2 MeV region (see Fig. 3)
we estimate a DP of ≈19. Moreover the scintillation yield
evaluated on the internal α-line of 210Po (see Sect. 4) is
0.257 ± 0.002 keV/MeV that corresponds to a scintillation
Quenching Factor of 0.167±0.002. This value is fully com-
patible with the one (0.18 ± 0.02) obtained on the 30 g sam-
ple.

3.2 Pulse shape discrimination

The PSD performed in this work is obtained with the same
method described in [19]. In Fig. 4 we plot the TVR vari-

smeared 238U α-source

232Th γ-source

DBD ROI

Excellent particle discrimination 
using Light vs. Heat

Impressive particle 
discrimination 
using just Heat
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an increase of the DP using the scintillation light. Consid-
ering the events in the 2.5 ÷ 3.2 MeV region (see Fig. 3)
we estimate a DP of ≈19. Moreover the scintillation yield
evaluated on the internal α-line of 210Po (see Sect. 4) is
0.257 ± 0.002 keV/MeV that corresponds to a scintillation
Quenching Factor of 0.167±0.002. This value is fully com-
patible with the one (0.18 ± 0.02) obtained on the 30 g sam-
ple.

3.2 Pulse shape discrimination

The PSD performed in this work is obtained with the same
method described in [19]. In Fig. 4 we plot the TVR vari-
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Fig. 5 TVR histogram of the events of Fig. 4: the α sample in red
and the β/γ in black. The mean values and the standard deviations,
as estimated from a Gaussian fit, are reported. The β/γ distribution
was fit with an asymmetric Gaussian. The sigma of the right part of the
gaussian (σR

β ) is used to evaluate the DP. From Eq. (1) a discrimination
power of ≈14 is obtained

able as a function of the energy for the same data sample
of Fig. 3. As for the case of Fig. 3, β/γ and α events are
distinctly separated. The obtained DP with the PSD is ≈14,
as shown in Fig. 5. It has to be pointed out the “opposite”
behaviour of the discrimination power with respect to the
results obtained on the 30 g small samples [19] in which we
obtained ≈8 with the light signal and ≈20 with the PSD.
This is due to two distinct mechanisms. First the crystal
tested in this work (despite its larger size and orange tint)
emits ≈40 % more light with respect to the small (color-
less) sample previously tested. This implies, obviously, an
improved DP of the scintillation light. Second the PSD is
sensitive to the S/N ratio. In this work the FWHMbase reso-
lution is 4 times worse with respect to the sample previously
tested.

4 Internal contaminations

The internal radioactive contaminations of this crystal were
evaluated summing up background and different calibration
runs for a total collected statistics of 524 h. The correspond-
ing α-spectrum is presented in Fig. 6. We found a contam-
ination of 226Ra (it shows a very clear α and “BiPo” de-
cay pattern sequence). This contamination is evaluated as
27 ± 6 µBq/kg. As often happens, we also found a clear in-
ternal contamination of 210Po, corresponding to an activity
of 700±30 µBq/kg. No other α lines appear in the spectrum.

In order to evaluate the limits on other potential danger-
ous nuclei (in particular the 232Th chain), we evaluated first
the flat α continuum in an energy region in which no peaks
are expected (3.6÷4 and 4.35÷4.7 MeV). Then we studied

Fig. 6 α-spectrum obtained in 524 h of measurement. The contribu-
tion of the 238U/234U α source is clearly evident below 4 MeV. The
internal α-lines arising from 226Ra decay chain are highlighted

Table 3 Evaluated internal
radioactive contaminations.
Limits are at 90 % CL

Chain Nuclide Activity
[µBq/kg]

232Th 232Th <8
228Th <6

238U 238U <6
234U <11
230Th <6
226Ra 27 ± 6
210Po 700 ± 30

an interval of ±3σ centered around the Q value of each pos-
sible radioactive nucleus, being σ the energy resolution of
the 210Po peak (4.5 keV). The expected flat background con-
tribution in each 27 keV energy window is 0.68 counts. Ap-
plying the Feldman-Cousin method [29] using the observed
number of counts in each energy window with the expected
background, we were able to set 90 % CL limits on several
nuclei, as reported in Table 3.

5 Conclusions

For the first time a large mass ZnMoO4 crystal was tested
as a scintillating bolometer for a possible next generation
neutrinoless double beta decay experiment. The bolometer
shows an excellent energy resolution. We demonstrated that,
even on large mass detector, this compound is able to dis-
criminate α particles interactions at -practically- any desir-
able level, using the light information as well as the pulse
shape discrimination alone. Moreover this crystal shows an
excellent radiopurity.

Acknowledgements This work was partially supported by the LU-
CIFER experiment, funded by ERC under the European Union’s Sev-
enth Framework Programme (FP7/2007-2013)/ERC grant agreement
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Fig. 1 Set-up of the detectors. The ball-bonded Au wires are crimped
into “male” Cu tubes (pins) and inserted into ground-insulated “fe-
male” Cu tubes. Custom wires from detectors towards cryostat are not
drawn. A section of the light detector and of the reflecting sheet is not
drawn for a better understanding

our sensitivity to the intrinsic contamination of the ZnMoO4

crystal. However, the straggling of alpha particles inside the
polyethylene film “shifts” the 238U/234U α-particles toward
lower energies (i.e. below 4 MeV) removing a possible in-
terference with the 4 MeV peak that should appear in the
case of a 232Th bulk contamination of the crystal.

The γ calibration of the ZnMoO4 crystal is performed
through removable 228Th and 40K sources inserted between
the dewar housing the cryostat and the external lead shield.
The energy calibration of the LD is achieved thanks to a
permanent 55Fe X-ray source, producing two X-rays at 5.9
and 6.5 keV, faced closely to the LD.

2.1 Data analysis

The amplitude and the shape of the voltage pulse is deter-
mined by the off-line analysis that makes use of the Opti-
mum Filter technique [25, 26]. The signal amplitudes are
computed as the maximum of the filtered pulse. The ampli-
tude of the light signal is estimated from the value of the
filtered waveform at a fixed time delay with respect to the
signal of the ZnMoO4 bolometer, as described in detail in
Ref. [27]. The signal shape is evaluated on the basis of four
different parameters: τR , τD , TVL and TVR. τR (the rise
time) and τD (the decay time) are evaluated on the raw pulse
as (t90%-t10%) and (t30%-t90%) respectively. TVR (Test Value
Right) and TVL (Test Value Left) are computed on the fil-
tered pulse as the least square differences with respect to

Table 1 Technical details for the ZnMoO4 bolometer (Thermistor 1
and Thermistor 2) and for the LD. Signal represents the absolute volt-
age drop across the thermistor for a unitary energy deposition

Crystal Signal
[µV/MeV]

FWHMbase
[keV]

τR

[ms]
τD

[ms]

ZnMoO4-1 25 3.6 12.8 59.8

ZnMoO4-2 23 3.7 12.0 60.3

LD 1800 0.20 3.2 8.2

the filtered response function1 of the detector: TVR on the
right and TVL on the left side of the optimally filtered pulse
maximum. These two parameters do not have a direct phys-
ical meaning, however they are extremely sensitive (even in
noisy conditions) to any difference between the shape of the
analyzed pulse and the response function. The detector per-
formances are reported in Table 1. The baseline resolution,
FWHMbase, is governed by the noise fluctuation at the filter
output, and does not depend on the absolute pulse amplitude.

