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Abstract RES-NOVA is a newly proposed experiment
for detecting neutrinos from astrophysical sources, mainly
Supernovae, using an array of cryogenic detectors made
of PbWO4 crystals produced from archaeological Pb. This
unconventional material, characterized by intrinsic high
radiopurity, enables low-background levels in the region
of interest for the neutrino detection via Coherent Elastic
neutrino-Nucleus Scattering (CEνNS). This signal lies at the
detector energy threshold, O(1 keV), and it is expected to be
hidden by naturally occurring radioactive contaminants of the
crystal absorber. Here, we present the results of a radiopurity
assay on a 0.84 kg PbWO4 crystal produced from archaeo-
logical Pb operated as a cryogenic detector. The crystal inter-
nal radioactive contaminations are: 232Th <40µBq/kg, 238U
<30 µBq/kg, 226Ra 1.3 mBq/kg and 210Pb 22.5 mBq/kg.
We also present a background projection for the final exper-
iment and possible mitigation strategies for further back-
ground suppression. The achieved results demonstrate the
feasibility of realizing this new class of detectors.

a e-mail: luca.pattavina@lngs.infn.it (corresponding author)
b e-mail: andrei.puiu@gssi.it (corresponding author)

1 Introduction

In 2017 the physics community entered the era of Multi-
Messenger Astronomy (MMA). For the first time, we were
able to identify in the sky two astrophysical sources, emit-
ting with a strong time correlation, electromagnetic radia-
tions (EMR) and neutrinos (TXS 0506+056) [1] and gravi-
tational waves (GW) together with EMR (GW170817) [2].
In this overall context, the missing part is the simultaneous
detection of the three components. This is currently consid-
ered one of the greatest discoveries of MMA, but also more
in general of Modern Physics.

Among the high-energy cosmic events which might lead to
a threefold multi-messenger observation, Supernovae (SNe)
have one of the most exciting prospects. In fact, during this
event, a massive star (> 8 M�) undergoes gravitational
collapse, and whenever this is successful the star explodes
and neutrinos are emitted copiously (O(1057)) together with
GWs. An electromagnetic transient is also expected to be
observed, at a later time, when stellar dust does not obscure
the line of sight. For SN1987A [3], the EM counterpart of
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the SN emission was detected about 2–3 h after the arrival of
the neutrino burst [4].

The combination of observing neutrinos and GWs will
provide direct insight into SNe from different points of view.
Neutrinos and GWs provide exclusive information into the
explosion dynamics in real-time, granting access to the inner
core of the envelope. In particular, a star is largely transparent
to neutrinos, except in the region within 50 km of the center of
the proto-neutron star. Thus, neutrinos are direct probes of the
central engine of core-collapse-SNe and carry the imprints
of the nuclear and astrophysical processes occurring during
the explosions. State-of-the-art neutrino detectors will allow
extracting a variety of information from this event, by char-
acterizing the energy and time distributions of the neutrino
emission, as well as the neutrino flavor partition [5].

The recent technological advancements of cryogenic
detectors in neutrinoless double-beta decay [6–10] and Dark
Matter (DM) [11,12] experiments opened new opportuni-
ties for the employment of such an advanced technique also
for the detection of neutrinos from artificial [13–15] and
astrophysical [16] sources. In this manuscript, we present a
detailed background study of a lead tungstate (PbWO4) pro-
totype cryogenic detector made from archaeological Pb, for
the detection of SN neutrinos via Coherent elastic neutrino-
Nucleus Scattering [17]. The detector represents the first kg-
scale proof-of-principle detector for the technology proposed
by the RES-NOVA project [16,18].

In the first section of this manuscript, we discuss the detec-
tion channel used by RES-NOVA. In the second and third
sections, the detector working principle and the basic pro-
cedures for the production of high-purity PbWO4 crystal
from archaeological Pb are introduced. Then, we present the
results and performance of the cryogenic detector, as well
as some projections for the full RES-NOVA experiments.
Finally, an outlook for further improvements on the detector
radiopurity level is discussed.

