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0vββ Sensitivity
Measurement of the kinetic energy 
of the decay products (~MeV). 

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

S0v: half-life 
corresponding to the 
signal that could be 

emulated by a 
background fluctuation 

at a given c.l.
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M: detector 
mass

i.a.: isotopic 
abundance

ε: detection 
efficiency

t: measuring time

S0⌫ / i.a. · ✏ ·M · t

Sensitivity scales linearly with exposure!
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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: 
PTFE & gold wires

Absorber

Thermometer: 
Ge-NTD

ZnSe

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



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 
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LUCIFER R&D facility

Laboratori Nazionali del Gran Sasso  INFN, Italy

The underground facility



Scintillating bolometers
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A. Alessandrello et al., Nucl. Phys. B 28 (1992) 233-235 

Light: PM / SiPM / bolometer 

Double signal read-out:
Heat: absorber+thermometer

Particle discrimination! 
alpha, beta/gamma and neutrons

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.
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Light detectors (LD)
Light signal: => few keV/MeV  

=> is isotropic

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

BolometerPMT

✔

✘

✔
✔

✘
✘

✔
✔

✘

✘

Cu holder

PTFE 
clamp

NTD

HeaterAu wires

55Fe X-ray calibration 
(5.9 keV and 6.5 keV)

HP-Ge wafer 
45x0.3 mm

	

 .	

 J.W. Beeman et al., JINST, 8 P07021 (2013) 	
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LUCIFER
Low-background Underground Cryogenics 

Installation For Elusive Rates 

- Demonstrator array of enriched 
scintillating bolometers 
!
- LUCIFER investigates the “best” compound 
for DBD0ν searches among: 
 Zn82Se / Zn100MoO4 / 116CdWO4 crystals 
!
- Total isotope mass: ~15 kg 
!
- Background index @ ROI ≤ 10-3 c/keV/kg/y

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

Q-value 
[keV]

Useful 
material

LY
[keV/MeV]

QF

Zn 3034 44% 1.5 0.2

116 2814 32% 17.6 0.2

Zn 2996 56% 6.5 4.2
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ZnMoO4
Candidate: 100Mo

m=330 g  
natural crystal 
large mass
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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-

smeared 238U α-source

232Th γ-source

DBD ROI

Excellent particle discrimination 
using Light vs. Heat

Impressive particle 
discrimination 
using just Heat

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-
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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. 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

LY
[keV/MeV] QF

ZnMoO 3034 44% 1,5 0,2

J.W. Beeman et al., Eur. Phys. J. C (2012) 72:2142

DP(@ROI) = 20

Discrimination 
potential:
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ZnMoO4 performance

FWHM @ 2615 keV: 6.3±0.5 keV 
FWHM @ 1460 keV: 4.9±1.0 keV

By means of the good energy resolution and the excellent background 
discrimination, ZnMoO4 crystals are suited for DBD search

Reference: 
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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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√
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α
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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-

Eur. Phys. J. C (2012) 72:2142 Page 5 of 6

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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cal crystal was measured. The set-up of the detector was identical

to the one sketched in Fig. 1, but this time the LD was not present.

In order to avoid surface radioactivity, the Cu facing the crystal was

covered by several layers of polyethylene, the same used in CUORE

Crystal Validation Runs [36]. The detector was run in similar tem-

perature conditions of the previous run (see Table 1). The obtained

energy spectrum, consisting of a sum of background and
232 Th cal-

ibration spectra (totalling 407 h), is presented in Fig. 5.

The a induced background shows clearly three peaks. Two of

them are identified as induced by
210 Po (internal, 5407 keV, and

on surface, 5304 keV) decay, while the third one is due to an inter-

nal contamination of238 U. No other structure is visible on the spec-

trum, resulting in a flat continuum. In particular no events are

recorded above 6 MeV, implying no decays induced by the most

dangerous radionuclides for DBD searches, namely the ones that

undergo b/c decay with
Q-values larger than Qbb

(see Section

5.2.1). The evaluated internal radioactive contaminations are pre-

sented in Table 3.

It is remarkable that this crystal, grown without any dedicated

effort in cleanliness issues, shows a radiopurity
that is significantly

better with respect to other molybdates, in particular CaMoO4, al-

ready proposed [37,38] for future DBD experiments.

5. Background simulation

5.1. General consideration

The study of background issues for an experiment aiming at

reaching high sensitivity on 0mDBD search can be divided into dif-

ferent types of sources depending on their position. In the follow-

ing we will analyze in detail the ‘‘near sources’’ (crystal and copper

mounting structure contaminations). ‘‘Far sources’’ (radioactive

contaminations in the experimental apparatus, mainly the refriger-

ator and its external shields) and ‘‘environmental sources’’ (contri-

bution present at the experimental site: mainly muons, neutrons

and c rays) are instead closely dependent on the experimental

apparatus and environment in which the set-up is installed. A de-

tailed description concerning these categories of sources in Cuori-

cino, the inspirer of this configuration can be found in [39].

