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OUTLINE
- Double-beta decay signal and 
sensitivity

- Scintillating bolometer 
investigation 

- LUCIFER project:

- candidate crystals ZnMoO4 & ZnSe
- detector performance
- sensitivity



0vββ Sensitivity

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

emulated by a 
background fluctuation 

at a given c.l.

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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M: detector 
mass

ΔE:  energy 
resolution

i.a.: isotopic 
abundance

S0⌫ / i.a. · ✏ ·M · t ·�E

ε: detection 
efficiency

t: measuring time



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

QF: ratio of the light signal 
amplitudes induced by α and an β/γ 
particles of the same energy.

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

✔

✘

✔
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✘
✘

✔
✔

✘

✘

Cu holder

PTFE 
clamp

NTD

HeaterAu wires

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

HP-Ge wafer
45x0.3 mm
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LUCIFER
Low-background Underground Cryogenics 

Installation For Elusive Rates

- Demonstrator array of enriched 
scintillating bolometers

- LUCIFER will search DBD0ν in:
Zn82Se / Zn100MoO4 crystals

- Total isotope mass: ~15 kg

- Background index @ ROI ≤ 10-3 c/keV/kg/y

Q-value
[keV]

Useful
material

LYβ/γ
[keV/MeV]

QFα

ZnSe 2995 56% 6.5 4.2

ZnMoO4 3034 44% 1.5 0.2

LUCIFER is funded by an 
Advanced Grant ERC: 3.3M€ 
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ZnMoO4
Candidate: 100Mo

m=330 g 
Calibrations α & γ
Background 520 h
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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
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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-
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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

LYβ/γ
[keV/MeV]

QFα

ZnMoO4 3034 44% 1,5 0,2

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

DP(@ROI) = 20

Discrimination 
potential:
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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)

ArXiv:1312.4680

- 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 must 
be developed

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

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

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

back-up solution

Q-value
[keV]

Useful
material

LYβ/γ
[keV/MeV]

QFα

ZnSe 2995 56% 6.5 4.2

ZnMoO4 3034 44% 1.5 0.2

- Demonstrator array of enriched 
scintillating bolometers

- LUCIFER will search DBD0ν in:
Zn82Se / Zn100MoO4 crystals

- Total isotope mass: ~15 kg

- Background index @ ROI ≤ 10-3 c/keV/kg/y
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ZnSe
Q-value
[keV]

Useful
material

LYβ/γ
[keV/MeV]

QFα

ZnSe 2995 56% 6,4 4,2

β/γ 
events

210Po recoils

Excellent particle 
discrimination using 

Light vs. Heat

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 P05021
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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 
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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)

Natural SeF6

centrifuge cascade
(dedicated line)

chemical processing

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

HP-Ge screening
238U:
234Th  < 1.4 E-9 gU/g
226Ra < 1.4 E-10 gU/g

232Th:
224Ra < 1.2 E-9 gTh/g
228Th (4.3±0.8) E-10 gTh/g

 40K (1.3±0.6) E-7 gK/g

already delivered 4 kg @ LNGS

Na < 6711   ppb
Cr < 11     ppb
Fe < 45     ppb
V  < 22     ppb
S  < 201330 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

=> 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
Natural powder

good radiopurity level, 
not yet optimized

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

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

Criticalities:
- high chemical and radiopurity level
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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 

first crystals from 
controlled powders
now under testing

Criticalities:
- production of crystals with good 
bolometric and scintillating performance
- large mass crystals
- high production yield
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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 

pre
lim

ina
ry
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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 1

0
 
c
m

5.5 cm

1.3 kg

final candidates

Criticalities:
- production of crystals with good 
bolometric and scintillating performance
- large mass crystals
- high production yield



18

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 82Se (14 kg of 100Mo) 
- 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

*
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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 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 having a background level of ~10-3 c/keV/kg/y

* LUCIFER will start in 2015
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ZnSe α discrimination

LY smeared
↵ = 29.7± 0.2
LY bulk

↵ = 26.6± 0.9

discrimination
surface αs - bulk αs

ZnSe

LD

α-source
ZnSe

α-source

LD

No:  LY bulk(E
↵

) < LY external(E
↵

)

- Energy-dependence?

No:         LY lateral(E
↵

) = LY bottom(E
↵

)

ZnSe

LD

α-source

ZnSe

LD

α-
so

ur
ce

LD

- Self-absorption? 


