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Narrative:

This award supported Virginia Tech scientists to execute and analyse data from
cryogenic tests of scintillating bolometers for a next-generation neutrinoless dou-
ble beta decay search concept called CUPID. The tests were carried out at the
Cryogenic Test Facility in Hall C of Gran Sasso Underground Laboratory.

Cryogenic bolometers are an excellent technology for neutrinoless double beta
decay searches owing to their very high energy resolution and potential for
high radiopurity. The current most advanced large-scale experiment using
these detectors is the Cryogenic Underground Observatory for Rare Events
(CUORE) [1]. The largest source of background in CUORE is degraded al-
pha particles, emitted from shallow depths of the detector holders, which can
deposit a thermal energy signature similar to neutrinoless double beta decay.
To mitigate this α particle background, the CUPID concept (CUORE Upgrade
with Particle IDentification) proposes to use scintillating cryogenic detectors.
Detecting both the scintillation light and the thermal signal allows discrimina-
tion between alpha particle events and beta/gamma events. The purpose of
the R&D test measurements was to optimized the design of the single detector
module, in particular the scintillation light collection efficiency and explore the
impact of pileup of events on the background.

The test detector array consisted of 8 cubic LithiumMolybdate crystal (Li1002 MoO4)
enriched to ∼ 97% in 100Mo, the candidate isotope for the neutrinoless double
beta decay search. The 8 crystals were assembled into a mini tower (see left part
of Figure 1) with two floors containing 4 crystals each. Each crystal measured
45 mm on the side and had a mass of 280 g. Each crystal was instrumented
above and below with a cryogenic light detector ( a thin Ge wafer, also operated
as a bolometer) to detect the scintillation light. To explore the impact on the
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light collection efficiency the crystals on the bottom floor were surrounded by a
reflecting foil. To investigate the time resolution of the detectors, each one was
instrumented with heaters via which controlled thermal events could be injected
into the system.

The detector was operated at approximately 18 mK in the cryogenic test facility
operation by the CUPID collaboration at Gran Sasso Underground Lab in Italy.
The Virginia Tech personnel supported by the grant contributed to assembly
of the test array, cryogenic operations onsite at Gran Sasso and analysis and
interpretation of the data. The right plot in Figure 1 summarizes the observed
light yield vs thermal energy for crystals with and without reflecting foil. Based
on this data, we conclude that with two light detectors per crystal the light
collected is sufficiently high even without reflecting foil to distinguish between
alpha particle and beta/gamma particle events. This is an important result for
the design of the CUPID experiment.
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sure, marks for its successor CUPID an important milestone
to build on.

The success of CUPID hinges on an important technolog-
ical innovation: implementation of a background-free tech-
nology. According to the CUORE background model [29],
the dominant background source for cryogenic calorime-
ters are α particles produced by the radioactive decays of
the residual contamination of the materials constituting the
detector. The CUORE Collaboration has already pushed the
radiopurity limit with strict material selection and clean-
ing techniques. A further background suppression can be
obtained mainly through particle identification. CUPID will
exploit the simultaneous read-out of the calorimetric signal
and scintillation light, taking advantage of the different light
yield of electrons (potential signal) andα particles, to actively
reject the α background [30–32].

Additionally, CUPID will have to deal with the back-
ground induced by β and γ ’s. Since the intensity of such
events drops above the 2615 keV γ peak of 208Tl, which is
generally assumed as the end-point of the environmental γ

radioactivity, CUPID will search for 0νββ using an isotope
with a higher Qββ value: 100Mo, Qββ = (3034.40 ± 0.17)
keV [33].

The combination of scintillating bolometers and high Qββ

value emitters was developed by the LUCIFER [34–41] and
LUMINEU [42–48] projects, as well as by the AMoRE Col-
laboration [49]. The outcomes of LUCIFER and LUMINEU
were two medium-scale demonstrators, CUPID-0[3,4,19,
50–52] and CUPID-Mo [21,48,53,54] respectively. Thanks
to the high collected statistics, CUPID-0 proved that the tech-
nique of scintillating bolometers allows to suppress the α

background by about 3 orders of magnitude, matching the
CUPID requirements. The complementary effort of CUPID-
Mo, allowed to assess the performance of Li2100MoO4 crys-
tals in terms of energy resolution, particle identification capa-
bility, radio-purity and reproducibility. For these reasons,
Li2100MoO4 scintillating bolometer was chosen to be the
baseline detector for the CUPID experiment.

CUPID-Mo used cylindrical Li2100MoO4 crystals cou-
pled to light detectors and surrounded by a reflecting foil.
Cubic crystals would largely simplify the construction of
a tightly packed array, maximizing the emitter mass and
enhancing the background suppression via the rejection of
coincidences, i.e., events that release energy in more than
one crystal.

In this work, we characterized for the first time cubic
Li2100MoO4 crystals, in order to prove that they comply with
the CUPID goals: an energy resolution of 5 keV FWHM and
complete rejection of the α background in the region of inter-
est.

We have also assessed the impact of a reflecting foil on
light collection. Being a potentially contaminated material,
the reflecting foil is not a desirable component of the detector.

Fig. 1 Rendering of the 8-crystal array. The array consists of 8
Li2100MoO4 crystals (45 × 45 × 45 mm, corresponding to a mass of
∼ 280 g) arranged in two floors. Crystals belonging to the bottom floor
were surrounded by a reflecting foil (not shown in the rendering). The
light emitted by Li2100MoO4 crystals was detected by Ge light detectors
(#44 × 0.175 mm) arranged in three floors

Furthermore, it limits the study of coincidences among crys-
tals, absorbing the α and β particles emitted on their surfaces.
On the other hand, the light collection that can be achieved
without a reflector was never measured. For this reason, we
operated crystals both with and without a reflecting foil.