CEνNS is also one of the channels which is contributing
to the stellar explosion through the energy transfer from neu-
trino to the stellar environment [19]. However, the extreme
environment in which neutrinos propagate makes a complete
understanding of the physics of core-collapse a very complex
task.

CEνNS is a Standard Model process where a Z0 is
exchanged between the target nucleus and the incoming neu-
trino. The cross-section for a spin-zero nucleus, neglecting
radiative corrections [20], is given by:

dσ

dER
= G2

FmN

8π(�c)4 Q2
W

(
2 − ERmN

E2

)
· F2(2ERmN ) (1)

where GF is the Fermi coupling constant, mN it is the mass
of the target nucleus, QW the weak nuclear charge, while
E is the energy of the incoming neutrino and ER the recoil

energy of the nucleus. The last term of the equation, F , is the
elastic nuclear form factor, which describes the spatial and
weak charge distributions of neutrons (i.e. radius and skin)
inside the target nucleus [21]. For small momentum transfers
F = 1.

The expected signal induced in a detector by a SN neutrino
interacting via CEνNS is a low-energy nuclear recoil in the
few keV range. A 20 MeV neutrino produces a nuclear recoil
on a Pb nucleus of about 1 keV and, depending on the SN
model, neutrinos have energies of several tens of MeV [5].
This type of signature is similar to the one produced by DM
particles scattering off a target nucleus. For this reason, DM
detectors are also proposed to be exploited for the detection
of SN neutrinos [22]. In particular, the ones based on the
Xe and Ar-liquid time projection chamber technologies [23–
25] are among the best candidate. However, while they were
successful in scaling-up detectors to multi-ton scales [26],
they are affected by limited energy resolutions at threshold
(e.g. limited photon and electron statistics) and by a fixed
number of available target materials (i.e. noble-liquids).

2 Archaeological Pb-based cryogenic detectors

The cryogenic calorimetric technique [27] is an advanced
and flexible experimental approach, which allows achieving
extremely low energy threshold and high-resolution, thus
enhancing the sensitivity to SN neutrino signals. At the
same time, it offers the possibility to adopt a variety of tar-
get materials while preserving the same advanced perfor-
mance. RES-NOVA is a newly proposed experiment [16]
aiming at operating PbWO4 crystals made of archaeologi-
cal Pb (archPbWO4) as cryogenic detectors, for the detec-
tion of neutrinos from astrophysical sources. Pb is the only
element of the periodic table that offers simultaneously the
highest CEνNS cross-section (see Fig. 1), thanks to the high
neutron number (N=82), and the longest nuclear stability
(τ1/2 > 1020 years [28]) for low-backgrounds. In addition,
the employment of archaeological Pb secures an ultra-low
background level in the region of interest. Archaeological
Roman and Greek Pb is particularly suited for this purpose
thanks to its intrinsic radiopurity. Romans and Greeks had
access to Pb ores characterized by a rather low concentration
of radioactive impurities. In addition, their civilization had
developed advanced Pb purification techniques [29], unin-
tentionally effective also for long-living radionuclides (e.g.
238U and 232Th). When this material is stored in underground
(underwater) locations for several centuries also a negligible
concentration of short living and cosmogenically produced
radionuclides is observed. This is the case of the CUORE
cryogenic Pb shield which was produced from archaeolog-
ical Pb [6]. The radiopurity of archaeological Roman Pb
was demonstrated through numerous dedicated measure-
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Fig. 1 Coherent elastic neutrino-nucleus scattering (CEνNS) cross-
sections as a function of the energy of the incoming neutrino for differ-
ent target nuclei. The cross-sections for inverse-beta decay (IBD) and
neutrino elastic scattering on electrons (ES) are also shown for the sake
of comparison

ments [30–33]. The high radiopurity together with the high
density of PbWO4 enables the realization of neutrino tele-
scopes with reduced dimensions when compared to the con-
ventional ones (e.g. SuperKamiokande, SNO, JUNO) [34].
RES-NOVA is planning to operate a detector array with a total
active volume of (60 cm)3, more than a factor 103 smaller
than other neutrino detectors. Even with such small exper-
imental volume, the entire Milky Way can be probed for
SNe with 5σ sensitivity [18]. Reconstruction of the main
SN parameters can also be performed, achieving a precision
comparable to the one of currently running experiments [16].

