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LUCIFER (Low-background Underground Cryogenic Installation For Elusive Rates) is a new project for the
study of neutrinoless Double Beta Decay, based on the technology of scintillating bolometers. These devices
promise a very efficient rejection of the alpha background, opening the way to a virtual background-free experiment
if candidates with a transition energy higher than 2615 keV are investigated. The baseline candidate for LUCIFER
is 82Se. This isotope will be embedded in ZnSe crystals grown with enriched selenium and operated as scintillating
bolometers in a low-radioactivity underground dilution refrigerator. In this paper, the LUCIFER concept will be
introduced. The sensitivity and the very promising prospects related to this project will be discussed.

1. INTRODUCTION

In the quest of understanding fundamental
physics, neutrinos play a special role. There ex-
ists a rare nuclear process that can help in the
comprehension of neutrino properties: neutrino-
less Double Beta Decay (0νββ) [1]. To define
the size of the challenge for the search for this
rare event, it is enough to say that present ex-
periments are sensitive to signals of the order of
100-1000 counts/keV/y. Next generation exper-
iments on the contrary will need to look for a
signal of the order of 1-10 counts/keV/y or even
of 0.1-1 counts/keV/y to be able to cover the so
called inverted hierarchy region of the neutrino
mass pattern [2]. To reach the required experi-
mental sensitivities it is essential to approach a
0-background configuration.

1.1. How to approach a 0-background ex-
periment

The 0-background configuration can be better
translated into an expected specific background
value of 10−3 - 10−4 c/keV/kg/y with a high en-
ergy resolution detector. One possible approach,
adopted by the LUCIFER project described in
the next section, is the following:

1. Use a detector with a high energy resolution

in order to get rid of the background com-
ing from 2νββ; the Cuoricino experience [3]
has demonstrated that bolometers are good
device at this purpose thanks to an energy
resolution of ∼5 keV at ∼2.5 MeV.

2. Make the γ background irrelevant; this is
possible by choosing a 0νββ isotope with a
Q-value higher than 2615 keV, correspond-
ing to the highest energy γ line of the
natural radioactivity (208Tl). Isotopes like
116Cd, 82Se or 100Mo are optimal starting
points.

3. Have a powerful discrimination between α
and β particles. It is known that above the
208Tl line, there is the ”α land” and that
α particles populate this energy region in
which the 0νββ peak would appear. A de-
vice able to discriminate between α and β/γ
particles will be very useful in this context.

Summarizing, a bolometer with embedded a high
Q-value 0νββ isotope that also scintillates would
be the winning solution if implemented in a dou-
ble read-out bolometer (heat and light) as able to
actively reject α particles.
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1.2. Double read-out bolometers: heat +
light

The additional value brought by scintillating
bolometers to the search for 0νββ in high Q- value
candidates will be briefly discussed. When the en-
ergy absorber in a bolometer is an efficient scintil-
lator at low temperatures, a small but significant
fraction of the deposited energy (up to a few %) is
converted into scintillation photons, while the re-
maining dominant part is detected as usual in the
form of heat. The simultaneous detection of both
heat and scintillation light is a very powerful tool
to identify the nature of the interacting particle,
since the energy partition between phonons and
photons is different for different types of quanta.
In particular, a nuclear recoil can be separated by
an electron recoil (much lower light yield), and an
alpha particle by an electron or gamma (different,
not always lower, light yield). This kind of activ-
ity has been started in the 1990’s and then it has
continued thanks to R&D activities at Laboratori
Nazionali del Gran Sasso (LNGS) giving excellent
results.

2. THE LUCIFER PROJECT

LUCIFER (Low-background Underground
Cryogenic Installation For Elusive Rates) is a
new project for the study of 0νββ based on the
technology of scintillating bolometers, funded by
the European Research Council in the framework
of an Advanced Grant programme. The experi-
ment is planned to be housed in an existing (at
LNGS) cryostat previously used for the Cuori-
cino experiment and free by the time it will be
requested by this experiment.