Background induced by far sources is produced by c-rays since

b’s and a’s can be easily shielded. The choice of an isotope with a Q-

value exceeding 2615 keV (by far the most intense -high energy-

natural c-line emitted by the decay of
208 Tl, belonging to the

232 Th decay chain) allows to greatly reduce this background. Above

this energy there are only extremely rare high energy c’s from

214 Bi: the total Branching Ratio (BR) in the energy window from

2615 up to 3270 keV is 0.15%.

In this frame it is mandatory to take into account also coinci-

dence events that can occur in one crystal. The most relevant case

is represented by the decay of
208 Tl. In this decay, for example,

there is 85% probability
that the 2615 keV c is emitted in cascade

with the 583 keV c. In fact, as we will evaluate in Section 5.2.2, this

mechanism represents the largest source of background above

2615 keV. On the other hand it is clear that the probability
of

simultaneous interaction in the same crystal strongly depends on

the relative distance from the detector. Moreover the lower energy

c is easily shielded compared to the higher energy one, so that this

type of background can be completely neglected, in the case of ‘‘far

sources’’, with the installation of a proper shielding.

Finally the last contribution that must be considered, for what

concerns environmental sources, is the one coming from neutron

and muon interactions in the detector. For these we consider the

results reported in [39,40] by the CUORE collaboration, for a mod-

ular TeO2
bolometric

detector operated underground, with a geo-

metrical configuration similar to the one proposed here (see

Fig. 6). The change in the molecular compound does not heavily af-

fect the background rates. Indeed, as in the case of TeO2
crystals,

none of the isotopes of ZnMoO4
have high neutron cross sections,

the main parameter that could affect the background. External

neutrons yield an integrated contribution in the 3–4 MeV region

< 10!
5 c/(keV kg y) [39], while external muons - operating the ar-

ray in anticoincidence - yield a contribution of < 10!
4 c/(keV kg y)

in the 2–4 MeV region [40].

5.2. Near sources

The region of interest (ROI) for the evaluation of the back-

ground is a few FWHM wide and centered at the 0mDBD Q-value.

For ZnMoO4
crystals the ROI has therefore been chosen between

3014 and 3054 keV. All the background levels quoted in the fol-

lowing have been defined running dedicated Monte Carlo simula-

tions based on GEANT4 code. A tower-like detector (see Fig. 6) was

simulated, made out of 40 detectors (ZnMoO4
crystal + Ge LD) ar-

ranged in a modular configuration of 10 floors with 4 crystals

each. The ZnMoO4
crystals here considered are cylinders

(h = 60 mm,£ = 60 mm) faced to
Ge slabs of h = 0.5 mm,

£ = 60 mm. Despite
the results

obtained in Section 3 we

Table 3

Evaluated internal radioactive contaminations for the cylindrical crystal. Limits are at

68% CL.

Chain

Nuclide

Activity lBq/kg

232 Th

232 Th

<32

228 Th

<32

238 U

238 U

350 ± 90

234 U

<110

230 Th

<68

226 Ra

<32

210 Po

1660 ± 200

Fig. 6. Geometry used for the simulation of the ZnMoO4 array: a tower-like

detector of 40 cylindrical crystals (h = 60 mm, £ = 60 mm), where each crystal is

faced by one Ge LD (h = 0.5 mm,£ = 60 mm).

J.W. Beeman et al. / Astroparticle Physics 35 (2012) 813–820

817
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Array of ZnMoO4
First bolometric measurement of 
DBD2v with a ZnMoO4 crystal array

TDBD2v1/2=[7.15±0.37(stat)±0.66(syst)]1018 y

DBD2v

208Tl

40K
65Zn

Ultimate background for next 
generation bolometric experiment 
is induced by 100Mo DBD2v pile-up 
events O(>10-3 c/keV/kg/y)

L.Cardani et al., J. Phys. G 41 (2014) 075204

- 3 natural ZnMoO4  
- 1.3 kg*d of 100Mo

in agreement with NEMO3 measurement: 
T1/2=[7.11±0.02(stat)±0.54(syst)]1018 y

-Faster thermal sensors 
-New trigger algorithms 
must be developed 
(see LUMINEU project)

Given the short half-life of 100Mo and the slow 
signal development of bolometers

J. W. Beeman et al., Eur. Phys. J. C (2012) 72:2142
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LUCIFER
Low-background Underground Cryogenics 