The signal induced by SN neutrino events in RES-NOVA
are nuclear recoils of few keV of energy [16]. Only the back-
ground level attainable with archaeological Pb enables a sig-
nificant detection of SN signals. Particle interactions in the
detector may mimic the signal under investigation, for this
reason, all background sources must be minimized. The back-
ground in the region of interest (RoI) must be orders of mag-
nitude lower than the neutrino signal. Cosmic-ray interac-
tions and natural radioactivity, namely 238U and 232Th decay
chains, are responsible for the background. RES-NOVA will
be installed in a deep underground laboratory, as the Gran
Sasso (LNGS, Italy), where the overburden of 3600 m w.e.
will suppress the cosmic-ray flux by 6 orders of magnitude.
The main background source in PbWO4 crystals is expected
to come from Pb itself. Commercial low-background Pb can
not be used for RES-NOVA, due to the intrinsic overwhelm-
ing concentration of 210Pb [33]. This problem is overcome
when archaeological Pb is used for the crystal production.1

However, the concentration of other dangerous nuclides, as
238U and 232Th, must also be reduced. In [18], we presented

1 Lead-210 has a half-life of 22.3 years and it decays β− with a Q-value
of 63 keV.

the first background budget of the RES-NOVA experiment.
There, we demonstrated that the crystal radioactive contam-
inations are the main responsible for the background in the
RoI. In this respect, archaeological Pb plays a crucial role in
the operation of low background PbWO4 detectors.

Recently, the first small scale proof-of-principle of the
RES-NOVA technology was set into operation [35] in an
above-ground unshielded set-up. A 16 g archPbWO4 was
equipped with a Transition Edge Sensor thermometer (TES),
of the same type as the ones used for DM searches by the
CRESST experiment [36], to test its performance as low tem-
perature calorimeter at low energies. The detector achieved
a 300 eV threshold, despite the thermal sensor being not
optimized. This was the first milestone of the RES-NOVA
project. However, the intrinsic radiopurity of the crystal was
not assessed due to the high detector counting rate induced
by cosmic-rays, and the small detector mass. In this work, we
assess the radioactive contaminants of a kg-scale archPbWO4

cryogenic detector for the first time.

3 Crystal production

Lead is an excellent material both for passive shield for low-
background detectors [37] and for production of PbWO4

crystals to be used as light guides in scintillation rare decays
experiments [38,39]. PbWO4 crystal scintillators, having a
rather poor scintillation efficiency at room temperature, are
quite efficient scintillators at low temperatures [40]. How-
ever, ordinary Pb contains the radioactive isotope 210Pb with
an activity on the level of tens – thousands Bq/kg, which is
unacceptable for low-background experiments. 210Pb is one
of the daughters in the 238U decay chain, with contribution
also from radioactive 222Rn gas present in the atmosphere.
Once Pb is extracted from ores (galena PbS, anglesite PbSO4,
cerussite PbCO3), the content of 210Pb decreases with time.
Taking into account the half-life of 210Pb, the radioactivity
of Pb smelted hundreds years ago is expected to be negligi-
ble [30,31].

