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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

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

The underground facility

NE

A24

Hall C:
CUORE & LUCIFER

R&D facility
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Laboratori Nazionali del Gran Sasso INFN, Italy

Neutrino physics
Dark Matter physics
Rare decays search



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

5

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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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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Good particle 
discrimination using 

Light vs. Heat

Li2MoO4
Candidate: 100Mo

m=33 g 
Calibrations α & n & γ
Background 344 h

Q-value
[keV]

Useful
material

LYβ/γ
[keV/MeV]

QFα

Li2MoO4 3034 55% ~0.5 ~0.4

55Fe Source 

Reflecting  
Foil 

Thermistor 
Ge-LD 

Li2MoO4 
PTFE 

Au wires 

147Sm 
Source 

Figure 1. Set-up of the detectors. The Li2MoO4 is held in position by PTFE S-shaped supports. The Ge
Light Detector is facing the main crystal in such a way to maximize the light collection. The electrical signals
are read from the ground-isolated Cu pins that are connected to the thermistors by means of Au wires.

3. Detector operation and data analysis

The thermistors of the detectors are biased with a constant current, the resistance variations, gener-
ated by the temperature rise, are converted into voltage signals by the sensors. The heat and light
signals are then amplified, filtered by a Bessel-filter and at the end fed into a NI PXI-6284 18-bits
ADC operating at a sampling frequency of 1 kHz.

Triggers are software generated, they ensure that each pulse is recorded with a 1 kHz sampling
rate. When the triggers are fired, for the main bolometer and the LD, waveforms 1 s and 0.25 s
are recorded on disk. Moreover, when the trigger of the Li2MoO4 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 pulse amplitude of the thermal sig-
nals are estimated by means of the Optimum Filter (OF) technique [3][4], this method maximizes
the signal-to-noise ratio in such a way to increase the energy resolution of the detector. The am-
plitude of the heat pulses is energy-calibrated using different known peaks in the acquired spectrum.

The detector was operated for 405 h, during the data taking various calibration sources were
used in order to study the detector response for different types of interactions and to estimate the
Light Yield (LY) for different particle energy deposit. 137Cs and 40K were employed as g sources,
placing those in proximity of the experimental set-up. Natural Sm was deposited on the surface
of the reflecting foil facing the Li2MoO4 crystal (on the opposite side of the LD), 147Sm was used
as a source for illuminating the crystal. Finally an Am-Be neutron source was placed close to the

– 2 –

the compoun
d is hygros

copic

surface αs

γs



Li2MoO4 with γ-source

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 b /g events are selected.

detector for studying of the neutron capture reaction:

6Li + n ! 3H + 4He + 4.78 MeV . (3.1)

The compound is extremely interesting for neutron spectroscopy [5], due to the relatively high neu-
tron absorption cross section of 6Li, both for thermal (940 b at 25 meV) and epithermal (10 b at
240 keV) neutrons.

The LD performances were evaluated by means of an X-ray source, namely 55Fe, close to the
detector, in such a way to illuminate homogeneously the Ge face. The two lines at 5.9 keV and at
6.5 keV, produced by the source, were used for the computation of the FWHM of the LD and for a
calibration of the relative LY of the Li2MoO4 crystal. The detector, the same used in [14], showed
good performance in terms of energy resolution, the FWHM of the baseline was 0.068 keV, while
the FWHM at the 55Fe X-rays was 0.262 keV.

3.1 Calibration with g sources

The crystal was exposed to 137Cs and 40K g sources in order to evaluate the energy resolution of the
thermal channel of the detector and also to estimate the LY for b /g interactions. We define the LY
as the ratio between the measured scintillation light (keV) produced by a b /g event in the crystal
and the nominal energy of that event (MeV). The LY for b /g events, both for 137Cs and 40K, was
found to have a constant value of:

LYb/g = 0.433±0.012 keV/MeV. (3.2)

This is the first time that the LYb/g for this compound is evaluated and it is in agreement with the
estimation of [6].

