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CUPID is a proposed future tonne-scale bolometric neutrino-less double beta decay ( νββ0 ) experiment to
probe the Majorana nature of neutrinos and discover lepton number violation in the so-called inverted
hierarchy region of the neutrino mass. In order to improve the sensitivity with respect to the current
bolometric experiments, the source mass must be increased and the backgrounds in the region of in-
terest must be dramatically reduced. The background suppression can be achieved discriminating β γ/
against α events by means of the different light yield produced in the interactions within a scintillating
bolometer. The increase in the number of νββ0 emitters demands for crystals grown with enriched
material. LUCIFER/CUPID-0, the first demonstrator of CUPID, aims at running the first array of enriched
scintillating Zn82Se bolometers (total mass of about 7 kg of 82Se) with a background level as low as 10�3

counts/(keV kg y) in the energy region of interest. We present the results of the first measurement
performed on three Zn82Se enriched scintillating bolometers operated deep underground in the Hall C of
the Laboratori Nazionali del Gran Sasso.

& 2016 Elsevier B.V. All rights reserved.
1. Introduction

The most sensitive bolometric experiment searching for neu-
trino-less double beta decay (0 νββ) will be CUORE (Cryogenic
Underground Observatory for Rare Events) [1] located in the La-
boratori Nazionali del Gran Sasso (LNGS). With an array of
Sapienza Università di Roma,

ali).
988TeO2 bolometers (5�5�5 cm)3 corresponding to 206 kg of
130Te, and a background level of 0.01 counts/(keV kg y) CUORE will
be able to reach a sensitivity on the effective Majorana mass of
neutrino ( ββm ) of about ( ÷0.05 0.13) eV, which represent the be-
ginning of the inverted hierarchy region of the neutrino mass. The
main background in the energy region of interest (about 2.5 MeV)
will come from α particles produced by surface contaminations in
238U and 232Th (and their daughters) on the crystals and on the
copper structure that supports the array. In addition, since the
Q-value of the 130Te 0 νββ decay [2] lies between the 208Tl γ line at
2615 keV and its Compton edge, also multiCompton events

www.sciencedirect.com/science/journal/01689002
www.elsevier.com/locate/nima
http://dx.doi.org/10.1016/j.nima.2016.06.069
http://dx.doi.org/10.1016/j.nima.2016.06.069
http://dx.doi.org/10.1016/j.nima.2016.06.069
http://crossmark.crossref.org/dialog/?doi=10.1016/j.nima.2016.06.069&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1016/j.nima.2016.06.069&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1016/j.nima.2016.06.069&domain=pdf
mailto:nicola.casali@roma1.infn.it
http://dx.doi.org/10.1016/j.nima.2016.06.069


N. Casali et al. / Nuclear Instruments and Methods in Physics Research A 845 (2017) 342–346 343
contribute to the background budget of the experiment.
Next generation 0 νββ experiments [3] aim to reach a sensitivity

on ββm at a level of 0.01 eV, in order to completely explore the
inverted hierarchy region.

To reach this ambitious goal the source mass must be increased
and the background in the region of interest dramatically reduced.
To increase the number of 0 νββ emitters crystals grown with
enriched material are needed. The background suppression can be
achieved rejecting the α interactions by performing a particle
identification and simultaneously choosing isotopes with a Q-va-
lue above the 2615 keV line (208Tl).

The CUORE Upgrade with Particle IDentification (CUPID) col-
laboration aims to run the first demonstrator of a future inverted
hierarchy explorer, operating 30 crystals of Zn82Se as scintillating
bolometer. This detector, named LUCIFER/CUPID-0, will study the
0 νββ of 82Se which is considered one of the most interesting
candidates because of its high Q-value, 2998 keV [4]. Se was en-
riched up to 95.4% in order to overcome the rather low isotopic
abundance of 82Se (8.73%). The 82Se was embedded in 440 g ZnSe
crystals that can be operated as scintillating bolometers [5]. A
scintillating bolometer is a crystal that, beside working as calori-
meter at cryogenic temperatures, also emits scintillation light; the
light yield (LY) produced in the particle interaction is strongly
dependent on the particle itself: for a fixed energy released in the
bolometer the LY of a β γ/ particle is very different from an α one
allowing an active background rejection. To detect the emitted
light, an additional detector must be faced to the main bolometer:
this light detector is also a bolometer, consisting of a thin ger-
manium wafer as absorber and a thermal sensor of the same type
Zn82Se
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Fig. 1. (a) Lateral view of one floor of the single tower: both Zn82Se crystal and Ge-LD
surrounded by 3 M Vikuti reflective foil. Each crystal is faced on the top and bottom by tw
where the five towers are anchored. (c) 3D view of the CUPID-0 detector. (d) 3D view o
as the one used for the main bolometer [6].
With a total mass of about 7 kg of 82Se and an expected back-

ground level of about 10�3 counts/(keV kg y) the CUPID-0 detector
will be able to reach a sensitivity of the same order of magnitude
of CUORE, despite it is 56 times smaller in terms of detector mass
and 30 times smaller in terms of 0 νββ emitters [7].