The archPbWO4 crystal scintillator, studied in the present
work, was developed from the archaeological Pb, obtained
from a Greek ship sunk in the Black Sea in the first century
B.C. [41]. To obtain a high-quality PbWO4 crystal scintilla-
tor, the PbO used for the PbWO4 crystal production should be
both radiopure and uncontaminated in terms of other chem-
ical elements. A complex refining scheme was developed
to purify the archaeological Pb. The purification procedure
included melting with filtration (to remove oxides, macro-,
and micro-inclusions), distillation with vapor condensation
into the liquid phase (removal of non-volatile impurities),
and high-temperature heating to remove volatile impurities
[42]. The purification process reduced the concentrations of
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Fig. 2 PbWO4 crystal scintillator produced from archaeological Pb.
The crystal has a mass of 0.84 kg, a diameter of 40 mm and a height of
83 mm

impurities, in particular Cu, Ag, and Sb, by a factor ∼510,
∼90 and ∼400, down to a level of ≤0.3 ppm, ≤0.7 ppm and
∼0.6 ppm, respectively. As a result, the purity grade of the
archaeological Pb was improved to 99.9996%.

The charge for the archPbWO4 crystal growth was
obtained by the method of high-temperature solid-phase syn-
thesis from oxides archPbO and WO3. The content of the
main impurity elements in the WO3 used for the crystal pro-
duction was at the level of <1 ppm–0.2 ppm. As a first step,
lead nitrate was obtained by dissolution of the metal in a
20% solution of nitric acid. The solution containing lead
nitrate was then neutralized with gaseous ammonia, resulting
in a precipitate of lead oxide PbO·nH2O. The stoichiometric
lead oxide PbO was obtained by annealing of the PbO·nH2O
compound at 600◦ for 4 h. The synthesis of the archPbWO4

powder was carried out by stepwise heating and holding the
mixture of starting oxides in air at temperatures from 250◦ to
800◦ with periodic grinding of the mixture in a ball mill. The
phase composition of the powder was monitored by X-ray
phase analysis.

The archPbWO4 crystal boule was grown by the Czochral-
ski method by using a “Crystal-607” growing set-up in a
platinum crucible with diameter 80 mm and 80 mm height.
The crystal was pulled with a rate of 2−5 mm per hour, and
a rotation rate 10–25 rotations per minute. From the final
boule a crystal with sizes 40 mm in diameter and 83 mm
in length with a shape close to a logarithmic spiral was
produced2 (mass of 0.84 kg), see Fig. 2. During the man-
ufacturing process, the crystal acquired a noticeable color
caused by ultraviolet radiation present in daylight, which
was then removed by annealing of the crystal in an airs
atmosphere.

2 The crystal was first used as light guide in different experiments [38,
39].

4 Operation of a kg-scale archPbWO4 cryogenic
detector

The archPbWO4 crystal was housed in a highly pure Cu
structure, similar to one of the following works [43–46]. The
crystal was held in position by bronze and PTFE supports,
anchored to a Cu structure. The crystal was equipped with a
Ge-NTD thermistor, of the same type as the one developed
for the CUORE, CUPID-0 and CUPID-Mo experiments [27].
This sensor measures the temperature increase caused by any
energy deposition in the crystal. This was also instrumented
with a Si Joule heater used for the offline detector gain stabi-
lization. We used a Ge-NTD thermal sensor for studying the
crystal radiopurity. This choice is driven by the large dynamic
range (from few keV up to some MeV) and high resolution
of the thermometer.

The signals induced in the Ge-NTD were amplified by
means of JFET input differential voltage sensitive operated
amplifiers [47] and fed into an 18 bit NI-6284 PXI ADC
unit. A 6-pole low-pass Bessel filter was placed before the
ADC, with a roll-off rate of 120 dB/decade, to prevent alias-
ing effects on the acquired signal [48]. The filter cut-off fre-
quency was set at 15 Hz. The trigger was software generated
on the detector and, when it fired, 5 s long waveforms, sam-
pled at 2 kHz, were saved on disk [49]. The detector was
operated in its optimal working point [7], where the signal-
to-noise ratio was maximized. An offline Optimum Filter
algorithm is also applied to further enhance it [50,51].