The energy resolution of the Li2MoO4 crystal is evaluated and it varies from 5.19±0.35 keV
at 661 keV to 4.35±0.42 keV at 1460 keV (see Fig. 2).
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137Cs source 

FWHM: 4 keV 
@ 661 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 b /g events are selected.

detector for studying of the neutron capture reaction:

6Li + n ! 3H + 4He + 4.78 MeV . (3.1)

The compound is extremely interesting for neutron spectroscopy [5], due to the relatively high neu-
tron absorption cross section of 6Li, both for thermal (940 b at 25 meV) and epithermal (10 b at
240 keV) neutrons.

The LD performances were evaluated by means of an X-ray source, namely 55Fe, close to the
detector, in such a way to illuminate homogeneously the Ge face. The two lines at 5.9 keV and at
6.5 keV, produced by the source, were used for the computation of the FWHM of the LD and for a
calibration of the relative LY of the Li2MoO4 crystal. The detector, the same used in [14], showed
good performance in terms of energy resolution, the FWHM of the baseline was 0.068 keV, while
the FWHM at the 55Fe X-rays was 0.262 keV.

3.1 Calibration with g sources

The crystal was exposed to 137Cs and 40K g sources in order to evaluate the energy resolution of the
thermal channel of the detector and also to estimate the LY for b /g interactions. We define the LY
as the ratio between the measured scintillation light (keV) produced by a b /g event in the crystal
and the nominal energy of that event (MeV). The LY for b /g events, both for 137Cs and 40K, was
found to have a constant value of:

LYb/g = 0.433±0.012 keV/MeV. (3.2)

This is the first time that the LYb/g for this compound is evaluated and it is in agreement with the
estimation of [6].

The energy resolution of the Li2MoO4 crystal is evaluated and it varies from 5.19±0.35 keV
at 661 keV to 4.35±0.42 keV at 1460 keV (see Fig. 2).
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FWHM: 4 keV 
@ 1460 keV

40K source 

LYβ/γ = 0.43 keV/MeV

~30% of ZnMoO4

~7% of ZnSe

~2% of CdWO4

Small crystal 22 x 33 mm => difficult calibration at 2615 keV



Li2MoO4 with α-source

QFα(147Sm)= 0.29

147Sm

18 h calibration 

40K

DP(1 MeV-2.3 MeV) ~ 3

2013 JINST 8 P05021

with energy (as one can see in figure 2), we calculated µ and σ in several energy intervals and fitted
the energy dependence of µ(E) and σ (E) with polynomial functions.

We defined the Discrimination Potential as a function of the energy as:

DP(E) =

∣

∣µα(E)−µβγ(E)
∣

∣

√

σ 2α(E)+σ 2βγ(E)
(3.1)

and found DP = 17 at 2997keV. It has to be remarked that this is just and indication of the
capability of rejecting the α background. As it can be noticed from figure 2, there is a considerable
number of αs in which a large amount of light is lost. This behavior, likely due to surface effects,
is particularly evident looking at the peak of 210Po (∼ 6.5MeVee), a common contaminant found
on the ZnSe surface. The loss of light from α particles constitutes a non-negligible and hard
to estimate background to β/γ events. As it will be shown in section 5, the pulse shape of the
light signal carries information on the particle type, irrespective of the amount of light collected,
allowing a safe identification of all α events.

We finally studied the LY at very low energies, which is of particular interest for experiments
aiming at the detection of Dark Matter interactions. These experiments need to disentangle the sig-
nal produced by nuclear recoils below 30 keV (following the hypothesis that Dark Matter is made
of WIMPs [30, 31]) from the background induced by β/γs. We analyzed the recoils following the
α decay of 210Po. Since this isotope is deposited on the surface, the α particle can escape without
releasing energy, while the nuclear recoil is absorbed in the crystal. We observe events centered
at 139.6± 0.6keVee in the ZnSe, i.e. 35% more energy than the nominal value (103keV). The
accuracy of the calibration function has been checked down to 511 keV, where it shows a deviation
less than 1%. The extrapolation at lower energies is expected to maintain or reduce this deviation.
From the fit in figure 3, we evaluate the light emitted by nuclear recoils as < 14 eV at 90% C.L.,
corresponding to LYnr < 0.140keV/MeV at 90% C.L. We evaluate the light emitted in the range
10−30keVnr as < 1−4eV at 90% C.L. for nuclear recoils, and 90−260eV for β/γs.