2 The 8-crystal prototype

A prototype was designed to fulfill the following require-
ments:

– compact architecture with high efficiency of space usage,
as the available space is limited by the experimental vol-
ume of the cryostat;

– simple and modular assembly, minimizing the number of
structural parts;

– minimization of the support structure volume and weight;
– low radioactivity of all the elements.

We designed a prototype consisting of eight Li2100MoO4
crystals disposed in two floors and interleaved by light detec-
tors (Fig. 1). The crystals on the bottom floor were surrounded
by a Vikuiti™ from 3M reflecting foil, while those on the top
floor were not surrounded by a reflector.

123

104 Page 6 of 10 Eur. Phys. J. C (2021) 81 :104

Energy [keV]
0 500 1000 1500 2000 2500 3000

FW
H

M
 [k

eV
]

2.5

3

3.5

4

4.5

5

5.5

6

6.5

7

/NDF = 3.4 / 42χ

 0.4) keV± = (4.1 
0

p

-4 10× 2.8) ± = (8.9 
1

p

Fig. 3 FWHM energy resolution as a function of the energy. Data were
fitted with a linear function: FWHM = p0+ p1 ×E (blue line). Green
dotted line (color online): Qββ of 100Mo

The band with lower LY is populated by α particles. At
high energy we recognize a cluster of events due to an internal
crystal contamination in 210Po (ascribed to a 210Pb contami-
nation [44]). This emitter should produce a peak at ∼ 5.4
MeV but, since the detector was energy-calibrated using
gamma’s, the α peak is observed at slightly higher electron-
equivalent energy (+7%, in agreement with previous studies
with lithium molybdate bolometers [39,45,46,53,76]).

The other events at lower energies can be ascribed to α

particles produced by a 238U/234U source. The source was
covered with a thin mylar foil to smear the energy of the α

particles and characterize the rejection of the α background
also at low energy.

To evaluate the LY , we selected electrons and α particles
with energy exceeding 1 MeV. We summed the light collected
by LD located on the top and bottom of each LMO crystal,
and derived the mean of the distribution of these events. We
obtained a summed average LYβ/γ = (1.10±0.05) keV/MeV
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Fig. 4 Light yield measured in a LD as a function of the energy
deposited in the LMO surrounded by the reflecting foil (blue) and LMO
without reflector (red). Data were collected with a 232Th γ source and
a smeared α source

for the LMO surrounded by the reflecting foil, and LYβ/γ =
(0.50 ± 0.05) keV/MeV for the LMO without reflector. The
LYα for α particles resulted LYα = (0.19 ± 0.01) keV/MeV
for the LMO surrounded by the reflecting foil, and LYα =
(0.085 ± 0.004) keV/MeV for the LMO without reflector.

The measured LY is lower than that of e.g. cylindri-
cal LMOs of CUPID-Mo (1.35 keV/MeV for 2 LDs [53])
because of a non optimal light collection efficiency (more
details in the following). Also, LY differences among LMO
crystals were very small (lower than 20%) and mainly due to
systematic uncertainties in the energy calibration of the light
detectors.

We finally highlight that, due to the geometry of the array,
the top and bottom LDs had the same light collection effi-
ciency. As shown in Fig. 4, in which we reported the top LD
only, each LD was measuring half of the total collected light.

In order to quantify the discrimination capabilities between
the α and the β/γ populations provided by the scintillation
signal, we measure the difference between the average LY
for signals produced by the two kinds of particles (LYβ/γ ,
LYα). The difference is then compared accounting for the
width of the two distributions.

For this purpose, we defined a Discrimination Power (DP)
[77]:

DP ≡
∣∣LYβ/γ − LYα

∣∣
√

σ 2
β/γ + σ 2

α

. (1)

We underline that such parameter depends on the energy, as
the resolution of LDs (and thus the DP) improves signifi-
cantly at higher energy (Fig. 4). Due to the limited statistics
we had to enlarge the region to compute the DP down to
1 MeV, a region well below the Qββ . As a consequence, the
DP values obtained in this work have to be considered as
conservative results.

We evaluated the DP for each single LD (top and bottom)
and for the sum of the LY of the top-bottom LDs. The results
are summarized in Table 1.

Table 1 Discrimination Power (DP) for LD top, LD bottom and the sum
of the two light detectors. LMO-1,3,4 are surrounded by the reflecting
foil, while LMO-5,6,7 are without a reflecting foil

DP (top) DP (bottom) DP (sum)

LMO-1 7.3 8.6 10.8

LMO-3 6.9 7.1 10.2

LMO-4 6.9 7.1 8.7

LMO-5 3.4 4.3 4.6

LMO-6 2.3 3.9 4.4

LMO-7 4.7 3.3 5.5
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Figure 1: Left: Rendering of the mini-tower of prototype detectors tested during
the R&D measurements. Light yield measured in a cryogenic light detector as
a function of the energy deposited in the main thermal detector surrounded by
the reflecting foil (blue) and without reflector (red). Data were collected with
a 232Th γ source and a smeared α source. Images reproduced from Ref [2].

The results of the R&D measurements supported by this award have played a
crucial role in informing the design of the single detector modules to be used in
the CUPID experiment. The award supported training and research-education
opportunities for junior researchers from Virginia Tech including a postdoc and
graduate students.
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• A. Armatol et al. [CUPID], “Characterization of cubic Li1002 MoO4 crystals
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