The experimental set-up was sited in the underground Hall
A of the Laboratori Nazionali del Gran Sasso of INFN (Italy).
There, we can benefit from the rock overburden for suppress-
ing the interaction of cosmic-rays in the experimental set-up.
The detector was installed in an Oxford 1000 3He/4He dilu-
tion refrigerator, the very same system used for the operation
of the CUORICINO [52], CUORE-0 [53] and CUPID-0 [7]
detectors.

The main goal of the measurement was to investigate the
crystal radiopurity. In particular we were interested in iden-
tifying and quantifying the concentration of radioactive con-
taminants inside the archPbWO4 crystal. The largest and most
relevant contributions are expected to come from radionu-
clides of the natural primordial decay chains of 232Th and
238U. The RoI for these studies lies at the MeV scale. At
these energies, it is convenient to study the internal radioac-
tive contaminations of the crystal, given the high signal-to-
background ratio. In fact, signals at these scales are mostly
produced by α decaying radioactive impurities in the detector
bulk. The contribution from radioactive surface contamina-
tions is expected to be negligible [54] and can be clearly iden-
tified due to the different energy signature. In fact, for bulk
contaminations the entire energy of the decay (α + nuclear
recoil) is detected, while for surface contaminations a frac-
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Fig. 3 Final detector energy spectrum of a 0.84 kg archPbWO4 crystal
operated as cryogenic detector. The total collected statistics amounts
to 509 ton·s (5.9 kg·d). The energy spectrum is zoomed in the higher
energy region of the events. The blue part of the spectrum highlights α

induced events, while the red one e−/γ events

tion of the decay energy is lost, due to the escaping of one of
the decay products.

The detector response was energy calibrated by means
of external high-energy γ -sources (i.e. 232Th), placed in
between the Pb shielding of the set-up and the cryostat vac-
uum vessels. The source was deployed during the entire
data-taking next to the experimental set-up. Crystal internal
radioactive contaminations were also used for calibrating the
detector in our RoI.

The final energy spectrum is obtained by events that passed
global and event-based selection cuts. The global ones con-
cern the identification of time period with high-noise level
or detector instabilities, while the event-based ones are con-
nected with the rejection of non-particle events (e.g. electri-
cal spikes, disturbances). The result of this data analysis is
shown in Fig. 3, where the total detector energy spectrum is
shown.

PbWO4 is a highly efficient scintillator also at low tem-
peratures [55]. The scintillation light produced by particle
interactions in the absorber can be exploited for particle iden-
tification and background suppression [28]. However, in our
analysis we did not exploit this additional read-out channel
given that the expected background induced by e−/γ interac-
tions in the RoI for our α-analysis (> 3 MeV) is negligible.

5 Crystal radiopurity studies

We acquired a total statistic of 509 ton·s (5.9 kg·d). We
adopt this measuring units for the detector exposure because
neutrino signals develops on the time scale of few second
(about 10 s), and the required detectors should have masses
of the order of few tons (RES-NOVA detector mass will be
1.8 tons).

In Fig. 3, the final detector energy spectrum zoomed in
the higher energy region is shown. The main peaks visible

Table 1 Evaluated internal radioactive contaminations for the PbWO4
crystal. Nuclides of the decay chains with longer half-lives are listed.
Limits are at 90% CL

Chain Nuclide Activity
[mBq/kg]

232Th 232Th <0.04
228Th 0.80 ± 0.09

238U 238U <0.03
234U <0.03
230Th <0.04
226Ra 11.34 ± 0.35
210Pb/210Po 22.50 ± 0.49

at energies above 3 MeV are ascribed to crystal internal α

decaying contaminations, while below 3 MeV, e−/γ events
mostly induced by the external γ -source are visible. The peak
at around 2.2 MeV is the characteristic 208Tl γ emission,
which is expected to be observed at 2.6 MeV. This shift in the
energy calibration is caused by an energy quenching between
αs and e−/γ events. In fact, the spectrum is energy calibrated
using only α lines. We can estimate a quenching factor for
e−/γ interactions (QF) of (14.2 ± 0.9)%, which is slightly
lower than what observed in [28], 20% at 2.5 MeV. Two
broad distributions at low and high energies can be identified
in the energy spectrum: the first one is produced by Compton
interactions of the 208Tl external high-energy γ source. The
second one is caused by pile-up events of radionuclides of the
238U decay chain, namely 214Bi–214Po. The time resolution
of the thermal sensor does not allow resolving the two events,
due to the very short half-life of 214Po, which is τ1/2 =
0.16 ms [56].