2.1. The choice of the isotope
We limit our discussion to the nuclei that can

be used to fabricate a scintillating crystal relying
on results obtained on several samples in the last
few years at LNGS [4]. Practical scintillators can
be built out of Mo, Cd and Se and the candidates
are CdWO4 [5], ZnMoO4 [6], ZnSe [7]. In Ta-
ble 1 we compare these candidates with respect
to transition energy, useful material, light yield
(LY), quenching factor (QF) and enrichment cost.

It is evident that transition energy does not in-

dicate a preference: the three nuclei are equally
good in terms of Q-value. Light yield and quench-
ing factor would favour Cd, while Se has the high-
est useful material. Concerning enrichment, both
Mo and Se have been successfully enriched in
comparable (to our need) quantities and recent
quotes exists at a level of 50-80 Euro/g. Cd has
additional difficulties (113Cd is a beta emitter and
has also a high neutron cross-section) and a plau-
sible cost higher by more than a factor 2. The fi-
nal balance is in favour of 82Se in the form of ZnSe
crystals. Nevertheless it has been observed that
in ZnSe crystals α particles have (much) higher
light yield than β particles. Although not really
welcome, this unexpected property, according to
results of our preliminary investigations does not
degrade the discrimination power of this material
compared to the others and makes it compatible
with the requirement of this high sensitivity ex-
periment.

2.2. Results at LNGS
Different tests have been performed at LNGS

on ZnSe crystals. The main results are the fol-
lowing:

• a good discrimination between α and β/γ
has been achieved;

• it is possible to perform pulse shape dis-
crimination using only signals detected into
the light detector;

• there are some evidences that pulse shape
discrimination is possible also for heat sig-
nals; it is surely crucial to investigate this
opportunity as, if demonstrated, it will
make the detector structure simpler as the
light detectors could be avoided.

If we combine these three main results a rejection
efficiency of 99% can be obtained which is very
promising for the future tests.

2.3. Study of optical properties at CSNSM
From preliminary measurements performed on

ZnSe crystals we have obtained very encourag-
ing results on the amplitude of scintillating sig-
nals and also a very promising capability in the
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Table 1
Main properties for interesting scintillating bolometers.
Crystal Q-value Useful LY QF Enrichment

[keV] material [keV/MeV] [α/β] [Euro/g]
CdWO4 2809 32 34 0.19 > 150-200
ZnMoO4 3034 44 1.4 0.16 50-80
ZnSe 2995 56 7.4 4.2 50-80

discrimination between α and β particles. Nev-
ertheless we have experienced a quenching factor
greater than 1 and a quite large spread of char-
acteristics between samples. For a better com-
prehension it would be very useful to study op-
tical properties (optical transmission and lumi-
nescence) and the effect of impurities and local
defect on the optical properties of ZnSe crystals.
For this purpose, at the Centre de Spectrométrie
Nucléaire et de Spectrométrie de Masse (CSNSM)
- Orsay an optical set-up has been used to perform
photo-luminescence measurements and the ob-
tained preliminary results are in agreement with
what already observed [8]. In the future we plan
to perform optical measurements both at room
and low temperatures (8 K).

3. CONCLUSIONS

A 0-background approach is mandatory to
reach sensitivities able to scan completely the
inverted hierarchy region of the neutrino mass
and double read-out detectors (heat+light) are
a powerful tool at this purpose. LUCIFER, a
full demonstrator of this technique, has a remark-
able sensitivity by itself with a real potentiality
to start to attack the inverted hierarchy region.
A realistic evaluation of its sensitivity would be
∼100 meV as 〈mββ〉 for 10 kg of 82Se. The next
steps toward its realization will be the procure-
ment of the enriched material, the crystal growth
optimization, the optimization of both the ZnSe
scintillating bolometers and the light detectors
and finally the LUCIFER assembly. The data
taking with first physics results is foreseen for
2014.
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