Installation For Elusive Rates 

- Demonstrator array of enriched 
scintillating bolometers 
!
- LUCIFER investigates the “best” compound 
for DBD0ν searches among: 
 Zn82Se / Zn100MoO4 / 116CdWO4 crystals 
!
- Total isotope mass: ~15 kg 
!
- Background index @ ROI ≤ 10-3 c/keV/kg/y

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

back-up solution:	


collaboration with  
LUMINEU project

still under 
investigation

113Cd:	


- high capture neutron XS	


 113Cd(n,γ)	


- natural beta emitter	


(Q-value: 316 keV)

{
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LUCIFER
Low-background Underground Cryogenics 

Installation For Elusive Rates 

- Demonstrator array of enriched 
scintillating bolometers 
!
- LUCIFER investigates the “best” compound 
for DBD0ν searches among: 
 Zn82Se / Zn100MoO4 / 116CdWO4 crystals 
!
- Total isotope mass: ~15 kg 
!
- Background index @ ROI ≤ 10-3 c/keV/kg/y

Q-value 
[keV]

Useful 
material

LY
[keV/MeV]

QF

Zn 3034 44% 1.5 0.2

116 2814 32% 17.6 0.2

Zn 2996 56% 6.5 4.2

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

primary solution driven by 
various factors:	



- enrichment (price,…)	


- bkg discrimination	



- … 
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ZnSe
Q-value 
[keV]

Useful 
material

LY
[keV/MeV] QF

ZnSe 2996 56% 6,4 4,2

β/γ events

210Po recoils

Excellent particle 
discrimination on 
the Light vs. Heat 

plane

!
Odd QFα for 

ZnSe: 

 αs produce
 more 

light than 
β/γs

Candidate: 82Se

largest ZnSe ever produced 
m=430 g 

J W Beeman et al 2013 JINST 8 P05021nuclear recoils are in 
the “right” position!
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ZnSe Particle 
discrimination

Heat signal shape

Light signal shape

α events

β/γ events DBD ROI

α events

β/γ events

DBD ROI

DP(@ROI) = 2

Discrimination 
potential:

DP(@ROI) = 11

Discrimination 
potential:

highly performing LD are 
needed for bkg suppression 

J.W. Beeman et al., Adv. High Energy Phys. 2013,  237973
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ZnSe background
Low Background measurement

J W Beeman et al 2013 JINST 8 P05021

- Cosmogenic activation 75Se and 65Zn 
- Natural radioactivity: 
 40K, 232Th & 238U @ ~ µBq/kg

DBD ROI

crystal m = 430 g 
background measurement t = 524 h

DBD ROI

µ

β/γ events selection

Energy resolution

muon
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82Se: enrichment
Natural 82Se => isotopic abundance 8.7%  
LUCIFER 82Se => enrichment @ 95% => higher sensitivity

15 kg of 82Se from URENCO (Netherlands)

238U: 
234Th  < 1.4 E-9 gU/g 
226Ra < 1.4 E-10 gU/g 
!232Th: 
228Th (4.3±0.8) E-10 gTh/g 
224Ra < 1.2 E-9 gTh/g 
 40K (1.3±0.6) E-7 gK/g

HP-Ge screening before 
re-distillation

already delivered ~10 kg @ LNGS

Na 1860000 =>  <6711 ppb  
Cr <110   =>  <11  ppb        
Fe <300  =>  <45  ppb         
V  <20   =>  <22  ppb          
S 1140000 => <201330 ppb 

ICPMS screening 
Before => After re-dist.

e
l
e
m
e
n
t
 

d
a
n
g
e
r
o
u
s
 
f
o
r
 

s
c
i
n
t
i
l
l
a
t
i
o
nNatural SeF6

centrifuge cascade 
(dedicated line)

chemical conversion

82Se metal: 
=> @ 95% enrichment 
=> @ 99.5% chemical purity

re-distillation
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γ spectroscopy on GEMPI4@LNGS: 
!
Th-232: 
Ra-228: < 2.4 E-11 g/g  
Th-228: < 8.9 E-12 g/g 
!
U-238: 
Ra-226 < 5.4 E-12 g/g 
Th-234 < 5.0 E-10 g/g 
Pa-234m < 3.8 E-10 g/g 
!
U-235:   
U-235: < 1.6 E-10 g/g 
!
K-40: < 1.2 E-8 g/g 
!
Zn-65: (5.2 +- 0.6)mBq/kg

HP-zinc
Producer: 
National Science Center KITP (UA)

No U/Th lines over 34 days!