The evaluation of the concentration of radionuclides inside
the crystal was performed following the same procedure
described in [57]. The results of the analysis are shown in
Table 1.

The crystal features a rather small internal contamination
of primordial 232Th, which is not in secular equilibrium (i.e.
different activities) with other nuclides of the decay chain,
namely 228Ra and 228Th. The breaking is usually caused by
the different chemical properties of Ra and Th, and by the
production procedure for the crystal growth. This aspect is
particularly relevant, because as shown in [18,58] 228Ac is
a dangerous background source for low-energy experiments,
having a low energy β-decaying transition. For the sake of
clarity, in Fig. 4 a sketch of the 232Th decay chain scheme is
shown. There, we can identify three nuclides where the sec-
ular equilibrium might be broken, having very different half-
lives with respect to their daughter nuclides: 232Th, 228Ra and
228Th. In our detector, we can clearly identify the presence of
232Th and 228Th (through the detection of 224Ra), while we
can not make any robust statement about 228Ra/228Ac. The
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232Th
τ1/2 = 1.4·1010 y

228Ra
τ1/2 = 5.7 d

228Ac
Q = 4.1 MeV Q = 45 keV

228Th
τ1/2 = 1.9 y

224Ra
τ1/2 = 3.6 d

220Rn
τ1/2 = 55 s

Q = 2.1 MeV

Q = 5.5 MeVQ = 5.8 MeV

208Pb
stable

τ1/2 = 6.1 h

Fig. 4 Simplified scheme of the 232Th decay chain. The nuclides of the
upper part of the chain are shown, together with their half-life, Q-value
of the decay and decay mode

detection of these nuclides is made arduous due to the fact
that both decay β, thus producing a continuous signature in
the energy spectrum. They have energy transitions falling in
the region of the energy spectrum below 2.6 MeV, where the
background level is higher. On the basis of these assessments,
two assumptions can be made about 228Ra/228Ac activity: (i)
228Ra is in secular equilibrium with 232Th, and thus 228Ac
has an activity of <0.04 mBq/kg, or (ii) 228Ra is in secular
equilibrium with 228Th, and thus 228Ac has an activity of
about 0.80 mBq/kg. These two hypotheses, as will be shown
later in the manuscript, may have a different impact in the
background projection of the RES-NOVA experiment. How-
ever, it is worth mentioning that from chemical arguments
(232Th and 228Th have the same chemical properties) and
considering that the crystal was produced more than 2·τ 228Th

1/2
ago, the second assumption is more likely to be valid. Future
measurements with high sensitivity to low energy e−/γ emis-
sions (e.g. using a HP-Ge detector) will address this issue.

Radionuclides from the 238U decay chains can also be
identified, in particular the sub-decay chain that goes from
226Ra to 210Po. All the elements of this chain are in secu-
lar equilibrium among them, except for 210Po, which has a
higher concentration: 22.50 ± 0.49 mBq/kg. This nuclide is
assumed to be in equilibrium with the parent 210Pb, given that
the crystal was produced more than 5·τ 210Po

1/2 ago (Septem-
ber 2010). For this reason, we can state that two processes
are responsible for the content of 210Pb: the 226Ra sub-decay
chain, which contributes with about 11 mBq/kg, and an inde-
pendent contamination of 210Pb which amounts to about
11 mBq/kg.

Given the high-radiopurity level of the archaeological Pb
employed for the production of this crystal [39], the respon-
sible for the residual contaminations can be ascribed mostly
to the WO3 used for the synthesis of the PbWO4 powder.
However, it is worth mentioning that the concentration of
radionuclides inside the detector is by far the lowest ever
measured in a PbWO4 crystal. It is more than one order of
magnitude better than the most sensitive detector reported in
literature [28].