As mentioned above, the use of two thermistors on the
same absorber is often made for redundancy. In this case we
took advantage of the similar performance of both of them,
using their sum. This technique is useful in the case that the
noise fluctuations of the two thermistors are not correlated,
meaning that these fluctuations are not actual temperature
fluctuation of the crystal. This technique can be used in two
different ways. One can off-line combine the energies mea-
sured by the two thermistors into a “weighted” energy esti-
mator [28], linear combination of the two thermistors. Or, as
in this case, one can sum the two signals at hardware level
and treat the obtained signal as an additional independent
channel. In our case the sum is performed after the two sig-
nals are amplified and just before they are fed into the ac-
quisition. The calibration spectrum obtained on the sum of
the two thermistors is presented in Fig. 2.

The baseline energy resolution, FWHMbase evaluated on
the sum (ZnMoO4-Sum) is 2.6 keV, slightly better with re-
spect to the ones reported in Table 1. The FWHM energy
resolutions obtained at different energies are reported in Ta-
ble 2.

3 α vs β/γ discrimination

As described in Sect. 1, the possibility to discriminate the
α interaction results to be the actual key point for a DBD
bolometer. As described in details in [19], in scintillating
ZnMoO4 bolometers the α vs β/γ discrimination can be

1The response function of the detector, i.e. the shape of a pulse in ab-
sence of noise, is estimated from the average of a large number of raw
pulses. It is also used, together with the measured noise power spec-
trum, to construct the transfer function of the Optimum Filter.

Q-value
[keV]

Useful
material

LYβ/γ
[keV/MeV]

QFα

ZnMoO4 3034 44% 1.5 0.2

J. Beeman et al., Eur. Phys. J. C (2012) 72:2142
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Fig. 5 TVR histogram of the events of Fig. 4: the α sample in red
and the β/γ in black. The mean values and the standard deviations,
as estimated from a Gaussian fit, are reported. The β/γ distribution
was fit with an asymmetric Gaussian. The sigma of the right part of the
gaussian (σR

β ) is used to evaluate the DP. From Eq. (1) a discrimination
power of ≈14 is obtained

able as a function of the energy for the same data sample
of Fig. 3. As for the case of Fig. 3, β/γ and α events are
distinctly separated. The obtained DP with the PSD is ≈14,
as shown in Fig. 5. It has to be pointed out the “opposite”
behaviour of the discrimination power with respect to the
results obtained on the 30 g small samples [19] in which we
obtained ≈8 with the light signal and ≈20 with the PSD.
This is due to two distinct mechanisms. First the crystal
tested in this work (despite its larger size and orange tint)
emits ≈40 % more light with respect to the small (color-
less) sample previously tested. This implies, obviously, an
improved DP of the scintillation light. Second the PSD is
sensitive to the S/N ratio. In this work the FWHMbase reso-
lution is 4 times worse with respect to the sample previously
tested.

4 Internal contaminations

The internal radioactive contaminations of this crystal were
evaluated summing up background and different calibration
runs for a total collected statistics of 524 h. The correspond-
ing α-spectrum is presented in Fig. 6. We found a contam-
ination of 226Ra (it shows a very clear α and “BiPo” de-
cay pattern sequence). This contamination is evaluated as
27 ± 6 µBq/kg. As often happens, we also found a clear in-
ternal contamination of 210Po, corresponding to an activity
of 700±30 µBq/kg. No other α lines appear in the spectrum.

In order to evaluate the limits on other potential danger-
ous nuclei (in particular the 232Th chain), we evaluated first
the flat α continuum in an energy region in which no peaks
are expected (3.6÷4 and 4.35÷4.7 MeV). Then we studied

Fig. 6 α-spectrum obtained in 524 h of measurement. The contribu-
tion of the 238U/234U α source is clearly evident below 4 MeV. The
internal α-lines arising from 226Ra decay chain are highlighted

Table 3 Evaluated internal
radioactive contaminations.
Limits are at 90 % CL

Chain Nuclide Activity
[µBq/kg]

232Th 232Th <8
228Th <6

238U 238U <6
234U <11
230Th <6
226Ra 27 ± 6
210Po 700 ± 30

an interval of ±3σ centered around the Q value of each pos-
sible radioactive nucleus, being σ the energy resolution of
the 210Po peak (4.5 keV). The expected flat background con-
tribution in each 27 keV energy window is 0.68 counts. Ap-
plying the Feldman-Cousin method [29] using the observed
number of counts in each energy window with the expected
background, we were able to set 90 % CL limits on several
nuclei, as reported in Table 3.

5 Conclusions

For the first time a large mass ZnMoO4 crystal was tested
as a scintillating bolometer for a possible next generation
neutrinoless double beta decay experiment. The bolometer
shows an excellent energy resolution. We demonstrated that,
even on large mass detector, this compound is able to dis-
criminate α particles interactions at -practically- any desir-
able level, using the light information as well as the pulse
shape discrimination alone. Moreover this crystal shows an
excellent radiopurity.
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By means of the good energy resolution and the excellent background 
discrimination, ZnMoO4 crystals are suited for DBD search

CUORE TeO2 crystals
ready-to-use:

238U < 3.7 µBq/kg
232Th < 3.7 µBq/kg

C. Arnaboldi et al.,  J. Cryst. Growth 312 (2010) 2999
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Fig. 2 Calibration spectrum obtained by exposing the ZnMoO4 crys-
tal to the 228Th source for 80 h. The peak at 2615 keV of 208Tl, mag-
nified in the inset, shows a FWHM resolution of 6.3 keV

Table 2 FWHM energy resolutions of the ZnMoO4 detector evaluated
on the two thermistors and on their sum

ZnMoO4-1
[keV]

ZnMoO4-2
[keV]

ZnMoO4-Sum
[keV]

583 keV 4.1 ± 0.7 3.0 ± 0.5 2.9 ± 0.4

911 keV 4.9 ± 0.4 4.7 ± 0.5 4.0 ± 0.4

1461 keV 4.9 ± 1.5 5.4 ± 1.2 4.9 ± 1.0

2615 keV 6.8 ± 0.4 6.6 ± 0.6 6.3 ± 0.5

obtained in two different ways: using the light signal and/or
by using the PSD. We define discrimination power (DP) be-
tween the α and β/γ distributions the difference between
the average values of the two distributions normalized to the
square root of the quadratic sum of their widths:

DP = µβ/γ − µα√
σ 2

β/γ + σ 2
α

. (1)

3.1 Light vs heat discrimination

The light-to-heat energy ratio2 as a function of the heat en-
ergy is shown for the calibration spectrum in Fig. 3. β/γ

and α decays give rise to very clear separate distributions.
In the upper band, ascribed to β/γ events, the 2615 keV γ -
line is well visible. The lower band, populated by α decays,
shows the continuous background induced by the degraded
α source.

The evaluated LY of the ZnMoO4 crystal is 1.54 ±
0.01 keV/MeV. This value is surprisingly larger (+40 %)
with respect to our previous measurements on 30 g (color-
less) samples [19]. This, unexpected, larger LY results in

2Since we attribute to the heat peaks the nominal energy of the calibra-
tion γ ’s, the light-to-heat energy ratio also represents the Light Yield
of the crystal.