In the following sections we describe the CUPID-0 detector, and
the results of the test performed on the first three Zn82Se
bolometers.
2. CUPID-0 detector

The CUPID-0 detector will be composed by five towers, each
hosting six Zn82Se, and being surrounded by 3 M Vikuti reflective
foils to increase the light collection efficiency. Each crystal will be
monitored by two germanium light detectors [6] (Ge-LD). The 30
Zn82Se crystals are cylinders 5.5 cm in height and 4.4 cm in dia-
meter and the 36 Ge-LD are germanium disks with 4.4 cm in
diameter and 170 μm thickness; a SiO2 layer is deposited on one
face of the germanium disk to increase the light absorption.

Both Zn82Se and Ge-LD will be equipped with a NTD Ge ther-
mistor to detect their temperature variations and a heater, a
simple resistor that produces a fixed pulse at constant time in-
tervals in the detector, allowing for stability checks. Both the
sensors and the heaters will be glued onto the crystal and the light
absorber using the Araldit Rapid epoxy. Both Zn82Se bolometer
and Ge-LD will be enclosed in an NOSV tough pitch copper
structure, used as mechanical support as well as thermal bath for
are held in a copper structure by means of PTFE pieces. The Zn82Se crystals are
o Ge-LDs in order to monitor the scintillation light. (b) Bottom view of the top plate
f the Hall A dilution unit with the CUPID-0 detector inside.
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the detector operation. The weak thermal conductance between
absorber and heat bath will be realized by means of small PTFE
pieces that, in addition, could compensate for the different ther-
mal contractions of detectors and copper. A complete overview of
the detector layout is shown in Fig. 1a,b and c. The CUDIP-0 de-
tector will be hosted in the same cryostat used for CUORICINO [8]
and CUORE-0 [9] detectors (see Fig. 1d) located deep underground
in the Hall A of LNGS. For this reasons the γ background is well
known, and it is expected to be of the order of 10�3 counts/
(keV kg y) at the 0 νββ Q-value. All the assembly line of the de-
tector will be performed in a radon free clean room located in the
Hall C of LNGS, in order to avoid radon radioactive contaminations
of the detector [10].

The CUPID-0 detector is expected to start operation in the au-
tumn 2016.
3. Experimental set-up of the first Zn82Se test

The first three enriched Zn82Se bolometers, each one equipped
with two Ge-LD are assembled using the same detector design
shown in Fig. 1a and anchored to the mixing chamber of the
CUORE/LUCIFER R&D dilution refrigerator located in the Hall C of
LNGS [11]. The read-out of the thermistors is performed using the
Cuoricino electronics [12]. The voltage signals, amplified and fil-
tered by means of an anti-aliasing 6-pole active Bessel filter
(120 dB/decade), were acquired by a NI PXI-6284 18-bits ADC with
a sampling frequency of 1 kHz for the Zn82Se crystals and 2 kHz for
the Ge-LDs. The Bessel cut-off frequency could be adjusted ac-
cording to the signal bandwidth and to the noise contributions. For
these test, the Bessel cut-off was set at 200 Hz for the Ge-LDs and
at 63 Hz for the Zn82Se. Further details on the cryogenic facility
and the electronic read-out can be found in Refs. [11–13]. The
trigger is software generated on each bolometer: if the amplitude
of a Zn82Se pulse or a Ge-LD pulse exceeds a given threshold for a
given amount of time, waveforms 5 s long on the Zn82Se and
Fig. 2. Left: Trend of the energy resolution as function of the photo-peaks energy measur
from (ordinated by energy): 239 keV by 212Pb, 583 keV by 208Tl, 911 keV from 228Ac, 146
baseline energy resolution evaluated on windows without pulses (noise windows) and fi

the four Ge-LD. The two X-rays from 55Fe at 5.9 and 6.5 keV are clearly visible and separa
references to color in this figure legend, the reader is referred to the web version of th
250 ms long on the Ge-LD are saved on disk. In addition, whenever
a Zn82Se pulse is triggered, a 250 ms window length is acquired on
the two Ge-LDs too, irrespective of their triggers.