The high radiopurity level of this detector demonstrates
the feasibility of producing large mass and low-background
PbWO4 crystal from archaeological Pb. The high quality of
this valuable material can be preserved during the differ-

ent steps of crystal production, leading to a crystal with low
radioactive contaminations. In addition, there is ample mar-
gin for improvement when highly radiopure WO3 is used for
crystal production. A detailed screening campaign for high
purity WO3 powder is presented in Ref. [59]. There, samples
from different producers were assayed, and some that can
meet the requirements for the RES-NOVA crystal produc-
tion are identified (226Ra <2.2 mBq/kg).

PbWO4 crystals with low concentration of radioactive
contaminations, such as the previously discussed one, enable
also the study the of gA quenching [60], through the measure-
ment of forbidden β-decay spectral shapes [61] . In fact, the
high electron containment efficiency and the low background
level combined with the possibility to measure, for example,
210Bi is a unique opportunity and a further extension of this
powerful experimental technique.

6 Background extrapolation in the region of interest for
SN neutrino detection

The important information extracted from the study on the
radiopurity level of this large mass archPbWO4 crystal pro-
vides the first opportunity for validating the RES-NOVA
background model. We used the results of our α-analysis
on the crystal internal contaminations as input to a Monte
Carlo tool for the simulation of signals produced in the RES-
NOVA detector by these contaminations. The Monte Carlo
employed for this study was the same presented in [18],
where all known contaminations in the most relevant detector
components were simulated (i.e. Cu structure, PTFE crystal
holding system, Cu cryogenic vessels, and a Polyethylene
shield). The simulations generate the entire decay chain of
the radioactive nuclides and also the breaking points of equi-
librium. The outputs of the simulations are normalized for the
unit of primordial radioactive decay, and thus the activities of
the crystal contaminations are used to scale the Monte Carlo
outputs to the final energy spectrum values. The results are
shown in Fig. 5, where the contributions from the crystals and
all other background sources are presented. The label Others
consists of environmental background sources (e.g. external
neutrons), radioactivity of ancillary components (e.g. Cu ves-
sels, polyethylene shield), while the label Cosmogenic refers
to cosmogenically produced radionuclides. The colored band
in the spectrum represents the expected minimum and max-
imum background level when the two different activities for
228Ac are considered, (0.04−0.80) mBq/kg. We adopt a con-
servative approach and we consider the lower 228Ac (232Th)
activity limit as a value. In addition, the Monte Carlo code
takes into account the main detector parameters, such as the
energy and time resolution, which were 0.2 keV and 100 µs
respectively. The output produced is the final detector energy
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Fig. 5 RES-NOVA detector response to simulated radioactive con-
taminations listed in Table 1. Different decay chains are simulated,
taking into account the respective breaking point of equilibrium. The
label Others identifies all background sources not produced by the
archPbWO4 crystal. The gray band represents the sum of the different
simulated energy spectra considering an 228Ac contamination ranging
from (0.04−0.80) mBq/kg, labelled low and high (for more details see
the text). The energy spectra are zoomed in the region of interest for the
detection of SN neutrinos via CEνNS

spectrum expected to be acquired by RES-NOVA during its
background data taking.

The largest contribution to the background in the RoI,
which lies between [1, 30] keV comes from 228Ac and 210Pb.
While the latter has shown a clear contamination in the crys-
tal, for the former a range of contamination needs to be taken
into account (0.04−0.80) mBq/kg, as discussed in the pre-
vious section. In Fig. 5, the total simulated energy spectrum
expected to be observed in RES-NOVA is shown. This is the
expected background level to be observed during the cooling
phase of the SN neutrino emission, where the largest number
of neutrinos is released.