Fig. 3 The light-to-heat energy ratio as a function of the heat energy
obtained in the 80 h 228Th calibration with ZnMoO4-Sum. The up-
per band (ascribed to β/γ events) and lower band (populated by α
decays) are clearly separated. The 2615 keV 208Tl γ -line is well vis-
ible in the β/γ band as well as a the continuous background induced
by the degraded α source. The events belonging to the energy region
2.5 ÷ 3.2 MeV (highlighted in the plot) are used to evaluate the DP,
that results ≈19

Fig. 4 TVR as a function of the energy, for the same events of
Fig. 3. The upper band is populated by α particles (events in the
2.5 ÷ 3.2 MeV energy range are shown in red) while β/γ ’s contribute
to the lower band (events in the 2.5÷3.2 MeV energy range are shown
in black)

an increase of the DP using the scintillation light. Consid-
ering the events in the 2.5 ÷ 3.2 MeV region (see Fig. 3)
we estimate a DP of ≈19. Moreover the scintillation yield
evaluated on the internal α-line of 210Po (see Sect. 4) is
0.257 ± 0.002 keV/MeV that corresponds to a scintillation
Quenching Factor of 0.167±0.002. This value is fully com-
patible with the one (0.18 ± 0.02) obtained on the 30 g sam-
ple.

3.2 Pulse shape discrimination

The PSD performed in this work is obtained with the same
method described in [19]. In Fig. 4 we plot the TVR vari-
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ZnMoO4: exercise
- Array of 40 Zn100MoO4 bolometers enriched @ 90% level
- 60 mm x 60 mm crystals
- Background source: U & Th in Cu structure and in crystals
- DBD2ν half-life of 100Mo: 7.1x1018 y (~5 mHz per crystal)

Exercise:

J.W. Beeman et al.,  Astrop. Phys. 35 (2012) 813

Author's personal copy

2mDBD pile-up evaluated in the ROI is (1.96 ± 0.36) ! 10"3 c/
(keV kg y).

5.3. Total background evaluation.

In this section we report the background level that could be
reached taking into account the above mentioned sources. When
quoting background rates, we assume to operate the detectors in
anticoincidence, thus recording only single hit events. Background
contributions due to sources described in Sections 5.2.1, 5.2.2, 5.2.4
are reported in the last column of Table 4.

The background reported for internal contaminations in U and
Th chains takes into account the suppression obtained with de-
layed coincidences at 5s. The dead time therefore introduced is
0.01% for U chain and 2.0% for Th chain. The inefficiency introduced
by those events where the a decay occurs near the crystal surface
and the a particle escapes the crystal is of about 0.1%. This evalu-
ation is based on Monte Carlo simulations. In this case we assume
to loose any possibility of delayed coincidence, and we compute
the background as the sum of the fraction of the untagged b events
due to the a escape and the fraction of the untagged b events be-
cause they are out of the maximum allowed delayed coincidence
window.

Contribution due to the other ‘‘near sources’’ (i.e. the Cu frames
and the Cu 10 mK shield bulk contaminations) are evaluated con-
sidering both the 214Bi high energy c-lines and the 208Tlc’s cascade.
The induced background spectra due to 232Th and 238U in the Cu
frames is reported in Fig. 7.

As can be seen from Table 4 and from Fig. 7, the main contribu-
tion to the background is definitely due to unrecognized 2mDBD
pile-up of 100Mo. The only way to reduce this background will be
to reduce the size of a single crystal but, as we shall see shortly,
this would be useless for an experiment with a mass of 11.22 kg
of 100Mo such as the one here investigated.

5.4. Experimental sensitivity

The maximum sensitivity reachable by a 0mDBD experiment
corresponds to the ‘‘zero background’’ condition. This occurs when
(B !M ! T ! D) ’ 1 [43], where B is the background level per unit
mass, energy, and time, M is the detector mass, T is the measuring
time and D is the FWHM energy resolution. For a ‘‘standard’’ live-
time for a 0mDBD experiment (i.e. 5 years), an energy resolution of
5 keV and a detector mass of #30 kg the ‘‘zero background’’ condi-
tion will be reached with a background of $1.5 ! 10"3 c/(keV kg y).

Considering the different sources of background discussed in
the previous sections and summarized in Table 4, with the detector
array described above, for an enrichment of 90%, in 5 years of data
taking we are able to fulfill the ‘‘zero background’’ condition.

For such an experiment, for a neutrino mass of <mbb > =100 meV
we will expect between 1.7 and 13.9 counts of 0mDBD depending
on the Nuclear Matrix Element [44–47].

6. Conclusions

We successfully tested two ZnMoO4 crystals as bolometers. The
separation achievable on the shape of the thermal signal alone is
much more powerful than the one obtained using the information
of the light detector and allows to reject a events to any desirable
level. Furthermore we would like to point out a very important
consideration in favour of the pulse shape discrimination. The light
collection generally depends on the size of the scintillating crystal,
due to self absorption mechanisms. Since the LY of the ZnMoO4 is
rather small, this could imply a decrease in the achievable discrim-
ination power obtainable through the light detection, moving from
a few tenth grams crystals to a few hundreds grams crystals. On
the contrary, this mechanism will enhance the pulse shape dis-
crimination since the self-absorbed light signal will convert into
heat, summing up with the non-radiative de-excitations that
makes possible the a vs b/c discrimination.

Moreover, even without any kind of material selection, the
internal contaminations in 228Th and 226Ra are already at an extre-
mely low level, never obtained in any crystal compound based on
Molybdenum. The projection of these results to a small-size array
foresees an experiment that could operate close to the ‘‘zero back-
ground’’ condition.
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Ultimate background: pile-up with DBD2ν decay

*
*

232Th: 19 µBq/kg
238U: 16 µBq/kg

* G. Heusser et al., Radioactivity in the 
Environment, vol. 8, Elsevier, 2006, p. 495.

Assumptions: - Neutrons in ROI < 10-5 c/keV/kg/y
- Muons (anti-coincidence) < 10-4 c/keV/kg/y
- Pile-up window: 5.5 ms (conservative)

For next generation experiments need faster signal development

A. Barabash et al., Phys. Rev. C 81 (2011)
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Figure 8. 524h background run. Spectrum of α (left) and β/γ events (right). Data are calibrated using γ
sources. αs result miscalibrated by +22% with respect to their nominal energy.

Table 3. Activity of the isotopes belonging to 232Th and 238U chains.

Chain Nuclide Activity
[µBq/kg]

232Th 232Th 17.2 ± 4.6
228Th 11.1 ± 3.7

238U 238U 24.6 ± 5.5
234U 17.8 ± 3.3

230Th 24.6 ± 5.5
226Ra 17.8 ± 3.3
210Po < 90.9 ±10.6

coincidence with high energy γ’s seen by other scintillating crystals that we were testing in the same
set-up. We believe that it can be ascribed to a muon interaction in the surrounding materials. This
kind of events can be easily suppressed in bolometric arrays by applying time-coincidence cuts, as
done in CUORICINO [2] or, ultimately, by surrounding the cryogenic facility with a muon veto.

In figure 8 (left) the α background is reported after cutting on both pulse shape and energy of
the light channel. The activities of the most intense peaks, reported in table 3, show that 232Th and
238U are in equilibrium with their daughters.

In principle, a large internal contamination in 238U could be worrisome because of one of its
daughters, 214Bi, which β -decays with a Q-value of 3272 keV. However, 214Bi decays with a BR
of 99.98% in 214Po, which α-decays with a Q-value of 7.8 MeV. The half-life of 214Po, which is
about 160 µs, is extremely short compared to the time development of bolometric signals, which
is hundreds of ms. For this reason, the β/γ emission of 214Bi is simultaneously followed by a
7.8 MeV α particle and does not represent a problem for the background, as the superimposition
of the two signals lies at much higher energies than the region of interest.
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Table 3. Activity of the isotopes belonging to 232Th and 238U chains.