In this test the energy threshold was not optimized and set at 70keVee (∼ 50keVnr, assum-
ing the 35% miscalibration), while to be competitive with present experiments it should be below
10keVnr. Given the baseline fluctuation (2.4keVee = 1.7keVnr) the required threshold could be
reached with a trigger based on the optimum filter [32]. However, to obtain a DP between β/γs
and nuclear recoils at least larger than 3, light detectors with baseline noise less than 20eV RMS
are needed. The light detectors currently being used are far from this value (see table 1) and ob-
taining resolutions better than 70eV RMS does not seem to be achievable with the present technol-
ogy. To search for Dark Matter interactions in ZnSe bolometers, new light detection technologies
must be introduced.

4 Energy resolution

The energy resolution on the 0νDBD signal is estimated from γ lines, which produce the same
bolometric and scintillation response of β particles. The energy resolution is found to be 13.4±
1.0keV FWHM at 1461keV (40K contamination in the cryostat) and 16.3± 1.5keV FWHM at
2615 keV (208Tl from calibration). These values are worse than the baseline resolution, which is
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QFα(210Po)=0.42

~250% ZnMoO4

-% ZnSe

~5% CdWO4

small crystal:
difficult comparison for α 
and β/γ at higher energy

No evidence of particle 
discrimination with PSA

=> larger crystals are needed!
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Figure 1. Set-up of the detectors. The Li2MoO4 is held in position by PTFE S-shaped supports. The Ge
Light Detector is facing the main crystal in such a way to maximize the light collection. The electrical signals
are read from the ground-isolated Cu pins that are connected to the thermistors by means of Au wires.

3. Detector operation and data analysis

The thermistors of the detectors are biased with a constant current, the resistance variations, gener-
ated by the temperature rise, are converted into voltage signals by the sensors. The heat and light
signals are then amplified, filtered by a Bessel-filter and at the end fed into a NI PXI-6284 18-bits
ADC operating at a sampling frequency of 1 kHz.

Triggers are software generated, they ensure that each pulse is recorded with a 1 kHz sampling
rate. When the triggers are fired, for the main bolometer and the LD, waveforms 1 s and 0.25 s
are recorded on disk. Moreover, when the trigger of the Li2MoO4 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 pulse amplitude of the thermal sig-
nals are estimated by means of the Optimum Filter (OF) technique [3][4], this method maximizes
the signal-to-noise ratio in such a way to increase the energy resolution of the detector. The am-
plitude of the heat pulses is energy-calibrated using different known peaks in the acquired spectrum.

The detector was operated for 405 h, during the data taking various calibration sources were
used in order to study the detector response for different types of interactions and to estimate the
Light Yield (LY) for different particle energy deposit. 137Cs and 40K were employed as g sources,
placing those in proximity of the experimental set-up. Natural Sm was deposited on the surface
of the reflecting foil facing the Li2MoO4 crystal (on the opposite side of the LD), 147Sm was used
as a source for illuminating the crystal. Finally an Am-Be neutron source was placed close to the
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n energy spectrum
@ source

high absorption
n cross section

* elastic neutrons scattering
* thermal neutrons absorption
* fast neutrons absorption

????

n energy spectrum
@  detector

6Li + 1n → 3H + 4He + 4.78 MeV

natural i.a.:
7.6%

Li2MoO4 with AmBe-source



Li2MoO4 with AmBe-source

resonance
@ 240 keV

thermal XS

6Li neutron absorption cross section

LY(3H+4He)= 0.12 keV/MeV

FWHM @ 4.78 MeV: 13.5 keV
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Figure 4. Light vs. Heat scatter plot for a calibration measurement with a Am-Be neutron source. The larger
LY band is ascribed to b /g events produced by the interactions of neutrons with the materials surrounding
the detector, while in the lower one there are direct neutron interactions in the absorber.