828 h bkgZn65

Zn65

There are only short-
living cosmogenic 

activation products 
+ 

 Zn-65

Cr <85  ppb   
Fe <170 ppb  
V  <9  ppb     
S  <8530 ppb 

ICPMS screening

e
l
e
m
e
n
t
 

d
a
n
g
e
r
o
u
s
 
f
o
r
 

s
c
i
n
t
i
l
l
a
t
i
o
n
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Crystal growth
ZnSe is a well 
known compound

1) ZnSe powder synthesis 
2) Bridgman growth 
3) mechanical processing 

LUCIFER crystal production 
@ Institute for Single Crystals 
(Kharkov, UA):

=> extended IR transmission (0.5um-20um)

=> production of glass / small crystals

No commercial use of large size - high quality crystals 
=> few people are able to grow ZnSe crystals for our purpose

U < 1 ppb 
Th < 1 ppb 
K < 1000 ppb 
V < 15 ppb 
Fe < 50 ppb 
Cr < 15 ppb

ICPMS screening 
ZnSe Natural powder

good radiopurity level, 
not yet optimized

- volatility of Zn and Se => change of stoichiometry 

Criticalities: 
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Crystal growth
ZnSe is a well 
known compound

1) ZnSe powder synthesis 
3) Bridgman growth 
4) mechanical processing 

LUCIFER crystal production 
@ Institute for Single Crystals 
(Kharkov, UA):

Criticalities: 
- production of crystals with good bolometric and scintillating 
performance 
- low production yield => loss of material 

=> extended IR transmission (0.5um-20um)

=> production of glass / small crystals

No commercial use of large size - high quality crystals 
=> few people are able to grow ZnSe crystals for our purpose

Bridgman technique

graphite crucible

hottest region 
@ ~1500C & 20bar Ar
melt

crystal

heaters 

insulations



22

Crystal growth
ZnSe is a well 
known compound

=> extended IR transmission (0.5um-20um)

=> production of glass / small crystals

No commercial use of large size - high quality crystals 
=> few people are able to grow ZnSe crystals for our purpose

LUCIFER crystal production 
@ Institute for Scintillation Materials 
(Kharkov, UA):

1) ZnSe powder synthesis 
2) Bridgman growth 
3) mechanical processing 

Criticalities: 
- loss of enriched material 
- recycling of the crystal scraps 
 => radio/chemical purity 

ZnSe as grown



23

LUCIFER sensitivity
LCF single module

LCF tower ~36 modules

• 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

+ some upgrades 
(new shields, new 

wiring read-out, ...)- 36 enriched detectors @ 95% level 
- detector mass 17 kg of Zn82Se (14 kg of Zn100Mo4)  
- expected bkg @ ROI 10-3 c/keV/kg/y 
- FWHM @ ROI: 10 keV (5 keV)

*	


Nucl. Phys A, 818 (2009) 139	


J. Phys G, 39  (2012) 124006	


Phys. Rev. C, 83 (2011) 034320	


J. Phys G, 39  (2012) 124005	


Phys. Rev. C, 87 (2013) 014315	


Phys. Rev. C, 82 (2010) 064310	


Phys. Rev. Lett., 105 (2010) 252503	


Phys. Rev. Lett., 85 (2012) 034316

LCF coll., Adv. High Energy Phys., (2013) 237973

*	





not just scintillation
in TeO2 crystals, interacting particles can produce 
Cherenkov light, having different energy thresholds:According to: 

T. Tabarelli de Fatis,	


Eur. Phys. J. C, 65, 359 (2010) β/γ tagging with a light 

detector faced to a TeO2
Alpha 400 MeV 
Beta 50 keV

Thermal sensors: NTD 
LD: Ge+SiO2 disk

Thermal sensors: TES 
LD: Al2O3+Si disk 24

LY [eV/MeV] = 45

Light measured 
@ 2.6MeV DBD0v: 

101 eV 
=> low DP

LY [eV/MeV] = ~48

Light measured 
@ 2.6MeV DBD0v: 

~128 eV 
=> large DP

in collaboration with the 
Max Planck Institute of 

Munich

α events

β/γ events

β/γ events

α events

Theoretical value 740 eV @ DBD0v

TeO2 750g

TeO2 300g

 N. Casali et al., ArXiv:1403.5528

soon on ArXiv!
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Conclusions
* Scintillating bolometers ensure excellent particle 
identification and energy resolution 
=> they can be the next generation detector for rare process 
investigations (DBD, DM, rare decays, ...) 
!
!
* Scintillation light is not the only channel for particle 
discrimination 
=> PSA on the Heat channel allows us to reduce the background 
without increasing the # of detectors 
!
!
* ZnSe is a promising compound for DBD, nevertheless a huge effort 
is needed for R&D on crystal production 
!
!
* LUCIFER aims at reaching a background level of ≤10-3 c/keV/kg/y 
!
* LUCIFER is a demonstrator for next generation ton-scale DBD 
experiment  
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ZnSe samples