Chain Nuclide Activity
[µBq/kg]

232Th 232Th 17.2 ± 4.6
228Th 11.1 ± 3.7

238U 238U 24.6 ± 5.5
234U 17.8 ± 3.3

230Th 24.6 ± 5.5
226Ra 17.8 ± 3.3
210Po < 90.9 ±10.6

coincidence with high energy γ’s seen by other scintillating crystals that we were testing in the same
set-up. We believe that it can be ascribed to a muon interaction in the surrounding materials. This
kind of events can be easily suppressed in bolometric arrays by applying time-coincidence cuts, as
done in CUORICINO [2] or, ultimately, by surrounding the cryogenic facility with a muon veto.

In figure 8 (left) the α background is reported after cutting on both pulse shape and energy of
the light channel. The activities of the most intense peaks, reported in table 3, show that 232Th and
238U are in equilibrium with their daughters.

In principle, a large internal contamination in 238U could be worrisome because of one of its
daughters, 214Bi, which β -decays with a Q-value of 3272 keV. However, 214Bi decays with a BR
of 99.98% in 214Po, which α-decays with a Q-value of 7.8 MeV. The half-life of 214Po, which is
about 160 µs, is extremely short compared to the time development of bolometric signals, which
is hundreds of ms. For this reason, the β/γ emission of 214Bi is simultaneously followed by a
7.8 MeV α particle and does not represent a problem for the background, as the superimposition
of the two signals lies at much higher energies than the region of interest.
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Table 3. Activity of the isotopes belonging to 232Th and 238U chains.

Chain Nuclide Activity
[µBq/kg]

232Th 232Th 17.2 ± 4.6
228Th 11.1 ± 3.7

238U 238U 24.6 ± 5.5
234U 17.8 ± 3.3

230Th 24.6 ± 5.5
226Ra 17.8 ± 3.3
210Po < 90.9 ±10.6

coincidence with high energy γ’s seen by other scintillating crystals that we were testing in the same
set-up. We believe that it can be ascribed to a muon interaction in the surrounding materials. This
kind of events can be easily suppressed in bolometric arrays by applying time-coincidence cuts, as
done in CUORICINO [2] or, ultimately, by surrounding the cryogenic facility with a muon veto.

In figure 8 (left) the α background is reported after cutting on both pulse shape and energy of
the light channel. The activities of the most intense peaks, reported in table 3, show that 232Th and
238U are in equilibrium with their daughters.

In principle, a large internal contamination in 238U could be worrisome because of one of its
daughters, 214Bi, which β -decays with a Q-value of 3272 keV. However, 214Bi decays with a BR
of 99.98% in 214Po, which α-decays with a Q-value of 7.8 MeV. The half-life of 214Po, which is
about 160 µs, is extremely short compared to the time development of bolometric signals, which
is hundreds of ms. For this reason, the β/γ emission of 214Bi is simultaneously followed by a
7.8 MeV α particle and does not represent a problem for the background, as the superimposition
of the two signals lies at much higher energies than the region of interest.
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Internal contaminations

→ 3x10-4 c/keV/kg/y (210Tl)

→ 2.5x10-3 c/keV/kg/y (212Bi)

✔

✘
if we use delayed coincidences we have:
- x3 less bkg
- 10% dead time{

➜

Not a primary issue for a bkg 
level of ~10-3 c/keV/kg/y 

DBD ROI

µ

β/γ events selection

Exercise: - 0 counts in 1.3 MeV region [2.7,4.0] MeV
- mass = 0.43 kg
- t = 0.06 y

=> < 0.07 c/keV/kg/y
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LUCIFER
Low-background Underground Cryogenics 

Installation For Elusive Rates LUCIFER is funded by an 
Advanced Grant ERC: 3.3M€ 

Winner:
- no DBD2ν bkg
- more useful material
- high LY

Q-value
[keV]

Useful
material

LYβ/γ
[keV/MeV] QFα

ZnSe 2995 56% 6.4 4.2

ZnMoO4 3034 44% 1.5 0.2

CdWO4 2809 32% 17.6 0.19
• Operation of a tower of 32-40 Zn82Se crystals at LNGS.

‣ Option1: use the Cuoricino cryostat in hallA (presently hosting 
CUORE-0), if CUORE-0 stops in 2015.

‣ Option2: use the cryostat in hallC (presently running the CUORE-0 
and LUCIFER R&Ds). 
Needs cryostat update. Cuoricino cryostat:

• Inner shield:

- 1cm Roman Pb
A (210Pb) < 4 mBq/Kg

• External shield:
- 20 cm Pb

- 10 cm Borated 
polyethylene

• Nitrogen flushing to 
avoid Rn contamination.

10

LU
C

IF
ER4 crystals 

per floor

82Se (0.92±0.07)x10^{20} y
100Mo (7.1±0.4)x10^{18} y

A. Barabash et al., Phys. Rev. C 81 (2011)
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LUCIFER rough STATUS
EXTREMELY PRELIMINARY
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LUCIFER R&D
We tested our LD with 

some interesting 
compounds:

- PbWO4
- TeO2
- Li2MoO4
- ...
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PWO crystals
PbWO4 : -> Small LY (~ 20 ph/MeV @ 300K)

-> Intrinsic radiopurity (low 238U and 232Th internal 
contaminations, but high 210Pb and 180W)
-> can be grown with large size

WHY : -> 204Pb is considered to be the heaviest stable isotope 
(study of Pb isotopes stability)
-> sci-bolo is the only possible way to study α decay of 
204Pb, which has a rather small Q-value (< 2.6 MeV)
-> previous measurement with nuclear emulsions (1958)
-> good target for Heavy WIMPS interaction (Pb and W)!
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heat capacity, increasing therefore its thermal signal. The
PbWO4 detector was run in an Oxford 200 3He/4He dilu-
tion cryostat deep underground in the Laboratori Nazion-
ali del Gran Sasso. The details of the electronics and of
the cryogenic facility can be found elsewhere [29,30].

The heat and light pulses, produced by interacting par-
ticles in the absorber (transduced in a voltage pulse by the
NTD thermistors) are amplified and fed into an 18-bit NI-
6284 PXI ADC unit.

The trigger is software generated on each bolometer
and when it fires waveforms 1 s long, sampled at 1 kHz, are
saved on disk. Moreover, when the trigger of the PbWO4

crystal fires, the corresponding waveform from the LD is
recorded, irrespective of its trigger.

The amplitude and the shape of the voltage pulse is
then determined by the off-line analysis.

The heat axis is energy-calibrated attributing to each
identified peak (due to an external � source and to internal
↵ contaminations) the nominal energy of the line. Two
independent functions were used for calibrating the ↵ and
�/� bands.

The dependency of amplitude from energy is parame-
terized with a second order polynomial of the heat pulse
amplitude.

The energy calibration of the LD is obtained by means
of a weak 55Fe source placed close to the Ge wafer that il-
luminates homogeneously the face opposed to the PbWO4

crystal.

4 Data Analysis

Our detector was operated for a total live time of 586 hours
for a background measurement. In Fig. 2 we present the
obtained Light vs Heat scatter plot, with the two different
energy calibrations.