When the total simulated energy spectrum is integrated
over the RES-NOVA RoI for the detection of SN neutrinos,
a background index ranging between (0.64–0.76) event/t/s is
found. This background level is only a factor 9 to 11 away
from the final goal of the experiment, and it is a factor >1000
better than the one achievable with a commercially available
PbWO4 crystal. RES-NOVA is aiming at achieving a back-
ground level in the 1–30 keV RoI for SN neutrino detection
of about 0.001 c/keV/t/s namely 0.002 c/keV/t/s when the
detector is operated in anti-coincidence mode [18]. While,
as reported in [18], a conventional neutrino signal (27 M�
progenitor star, model LS220) at 10 kpc would have induced
a neutrino signal of 30 events over 10 s (∼0.055 c/keV/t/s).

The background projections here presented concern only
radioactive contaminations of primordial radionuclides,
namely 238U and 232Th. However, it is worth mentioning that
cosmogenically produced nuclides, following an exposure of
the crystal to cosmic rays (e.g. during the crystal production)
can also contribute to the overall background budget. The

lack of experimental data forces us to carry out a study based
only on simulations. Preliminary results show that 3H is the
nuclide with the highest production rate in PbWO4. After
exposure to cosmic rays of 60 d and a cooldown time of
180 d the total expected detector counting rate induced by
3H is 0.002 event/t/s, when the detector is operated in anti-
coincidence mode (see in Fig. 5 the continuum of events
extending up to 18 keV, labelCosmogenic). This specific con-
tribution amounts to a few percent of the overall background
budget. Currently, we are carrying out dedicated measure-
ments for the development and validation of our low-energy
background model, accounting for contributions from cos-
mogenically produced nuclides in PbWO4 crystals, also from
its intrinsic chemical impurities (e.g. Ag, Sb, Ni) [62].

Overall, it is worth mentioning that with the level of
background extracted from the measurement reported in this
paper, RES-NOVA would still be sensitive to SN neutrinos,
however with a reduced discovery potential (e.g. farther dis-
tances may not be surveyed) [18].

7 Outlook

The radioactivity content of the crystal analysed in this work
shows the feasibility in producing low-background PbWO4

detectors, and that archaeological Pb can be employed for
crystal production. However, the achieved results show that
additional efforts are needed for reaching the background
goal of the experiment. In particular, the selection of highly
radiopure raw materials for the crystal production plays
a crucial role, namely on WO3. The background sources
associated with WO3 to be reduced are 210Pb and 228Ac.
The first one can be reduced when the content of 226Ra in
WO3 is <1 mBq/kg. The second one requires a control of
the 228Ra/228Ac content, using an HP-Ge detector for γ -
spectroscopy, to the level of ∼ 0.04 mBq/kg. We would like
to mention also that, we are currently planning to investigate
the radiopurity of another large mass archPbWO4 crystal pro-
duced with more refined raw materials.

8 Conclusions

We presented the production of the first large mass PbWO4

crystal produced from archaeological Pb, with a total mass of
0.84 kg. The crystal was successfully operated as a cryogenic
particle detector in an underground experimental setup. The
crystal internal radiopurity level was assessed, and nuclides
from the 232Th decay chain and, from the lower part of the
238U one, were observed. A total 210Pb contamination of
15 mBq/kg was also measured. This crystal is by far the
PbWO4 with the highest radiopurity level ever measured.
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This important result was achieved thanks to the unique prop-
erties of archaeological Pb.

The measured internal contaminations of the crystal were
used for evaluating the background projection in the RoI
for SN neutrino detection. This very first proof-of-principle
detector allows reaching a background level that is a factor
9 to 11 away from the background goal of the RES-NOVA
experiment. Mitigation actions can be easily implemented
(e.g. selection of radiopure raw materials for the crystal pro-
duction) for effective background suppression. Future stud-
ies on the radiopurity of PbWO4 crystals will require strict
control of 210Pb and 228Ac contaminations.

The operation of this new class of cryogenic detectors
opens a window of opportunities for the realization of a next-
generation SN neutrino observatory with great physics poten-
tial.
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