To maximize the signal to noise ratio, the waveforms are pro-
cessed off-line with the optimum filter algorithm [14,15]. Zn82Se
pulses are identified with a peak finder algorithm, and their am-
plitude is computed as the peak maximum. The pulse amplitude of
Ge-LDs is evaluated exploiting the characteristics time-delay of the
light signal with respect to the Zn82Se heat pulse, which is esti-
mated in calibration runs using events generated by particles in-
teracting in both detectors (for more details on the algorithm see
Ref. [16]).

To calibrate the Zn82Se bolometers and to generate events near
the 0 νββ region, the setup was exposed to a 232Th γ-source placed
temporarily outside of the cryostat. To evaluate the discrimination
power between β γ/ and α events in the energy region of interest
(around the Q-value for the 0 νββ of 82Se), an α-source was per-
manently placed close to the Zn82Se crystal. The source consisted
in a Samarium based solution, covered with a thin mylar foil to
absorb a part of the αs energy and thus produce a continuum
spectrum in the range 0.5–2.3 MeV. The Ge-LDs are exposed to a
permanent 55Fe source, providing 5.9 and 6.4 keV X-rays for a
direct energy calibration.
4. Results

The energy resolution computed on the γ peaks produced by
the 232Th calibration source is reported in Fig. 2-Left for the
Zn82Se-01.

Fitting with a line this energy trend we are able to extrapolate
an energy resolution at the 0 νββ energy that results about 30 keV
FWHM. The remaining two Zn82Se crystals showed consistent
results.

The 55Fe spectrum acquired by one of the four Ge-LDs is shown
in Fig. 2-Right: the two peaks at 5.9 and 6.4 keV are fitted using
co
un
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ed by the Zn82Se-01 on the γs emitted mainly by the 232Th source. The γ peaks result
1 keV from 40K and 2615 keV from 208Tl. The red dot at zero energy represents the
ltered with the optimum filter algorithm. Right: energy spectrum acquired by one of
ted. The green line represents two Gaussians with same s. (For interpretation of the
is article.)
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Fig. 3. Average light pulses for β γ/ interactions (red line) and α ones (blue line). The
slower decay time for the β γ/ light signal is clearly visible. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
this article.)
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Fig. 4. Shape parameter evaluated on the light pulses acquired by one Ge-LD
versus calibrated energy detected on Zn82Se bolometer. The β γ/ interactions are
well separated by the α ones. The αs below 2.5 MeV result from the smeared α-
source of 147Sm, the ones above come from crystal bulk contaminations in 232Th,
238U and their daughters. The green band represents the energy region where the
signal from 0 νββ is expected; the two red continuous and the two dotted
boundaries correspond to the exclusion bands to define the signal region respec-
tively at σ±2 and σ±3 and show the potential of α background rejection capability.
No physics model was used to determine the shape of these bands. (For inter-
pretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)
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two Gaussian functions. We obtained σ = ±70 8 eV; compatible
values were evaluated fitting the 55Fe spectra acquired by the re-
maining three Ge-LDs.

Since the Zn82Se are operated as scintillating bolometers, the
β γ/ particles interacting within them produced a different LY with
respect to the one produced by the αs. As discussed in Ref. [17] the
background rejection capability exploiting the LY is effective.
Nevertheless, there is a considerable number of αs in which a
certain amount of light is lost. This behavior, likely due to surface
effects, constitutes a non-negligible and hard to estimate back-
ground source. Therefore, we use a more reliable parameter for the
particle discrimination. The time development of the light signal
shows a strong dependence on the type of interacting particle. As
shown in Fig. 3 the light emitted by β γ/ interactions exhibits a
slower decay time with respect to the α particles one.

We evaluate a shape parameter on the acquired light pulses, as
the one presented in Ref. [18], in order to quantify the difference in
the decay time. The results are shown in Fig. 4 where the data
collected in about 530 hours of data taking are plotted. On the
Y-axis the shape parameter evaluated on the light pulses is re-
ported as function of the energy detected by the Zn82Se-01 bol-
ometer (X-axis). The two populations ascribed to β γ/ and α in-
teractions can be easily identified: a huge capability to dis-
criminate β γ/ interactions from α ones at the 0 νββ energy was
found. In the α-band we can recognize the smeared αs, produced
by the Samarium source (below 2.5 MeV) and the ones above,
produced by crystal bulk contaminations in 232Th, 238U and their
daughters.
5. Conclusion and future perspectives

We tested for the first time three enriched Zn82Se crystals
working as scintillating bolometers. The performances in terms of
energy resolution and particle identification are excellent. This test
represents the first step in the realization of the final detector
CUPID-0, that will be able to demonstrate the potential of this
technique for a future tonne-scale experiment with the potential
to explore completely the inverted hierarchy region of neutrino
masses.
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