To maximize the signal-to-noise ratio, the pulse ampli-
tude is estimated by means of the Optimum Filter tech-
nique (OF) [31,32]. The filter transfer function is built
from the ideal signal shape s(t) and the noise power spec-
trum N(!). The s(t) is estimated by averaging a large
number of triggered pulses (so that stochastic noise su-
perimposed to each pulse averages to zero) while N(!)
is computed averaging the power spectra of randomly ac-
quired waveforms where no pulse was found. The ampli-
tude of a signal is estimated as the maximum of the filtered
pulse. The amplitude of the scintillation light signals, in-
stead, is evaluated from the filtered waveforms at a fixed
time delay with respect to the PbWO4 bolometer, as de-
scribed in detail in [33].

After the application of the OF, signal amplitudes are
corrected for temperature and gain instabilities of the set-
up. The PbWO4 bolometer is calibrated with the most
intense ↵ peaks from the internal 238U and 232Th contam-
inations, and with an external 232Th and 40K � source, see
Fig. 2. Since we are investigating low energy ↵ decays, the
internal ↵ contaminations do extend over a large energy
range, but they are not low enough to reach our region of

Fig. 2. Light vs Heat scatter plot corresponding to 586 h of
measurement. The horizontal axis reported on the bottom of
the plot corresponds to an ↵ energy calibration, the one on the
top a �/� calibration.

interest (see Tab. 1) in order to allow a thorough energy
calibration.

One of the constituent of the crystal is tungsten, the
natural ↵ decay of 180W at 2516 keV [15] is taken into
account for the energy calibration. On the other side, the
LD is calibrated using the 55Fe X-ray doublet: 5.9 keV and
6.2 keV.

The final spectrum is composed of events which sur-
vived two different types of data selection global and event-
based requirements. Global requirements are applied fol-
lowing criteria decided a priori on the detector perfor-
mances (e.g. excessive noise level). They identify bad time
intervals that need to be discarded. Event-based require-
ments include: pile-up rejection and pulse-shape selection.
The presence of a pile-up prevents the OF algorithm from
providing a correct evaluation of the pulse amplitude. The
pulse-shape analysis is used to reject non-physical events
(e.g. electronic spikes). The pulse-shape parameters used
for selecting the events are the rise time and decay time
of the OF-filtered waveform and the mean quadratic de-
viation of raw signals from the average detector response.

4.1 Efficiency of event-based cuts

Even if the crystal has been grown using ancient lead,
the main background source is still 210Pb due to an in-
ternal crystal recontamination, as it will be explained in
the Sect. 4.4. Because of the intense 210Po contamination,
there is a significant loss of efficiency due to pile-up event
rejection (✏pile�up). The efficiency is estimated as in [34]:

✏pile�up = 1 � Ppile�up = e

�r·T (1)
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Table 1. ↵ transitions in Pb isotopes to the ground state of
daughter nuclei. Q↵ values are taken from [16], natural isotopic
abundances (�) from [17]. The theoretical expected half-lives
are evaluated using theoretical models given in [3,4,5,6,7].

Isotope � Q↵ Ttheor
1/2

[%] [keV] [y]
204Pb 1.4 (1) 1969.5 (12) 2.3·1035÷ 1.2·1037

206Pb 24.1 (1) 1135.5 (11) 1.8·1065÷ 6.7·1068

207Pb 22.1 (1) 392.3 (13) 3.6·10152÷ 3.4·10189

208Pb 52.4 (1) 516.9 (13) 1.2·10124÷ 7.4·10132

2 PbWO4 crystal from ancient Roman lead

When coming to low background measurements, the main
problem of lead is the high activity in 210Pb. The radioac-
tivity of “commercial” lead can be of the order of few tens
of Bq/kg, for ore-selected samples [18], while on other sam-
ples it can reach an activity of thousands of Bq/kg [19].

Besides the excellent performances that characterize
thermal detectors, a limiting factor arises from the rela-
tively slow time response of these devices. Depending on
the technology of the temperature sensors, as well as on
the dimension of the absorber, the time development of
the thermal pulse can range between few µs up to few
seconds. This last point has to be taken into account in
the case of crystal compounds based on lead.
210Pb is a decay product of the 238U decay chain, which
is present in all rocks and ores. During the melting of the
ore, 210Pb concentrates in the lead-metal, while all the
other long-lived radioactive nuclides of the 238U chain (
234U, 230Th and 226Ra) are extracted from the slag since
they are chemically different from Pb. Since the 210Pb
half-life is 22.3 y, its activity should be extremely small in
ancient samples. For this reason ancient Roman lead [20]
was used to grow our crystal. This lead, in form of ingots,
was recovered from the wreck of a Roman ship sunk near
the coast of Sardinia in the Mediterranean Sea. The 210Pb
content of this Roman lead was measured to be less than
4 mBq/kg. We decided to grow a standard lead containing
scintillator like a PbWO4 crystal [21]. A small sample of
this lead was sent to the Preciosa company in Hungary, to
grow an undoped PbWO4 crystal. The request to have a
clean and undoped crystal arises from two different con-
siderations:
– in a bolometer, the thermal signal strongly depends

upon the crystal purity;
– the scintillation yield of doped crystals normally de-

creases at very low temperatures, while for pure crys-
tals it increases [22] .
The PbWO4 crystal used in this work has dimensions

of 3.0⇥3.0⇥6.1 cm3 and a total mass of 454.1 g. A tiny
splint (⇠ 50 mg) was removed from the crystal and ana-
lyzed through ICP Mass Spectroscopy in order to evaluate
the isotopic abundances of the four lead isotopes. The re-
sults are shown in Tab. 2.

Table 2. Lead isotopic abundaces for the PbWO4 crystal,
evaluated with ICP-MS measurements. The values are in good
agreement with the natural abundances quoted in Tab. 1.

204Pb 206Pb 207Pb 208Pb

1.34±0.02 % 25.10±0.25 % 21.1±0.30 % 52.4±0.50 %

PTFE
Thermistor

PbWO4

Reflecting 
foil

Ge-LD

Fig. 1. Set-up of the detector. Two Cu columns, one fixing
the S-shaped PTFE and one fixing the LD Cu frame are not
visible due to the chosen cross section.

3 Experimental Set-up

The scheme of the set-up is shown in Fig. 1. The PbWO4

crystal is held by means of four S-shaped PTFE supports
fixed to four cylindrical Cu columns. It is surrounded
(with no direct contact) by a plastic reflecting foil (3M
VM2002). The Light Detector (LD) [27] is constituted
by a 36 mm diameter, 1 mm thick pure Ge crystal ab-
sorber working as a bolometer: it is heated up by the
absorbed photons and the temperature variation is pro-
portional to the scintillation signal. The Ge wafer is held
by two custom-shaped PTFE holders embedded in a cylin-
dric Cu frame. The frame is held above the PbWO4 crystal
using two Cu columns.