• nuclear recoils produced by fast neutrons scattering on the different nuclei of the compound,
which are represented by the continuum of events that extends up to 4.8 MeV. In the specific,
large energy deposits are produced by the scattering on light nuclei, e.g. 7Li, where neutrons
can lose a large fraction of their kinetic energy;

• thermal neutrons absorption peak at 4.78 MeV;

• fast neutron absorption on 6Li nuclei, which are represented by events with energy greater
than 4.78 MeV. The absorption cross section shows a resonance at about 240 keV [9], so the
excess of events at around 5.02 MeV can be ascribed to this type of interactions (Q-value of
the reaction + kinetic energy of the neutron) .

The achieved FWHM energy resolution is 13.53±2.25 keV at 4.78 MeV.

This detector proved to be able to tag neutrons with kinetic energy varying from few meV
up to some MeV, assuming that the energy transfer from the neutron to the reaction products is
linear.The measured light yield of 3H + 4He interactions in the detector is 0.122±0.022 keV/MeV
at 4.78 MeV, this is estimated considering the amount of light produced by thermal neutron absorp-
tion on 6Li and the energy released during the reaction. We are not able to disentangle the light
signals produced by the two particles, because of the nature of the process (the two particles are
produced at the same time) and the slowness of the detector response (signals develops in ⇠ s), so
we are just able to give a cumulative LY.
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Figure 5. Energy spectrum of low light yield events (lower band of the Light vs. Heat scatter plot for the cal-
ibration neutron measurement). The most intense peak at 4.78 MeV is ascribed to the 6Li(nthermal,3H)4He
reaction, while the cluster of events at 5 MeV is produced by the resonance neutron capture still on 6Li.

3.3 Calibration with an a source

During the testing of our Li2MoO4 crystal, we have also performed a calibration with a 147Sm a
source.

The crystal was faced to a smeared Sm a source. The isotope that we were interested in ob-
serving was 147Sm, which a-decay with a Q-value at 2.31 MeV. The choice of such a low energy
a was driven by the fact that we were interested in studying the discrimination power for a and
b /g events in the same energy range, looking at the combination of the thermal and light channels.
According to the "Birks law" [10], the scintillation light produced by a particles is smaller com-

pared to an electron because of its larger dE/dx. The large density energy deposit of a particles
can induce saturation effects in the scintillator. The energy dependence of a particle LY is a conse-
quence of the energy dependence of the stopping power. As previously shown, LY of b /g events is
independent of the energy deposit over a wide energy range (from 0 up to 1.46 MeV), we suppose
they do not suffer of saturation effects due to their low dE/dx.

In Fig. 6 is shown the calibration measurement. In the band with the lower LY there are two
lines, the first one, at 2.23 MeV, is produced by the a source, while the second at higher energy is
caused by a 210Po surface contamination of the crystal at 5.3 MeV.

The computed LY(210Po) estimated at 5.3 MeV is 0.182±0.023 keV/MeV, while for the 147Sm
a particle is LY(147Sm) = 0.127±0.013 keV/MeV. These values are estimated for the first time, and
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Li2MoO4 with AmBe-source

Scintillating bolometer:
344 h bkg

First measurement:
 HP-Ge (1240 h)
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Figure 6. Light vs. Heat scatter plot for a background measurement of 344 h.

Table 1. Evaluated internal radioactive contaminations for the Li2MoO4 crystal. Limits are at 90% C.L.

Chain Nuclide Activity
[µBq/kg]

232Th 232Th < 94

238U 238U < 107
210Pb 729±160

40K 40K —

contamination of the crystal.