The temperature sensor of the PbWO4 crystal is a
3⇥3⇥1 mm3 Neutron Transmutation Doped (NTD) ger-
manium thermistor, the same used in the Cuoricino ex-
periment [28]. It is thermally coupled to the crystal via
9 glue spots of ⇡ 0.6 mm diameter and ⇡ 50 µm height.
The temperature sensor of the LD has a smaller volume
(one third of the PbWO4’s one) in order to decrease its

PWO measurement

Cooled down at ~15 mK:
- a 3x3x6 cm3 PWO crystal (m= 454 g)
- a 36 mm x 1 mm HPGe LD
- PWO surrounded on 5 faces by reflecting 
foil (VM2002) 

First PbWO4 ever grown with Ancient Roman Lead

Highly pure Lead (210Pb free)
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Table 1. ↵ transitions in Pb isotopes to the ground state of
daughter nuclei. Q↵ values are taken from [16], natural isotopic
abundances (�) from [17]. The theoretical expected half-lives
are evaluated using theoretical models given in [3,4,5,6,7].

Isotope � Q↵ Ttheor
1/2

[%] [keV] [y]
204Pb 1.4 (1) 1969.5 (12) 2.3·1035÷ 1.2·1037

206Pb 24.1 (1) 1135.5 (11) 1.8·1065÷ 6.7·1068

207Pb 22.1 (1) 392.3 (13) 3.6·10152÷ 3.4·10189

208Pb 52.4 (1) 516.9 (13) 1.2·10124÷ 7.4·10132

2 PbWO4 crystal from ancient Roman lead

When coming to low background measurements, the main
problem of lead is the high activity in 210Pb. The radioac-
tivity of “commercial” lead can be of the order of few tens
of Bq/kg, for ore-selected samples [18], while on other sam-
ples it can reach an activity of thousands of Bq/kg [19].

Besides the excellent performances that characterize
thermal detectors, a limiting factor arises from the rela-
tively slow time response of these devices. Depending on
the technology of the temperature sensors, as well as on
the dimension of the absorber, the time development of
the thermal pulse can range between few µs up to few
seconds. This last point has to be taken into account in
the case of crystal compounds based on lead.
210Pb is a decay product of the 238U decay chain, which
is present in all rocks and ores. During the melting of the
ore, 210Pb concentrates in the lead-metal, while all the
other long-lived radioactive nuclides of the 238U chain (
234U, 230Th and 226Ra) are extracted from the slag since
they are chemically different from Pb. Since the 210Pb
half-life is 22.3 y, its activity should be extremely small in
ancient samples. For this reason ancient Roman lead [20]
was used to grow our crystal. This lead, in form of ingots,
was recovered from the wreck of a Roman ship sunk near
the coast of Sardinia in the Mediterranean Sea. The 210Pb
content of this Roman lead was measured to be less than
4 mBq/kg. We decided to grow a standard lead containing
scintillator like a PbWO4 crystal [21]. A small sample of
this lead was sent to the Preciosa company in Hungary, to
grow an undoped PbWO4 crystal. The request to have a
clean and undoped crystal arises from two different con-
siderations:
– in a bolometer, the thermal signal strongly depends

upon the crystal purity;
– the scintillation yield of doped crystals normally de-

creases at very low temperatures, while for pure crys-
tals it increases [22] .
The PbWO4 crystal used in this work has dimensions

of 3.0⇥3.0⇥6.1 cm3 and a total mass of 454.1 g. A tiny
splint (⇠ 50 mg) was removed from the crystal and ana-
lyzed through ICP Mass Spectroscopy in order to evaluate
the isotopic abundances of the four lead isotopes. The re-
sults are shown in Tab. 2.

Table 2. Lead isotopic abundaces for the PbWO4 crystal,
evaluated with ICP-MS measurements. The values are in good
agreement with the natural abundances quoted in Tab. 1.

204Pb 206Pb 207Pb 208Pb

1.34±0.02 % 25.10±0.25 % 21.1±0.30 % 52.4±0.50 %

PTFE
Thermistor

PbWO4

Reflecting 
foil

Ge-LD

Fig. 1. Set-up of the detector. Two Cu columns, one fixing
the S-shaped PTFE and one fixing the LD Cu frame are not
visible due to the chosen cross section.

3 Experimental Set-up

The scheme of the set-up is shown in Fig. 1. The PbWO4

crystal is held by means of four S-shaped PTFE supports
fixed to four cylindrical Cu columns. It is surrounded
(with no direct contact) by a plastic reflecting foil (3M
VM2002). The Light Detector (LD) [27] is constituted
by a 36 mm diameter, 1 mm thick pure Ge crystal ab-
sorber working as a bolometer: it is heated up by the
absorbed photons and the temperature variation is pro-
portional to the scintillation signal. The Ge wafer is held
by two custom-shaped PTFE holders embedded in a cylin-
dric Cu frame. The frame is held above the PbWO4 crystal
using two Cu columns.

The temperature sensor of the PbWO4 crystal is a
3⇥3⇥1 mm3 Neutron Transmutation Doped (NTD) ger-
manium thermistor, the same used in the Cuoricino ex-
periment [28]. It is thermally coupled to the crystal via
9 glue spots of ⇡ 0.6 mm diameter and ⇡ 50 µm height.
The temperature sensor of the LD has a smaller volume
(one third of the PbWO4’s one) in order to decrease its

Live Time : 586 h
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PWO results

- Highly contaminated (also in 210Pb)

- FWHM heat channel 15 keV @ 2.6 MeV
- FWHM light channel 379 eV @ 6 keV
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Fig. 3. Energy spectrum of the ↵ region, acquired over 586 h
of measurement.

Unfortunately, we are not able to measure the energy par-
tition in the different channels, since we miss information
on the light collection efficiency of the LD, and obviously
we are not sensitive to the "blind" channel.

4.4 Internal contaminations

Even if the starting materials for the crystal growth had a
very high radiopurity level (Sect. 2) during the crystalliza-
tion process is possible to unintentionally introduce some
radioactive contaminants. These have been evaluated by
analyzing the ↵ region of the spectrum, due to the more
favorable signal-to-noise ratio.

As already pointed out, the background in this region
is essentially due to ↵ particles, which produce peaks and
a continuum of events generated by degraded ↵’s from the
surfaces of the crystal and the surrounding materials [36].
This is mainly due to an intense 210Po contamination of
the crystal as shown in Fig. 3.

By means of Monte Carlo simulations, we estimate the
background induced by a uniform 210Po contamination
throughout the crystal. We obtain a flat background from
zero energy up to the 210Po Q-value, the counting rate in
this region is 0.02 counts/keV.

We observe that the PbWO4 crystal is contaminated
in 230Th and 210Po, from the 238U decay chain, 232Th
(the whole 232Th decay chain) and 147Sm, see Tab. 5. For
the 232Th decay chain we report just the activity of the
progenitor of the chain, because the chain is at secular
equilibrium: in fact the crystal was grown more than 14
years before the measurement, thus all the nuclides of the
chain have the same activity. On the contrary for the 238U
chain we evaluate the activity of all isotopes since the
equilibrium is broken.

Table 5. Evaluated internal radioactive contaminations for
the PbWO4 crystal. Limits are at 90% C.L.

Chain Nuclide Activity
[µBq/kg]

232Th 232Th 51±8
238U 238U < 10

234U < 7
230Th 178±15
226Ra 1403±43
210Po (186±1)·103

147Sm 147Sm 7±5

Fig. 4. Low energy scatter plot. The green and blue lines
represent the 3 � acceptance region, respectively, for �/� and
↵ events.

4.5 Half-lives of lead isotopes

We report in Tab. 1 all the lead isotopes that we have
investigated with our PbWO4 crystal. The ↵/� discrimi-
nation allows us to easily disentagle the ↵ and �/� particle
interactions. Unfortunately, the more we go at low energy
the less efficient is the discrimination power due to the
poor energy resolution of the LD. For energy releases in
the PbWO4 crystal smaller than 1 MeV, �/� events leak
in the ↵ region, because the two bands start to merge.
Thus �/� events induce a negligible background for the
investigation of 204Pb and 206Pb decays, but not for 207Pb
and 208Pb, which are at lower energy. This background is
therefore evaluated by defining the 3 � acceptance region
for ↵ and �/� events, as shown in Fig. 4.

4.5.1 204Pb

It is theorized that 204Pb can ↵ decay on 200Hg, the Q-
value of the transition is 1969.5 keV. The alpha energy
spectrum in this energy region, shown in Fig. 5 clearly
shows no peak, but we have a flat background, as al-
ready mentioned in Sect. 4.4. We study an interval of 2.8 �

(that corresponds to a confidence interval of 99.5%) cen-
tered around the Q-value of the transition, being � the
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Unfortunately, we are not able to measure the energy par-
tition in the different channels, since we miss information
on the light collection efficiency of the LD, and obviously
we are not sensitive to the "blind" channel.

4.4 Internal contaminations

Even if the starting materials for the crystal growth had a
very high radiopurity level (Sect. 2) during the crystalliza-
tion process is possible to unintentionally introduce some
radioactive contaminants. These have been evaluated by
analyzing the ↵ region of the spectrum, due to the more
favorable signal-to-noise ratio.

As already pointed out, the background in this region
is essentially due to ↵ particles, which produce peaks and
a continuum of events generated by degraded ↵’s from the
surfaces of the crystal and the surrounding materials [36].
This is mainly due to an intense 210Po contamination of
the crystal as shown in Fig. 3.

By means of Monte Carlo simulations, we estimate the
background induced by a uniform 210Po contamination
throughout the crystal. We obtain a flat background from
zero energy up to the 210Po Q-value, the counting rate in
this region is 0.02 counts/keV.

We observe that the PbWO4 crystal is contaminated
in 230Th and 210Po, from the 238U decay chain, 232Th
(the whole 232Th decay chain) and 147Sm, see Tab. 5. For
the 232Th decay chain we report just the activity of the
progenitor of the chain, because the chain is at secular
equilibrium: in fact the crystal was grown more than 14
years before the measurement, thus all the nuclides of the
chain have the same activity. On the contrary for the 238U
chain we evaluate the activity of all isotopes since the
equilibrium is broken.

Table 5. Evaluated internal radioactive contaminations for
the PbWO4 crystal. Limits are at 90% C.L.

Chain Nuclide Activity
[µBq/kg]

232Th 232Th 51±8
238U 238U < 10

234U < 7
230Th 178±15
226Ra 1403±43
210Po (186±1)·103

147Sm 147Sm 7±5

Fig. 4. Low energy scatter plot. The green and blue lines
represent the 3 � acceptance region, respectively, for �/� and
↵ events.

4.5 Half-lives of lead isotopes

We report in Tab. 1 all the lead isotopes that we have
investigated with our PbWO4 crystal. The ↵/� discrimi-
nation allows us to easily disentagle the ↵ and �/� particle
interactions. Unfortunately, the more we go at low energy
the less efficient is the discrimination power due to the
poor energy resolution of the LD. For energy releases in
the PbWO4 crystal smaller than 1 MeV, �/� events leak
in the ↵ region, because the two bands start to merge.
Thus �/� events induce a negligible background for the
investigation of 204Pb and 206Pb decays, but not for 207Pb
and 208Pb, which are at lower energy. This background is
therefore evaluated by defining the 3 � acceptance region
for ↵ and �/� events, as shown in Fig. 4.

4.5.1 204Pb

It is theorized that 204Pb can ↵ decay on 200Hg, the Q-
value of the transition is 1969.5 keV. The alpha energy
spectrum in this energy region, shown in Fig. 5 clearly
shows no peak, but we have a flat background, as al-
ready mentioned in Sect. 4.4. We study an interval of 2.8 �

(that corresponds to a confidence interval of 99.5%) cen-
tered around the Q-value of the transition, being � the
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Fig. 5. Energy spectrum of just ↵ events, the dashed line
represents the expected 210Po flat background. The ROI for
204Pb and 206Pb decays are highlighted.

energy resolution of the 180W peak (5.9 keV). The com-
puted 210Po background around the 2.8 � region of inter-
est (ROI) of 16.4 keV, is 0.3 counts, while the observed
number of counts is 0. Applying the Feldman-Cousins
method [37] we are able to set a 90% C.L. limit on the
half-life of 204Pb, using the following formula:

T1/2 = Nnuclei ·
✓

Ncounts

Tmeas · ✏TOT

◆�1

· ln(2) (4)

where: Nnuclei is the number of nuclei of the analyzed
isotope, Ncounts is the number of events estimated using
the Feldman-Cousin approach, Tmeas is the measurement
time in year and ✏TOT is the total efficiency of event-based
cuts, which is assumed to have the same value of the 180W
one. The computed lower-limit is:

T

↵
1/2(

204
Pb) > 1.4 · 1020 y at 90% C.L.

4.5.2 206Pb

206Pb is energetically allowed to decay through the ↵ chan-
nel on 202Hg. The energy released in the decay is 1135.5 keV.
Looking at Fig. 5, we can estimate the 206Pb half-life ap-
plying the same procedure explained in the previous sec-
tion. The events distribution in the energy spectrum is
still flat in the 1 MeV region, so no excess is observed at
1135.5 keV. The evaluated background is 0.2 counts, and
the observed number of events in the 2.8 � energy interval
(16.4 keV) around the Q-value is 0 counts. The lower-limit
on the 206Pb half-life is:

T

↵
1/2(

206
Pb) > 2.5 · 1021 y at 90% C.L.

4.5.3 207Pb

As already explained, for low energy ↵ decays, where events
from the � band can give a contribution to the ↵ region,

Fig. 6. Low energy scatter plot analyzed for investigating
207Pb ↵ decay. The blue and green lines represent the 90%
acceptance region, respectively, for ↵ and �/� events. The red
dashed line is the energy cut applied for selecting the region
with the highest statistical significance, while the shadowed
region is our ROI.

we should define an energy cut that maximizes the signal-
to-noise ratio at such low energy. In Fig. 6 is shown the
scatter plot around the Q-value: 392.3 keV, and the ap-
plied cut on the detected light that maximizes the statisti-
cal significance in that region. The estimated cut efficiency
is 53%.
In the analyzed 2.8 � interval (16.4 keV) around the Q-
value the number of observed events is 0 and the estimated
background is 1 counts, therefore we can set a lower-limit
on the 207Pb half-life:

T

↵
1/2(

207
Pb) > 1.9 · 1021 y at 90% C.L.

4.5.4 208Pb

The last natural occuring lead isotope to be analyzed is
208Pb. It can ↵ decay to 204Hg with an energy transition
of 516.9 keV. Also for this nuclide we apply the same pro-
cedure previously explained. The studied ↵ band is shown
in Fig. 7, the cut applied on the detected light has an
efficiency of 64%.