The b /g band shows a lines at 1.28 MeV, this is produced by 40K, but it is expected to be
found at 1.46 MeV. This miscalibration is not produced by a wrong extrapolation of the calibration
function, but by a different mechanism of the energy conversion inside the absorber [13]. In fact,
when a particle deposits energy in the absorber, this can be released through the emission of scin-
tillation photons, the production of thermal phonons or the stimulation of not-detectable channels
(e.g. lattice imperfections); the same phenomenon is observed in other crystals [14][15].

The detector has a high radiopurity level of internal contaminations, in Table 1 are shown
the results. The secular equilibrium for the 232Th chain and for the first part of the 238U chain is
assumed.

5. Li2MoO4 applications in low background physics

In the Li2MoO4 compound Li and Mo play an important role in DM and DBD searches. In fact,
experiments involved in the detection of DM interactions, low energy nuclear recoils below 20 keV
(assuming that DM is made of WIMPs [16]) must be identified and discriminated from other types
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Figure 7. Light vs. Heat scatter plot for the 344 h background measurement.

For an a of 5.3 MeV (210Po) the scintillation QFa is 0.42±0.03, for this estimation we assumed
that the LYb/g is constant from 1460 keV up to 5.3 MeV. This value is larger compared to other
compounds containing Mo: it is 2.5 times larger than ZnMoO4 [11] and PbMoO4 [14]. For this
reason Li2MoO4 seems to be a candidate for DBD searches in 100Mo, thanks to the good particle
discrimination, but obviously highly performing LD are needed.

4. Internal contaminations

The Li2MoO4 crystal was grown by means of the Czochralski technique starting from MoO3 and
Li2CO3 powders. This crystal was the same used in [15], where the authors have evaluated the
intrinsic radiopurity level by means of High Purity Germanium g spectroscopy. In this work, we
present improved limits on the main primordial contaminants, 238U and 232Th, by few orders of
magnitude. The contamination level of the crystal has been evaluated by looking at the a band
of the energy scatter plot, where the background level is lower compared to the b /g one, and the
sensitivity is higher.

The detector was operated in background conditions for 344 h, in Fig. 7 is shown the acquired
statistics. During the measurement we were not able to remove the 147Sm source, nevertheless we
were able to evaluate the internal contaminations of the crystal by looking at higher energies of the
a energy spectrum (higher than 2.3 MeV). The heat axis of the scatter plot is calibrated with the
a lines. As already mentioned in the previous section the two a lines are produced by 147Sm at
2.23 MeV, expressly deposited on the set-up, and by 210Po caused by a surface contamination of
the crystal.
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Solar axions search
Detection of 7Li solar axions by means of resonant absorption on 
analogue targets in the labs.

In the Sun : pp → ... → 7Be + e- → 7Li* → 7Li + axion 

in the lab : 7Li + axion → 7Li* → 7Li + γ

We look for a γ emission at about 478 keV

Doppler effects ~0.5 keV
nuclear recoil ~10-2 keV

...

Total number of absorptions:

Nabs = N7Li ⇥ T ⇥ Cte ⇥
⇣ ma

1 eV

⌘4

M. Krcmar et al., 
Phys. Rev. D 64 
(2001) 115016

A.V. Derbin et al., 
JETP Lett. 81 
(2005) 365

7Li nuclei Time Constant
Axion
mass

on a 33 g crystal & 344 h bkg measurement

Current best limit:

ma < 39 keV @ 90 C.L.

ma < 8.6 keV @ 90 C.L.

If we reverse the equation
(considering BR and detection ε(~5%)):

small crystal

P. Belli et al., Phys. Lett. B 711 (2012) 41-45



Conclusions

- Excellent candidate for DBD search of 100Mo:
=> large QFα at high energy

- Good neutron detection in the frame of DM 
search (WIMPs)

- Good candidate for 7Li solar axions

- ... no large crystal (~100 g) has ever been 
produced ...

- Good intrinsic radio-purity level
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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 
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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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