The interval centered around the Q-value of the tran-
sition is wide 2.8 � (16.4 keV). No events are observed in
the ROI, and the estimated background is 0 count. The
lower-limit on 207Pb half-life is:

T

↵
1/2(

208
Pb) > 2.6 · 1021 y at 90% C.L. (5)

5 Conclusion

We successfully tested a 454.1 g PbWO4 crystal as a bolome-
ter. The crystal was grown using low background ancient
Roman lead, and its performances and internal contami-
nations were presented.
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puted 210Po background around the 2.8 � region of inter-
est (ROI) of 16.4 keV, is 0.3 counts, while the observed
number of counts is 0. Applying the Feldman-Cousins
method [37] we are able to set a 90% C.L. limit on the
half-life of 204Pb, using the following formula:
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isotope, Ncounts is the number of events estimated using
the Feldman-Cousin approach, Tmeas is the measurement
time in year and ✏TOT is the total efficiency of event-based
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nel on 202Hg. The energy released in the decay is 1135.5 keV.
Looking at Fig. 5, we can estimate the 206Pb half-life ap-
plying the same procedure explained in the previous sec-
tion. The events distribution in the energy spectrum is
still flat in the 1 MeV region, so no excess is observed at
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the observed number of events in the 2.8 � energy interval
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dashed line is the energy cut applied for selecting the region
with the highest statistical significance, while the shadowed
region is our ROI.

we should define an energy cut that maximizes the signal-
to-noise ratio at such low energy. In Fig. 6 is shown the
scatter plot around the Q-value: 392.3 keV, and the ap-
plied cut on the detected light that maximizes the statisti-
cal significance in that region. The estimated cut efficiency
is 53%.
In the analyzed 2.8 � interval (16.4 keV) around the Q-
value the number of observed events is 0 and the estimated
background is 1 counts, therefore we can set a lower-limit
on the 207Pb half-life:
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207
Pb) > 1.9 · 1021 y at 90% C.L.

4.5.4 208Pb

The last natural occuring lead isotope to be analyzed is
208Pb. It can ↵ decay to 204Hg with an energy transition
of 516.9 keV. Also for this nuclide we apply the same pro-
cedure previously explained. The studied ↵ band is shown
in Fig. 7, the cut applied on the detected light has an
efficiency of 64%.

The interval centered around the Q-value of the tran-
sition is wide 2.8 � (16.4 keV). No events are observed in
the ROI, and the estimated background is 0 count. The
lower-limit on 207Pb half-life is:
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energy resolution of the 180W peak (5.9 keV). The com-
puted 210Po background around the 2.8 � region of inter-
est (ROI) of 16.4 keV, is 0.3 counts, while the observed
number of counts is 0. Applying the Feldman-Cousins
method [37] we are able to set a 90% C.L. limit on the
half-life of 204Pb, using the following formula:
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where: Nnuclei is the number of nuclei of the analyzed
isotope, Ncounts is the number of events estimated using
the Feldman-Cousin approach, Tmeas is the measurement
time in year and ✏TOT is the total efficiency of event-based
cuts, which is assumed to have the same value of the 180W
one. The computed lower-limit is:
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4.5.2 206Pb

206Pb is energetically allowed to decay through the ↵ chan-
nel on 202Hg. The energy released in the decay is 1135.5 keV.
Looking at Fig. 5, we can estimate the 206Pb half-life ap-
plying the same procedure explained in the previous sec-
tion. The events distribution in the energy spectrum is
still flat in the 1 MeV region, so no excess is observed at
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we should define an energy cut that maximizes the signal-
to-noise ratio at such low energy. In Fig. 6 is shown the
scatter plot around the Q-value: 392.3 keV, and the ap-
plied cut on the detected light that maximizes the statisti-
cal significance in that region. The estimated cut efficiency
is 53%.
In the analyzed 2.8 � interval (16.4 keV) around the Q-
value the number of observed events is 0 and the estimated
background is 1 counts, therefore we can set a lower-limit
on the 207Pb half-life:
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4.5.4 208Pb

The last natural occuring lead isotope to be analyzed is
208Pb. It can ↵ decay to 204Hg with an energy transition
of 516.9 keV. Also for this nuclide we apply the same pro-
cedure previously explained. The studied ↵ band is shown
in Fig. 7, the cut applied on the detected light has an
efficiency of 64%.

The interval centered around the Q-value of the tran-
sition is wide 2.8 � (16.4 keV). No events are observed in
the ROI, and the estimated background is 0 count. The
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energy resolution of the 180W peak (5.9 keV). The com-
puted 210Po background around the 2.8 � region of inter-
est (ROI) of 16.4 keV, is 0.3 counts, while the observed
number of counts is 0. Applying the Feldman-Cousins
method [37] we are able to set a 90% C.L. limit on the
half-life of 204Pb, using the following formula:
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where: Nnuclei is the number of nuclei of the analyzed
isotope, Ncounts is the number of events estimated using
the Feldman-Cousin approach, Tmeas is the measurement
time in year and ✏TOT is the total efficiency of event-based
cuts, which is assumed to have the same value of the 180W
one. The computed lower-limit is:
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Looking at Fig. 5, we can estimate the 206Pb half-life ap-
plying the same procedure explained in the previous sec-
tion. The events distribution in the energy spectrum is
still flat in the 1 MeV region, so no excess is observed at
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we should define an energy cut that maximizes the signal-
to-noise ratio at such low energy. In Fig. 6 is shown the
scatter plot around the Q-value: 392.3 keV, and the ap-
plied cut on the detected light that maximizes the statisti-
cal significance in that region. The estimated cut efficiency
is 53%.
In the analyzed 2.8 � interval (16.4 keV) around the Q-
value the number of observed events is 0 and the estimated
background is 1 counts, therefore we can set a lower-limit
on the 207Pb half-life:

T
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1/2(

207
Pb) > 1.9 · 1021 y at 90% C.L.

4.5.4 208Pb

The last natural occuring lead isotope to be analyzed is
208Pb. It can ↵ decay to 204Hg with an energy transition
of 516.9 keV. Also for this nuclide we apply the same pro-
cedure previously explained. The studied ↵ band is shown
in Fig. 7, the cut applied on the detected light has an
efficiency of 64%.

The interval centered around the Q-value of the tran-
sition is wide 2.8 � (16.4 keV). No events are observed in
the ROI, and the estimated background is 0 count. The
lower-limit on 207Pb half-life is:

T

↵
1/2(

208
Pb) > 2.6 · 1021 y at 90% C.L. (5)

5 Conclusion

We successfully tested a 454.1 g PbWO4 crystal as a bolome-
ter. The crystal was grown using low background ancient
Roman lead, and its performances and internal contami-
nations were presented.
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TeO2 Čerenkov
TeO2 CUORE crystals do not scintillate but:

βs with energy greater than 50 keV can produce Čerenkov light, 
unlike αs. T. Tabarelli de Fatis Eur. Phys. J. C 65 (2010) 359
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- Better understanding of the light production/collection is needed
- particle discrimination is not optimized (need more light)

- R&D on next generation LD is on going: KID and Neganov-Luke effect

- observed LY: 48 eV/MeV
- expected LY: 343 eV/MeV

J. Beeman et al., Astropart.Phys. 35 (2012) 558-562
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Conclusions
* Scintillating bolometers are the next generation 
detectors for rare events searches (DBD, rare 
decays, ...)

* The scintillation light is not the only channel for 
particle discrimination
=> PSA on Heat channel allows us to reduce the background 
without increasing the # of detectors

* ZnSe is a promising compound for DBD and DM searches, 
nevertheless R&D of LDs is needed

* ZnSe (and ZnMoO4) allows to reach a background level of 
~10-3 c/keV/kg/y (at least)

* A bright future is ahead...




