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ABSTRACT: As a step towards the realization of cryogenic-detector experiments to search for neutrinoless
double-beta decay (such as CROSS, BINGO, and CUPID), we investigated a batch of 10 Ge light
detectors (LDs) assisted by Neganov-Trofimov-Luke (NTL) signal amplification. Each LD was
assembled with a large cubic light-emitting crystal (45 mm side) using the recently developed CROSS
mechanical structure. The detector array was operated at milli-Kelvin temperatures in a pulse-tube
cryostat at the Canfranc underground laboratory in Spain. We achieved good performance with
scintillating bolometers from CROSS, made of Li>'%’MoOQy crystals and used as reference detectors
of the setup, and with all LDs tested (except for a single device that encountered an electronics issue).
No leakage current was observed for 8 LDs with an electrode bias up to 100 V. Operating the LDs at
an 80V electrode bias applied in parallel, we obtained a gain of around 9 in the signal-to-noise ratio of
these devices, allowing us to achieve a baseline noise RMS of O(10eV). Thanks to the strong current
polarization of the temperature sensors, the time response of the devices was reduced to around half
a millisecond in rise time. The achieved performance of the LDs was extrapolated via simulations
of pile-up rejection capability for several configurations of the CUPID detector structure. Despite
the sub-optimal noise conditions of the LDs (particularly at high frequencies), we demonstrated that
the NTL technology provides a viable solution for background reduction in CUPID.

Keyworbps: Cryogenic detectors; Double-beta decay detectors; Photon detectors for UV, visible and
IR photons (solid-state); Scintillators, scintillation and light emission processes (solid, gas and liquid

scintillators)
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1 Introduction

Low-temperature detectors (often referred to as cryogenic bolometers) represent a powerful method
in particle detection to study neutrinoless double-beta (OvS83) decay, i.e., a hypothetical quasi-
simultaneous conversion of two neutrons into two protons emitting only two electrons [1-3]. This
process serves as a sensitive probe of total lepton number conservation and provides means to
investigate fundamental neutrino properties, making it critically important for particle physics and
cosmology. The most sensitive current bolometric search for OvBg decay is CUORE (Cryogenic
Underground Observatory of Rare Events) [4, 5], located at the Gran Sasso underground laboratory
in Italy. CUORE investigates the isotope '*°Te using an array of ~ 1000 TeO, bolometers, each
measuring 50 X 50 x 50 mm, with a total mass of approximately 750 kg. CUORE sensitivity is currently
limited by background events in the region of interest (ROI), at the level of ~ 1072 counts/keV/kg/yr
(ckky), primarily caused by a particles from radioactive surface contamination of the crystals and
surrounding passive materials [6].

CUPID (CUORE Upgrade with Particle IDentification) [7] is a proposed large-scale next-
generation experiment, representing the natural progression of the CUORE project to significantly
reduce the background level observed in CUORE. CUPID will deploy ~ 1600 cryogenic calorimeters
based on enriched Li,'°MoQy4 crystals and ~ 1700 light detectors (LDs) — assembled in a specially
developed mechanical structure [8], so-called the CUPID Baseline structure — in the existing
infrastructure of CUORE. The LD, a separate cryogenic calorimeter, is used to capture scintillation



signals from the Li;MoQy crystal scintillators, enabling particle identification [9, 10]. This particle
identification capability suppresses CUORE’s dominant surface a-particle background in the ROI
by at least two orders of magnitude, exploiting the much lower scintillation light produced by a’s
with respect to ’s and y’s. The higher Qgg value of 100Mo (3034 keV vs. 30Te’s 2528 keV) provides
additional background mitigation by positioning the ROI above 2615 keV, the endpoint energy of
prevalent y-ray emissions from natural radioactive decay chains. A muon veto will be constructed
around the CUORE cryostat to reduce the muon-induced background in CUPID. Thanks to these
upgrades relative to CUORE, CUPID is projected to reach a background index in the ROI at the
level of ~ 10~ ckky and to probe the existence of Ov38 decay with an order of magnitude higher
sensitivity than current-generation experiments [11].

The application of scintillating thermal detectors in view of CUPID has recently been demonstrated
by two small-scale experiments:! CUPID-Mo [16, 17] and CUPID-0 [18, 19]. While both experiments
followed the same underlying rationale, CUPID-0 used Zn3?Se crystals enriched in 32 Se, with a
Q-value of 2998 keV, while CUPID-Mo utilized LipMoQy crystals. These demonstrations validated
the feasibility of the approach for future large-scale applications.

Following this promising approach, another two small-scale demonstrators — CROSS (Cryogenic
Rare-event Observatory with Surface Sensitivity) [20] and BINGO (Bi-Isotope Ov35 Next-Generation
Observatory) [21] — along with two proposed next-generation experiments CUPID [7] and AMoRE
(Advanced Mo-based Rare process Experiment) [22] — primarily focus on the isotope °°Mo embedded
in Li,MoO, bolometers for the search for Ov38 decay. CROSS, BINGO, and CUPID utilize the
same type of temperature signal readout technology based on neutron transmutation doped (NTD) Ge
sensors for the Li,MoO;, crystals and the LD Ge wafers. The work presented in this paper is primarily
concerned with the challenges and developments related to these three experiments. In contrast
to CUPID-Mo, which used cylindrical Li;'"“MoOQy crystals (@44 x 45 mm), CROSS, BINGO, and
CUPID will employ cubic-shaped crystals (45 mm side) to enhance packing within the experimental
volume, increasing the detector mass and the efficiency of multi-crystal coincidences.

CUPID, CROSS, and BINGO aim to enhance the performance of LDs by leveraging the Neganov-
Trofimov-Luke (NTL) effect [23, 24], which amplifies thermal signals in the presence of an electric
field generated by a set of electrodes deposited on the LD Ge wafer. The potential energy of
electron-hole pairs produced by light absorption is converted into heat during their drift toward the
electrodes, resulting in a significant improvement in the signal-to-noise ratio (SNR) of the light signal,
up to a factor 10 [25], drastically improving particle identification capability [10]. Furthermore,
NTL-operated LDs are highly effective for controlling random-coincidence background induced by
10Mo two-neutrino double-beta (2vB3) decay events —one of the major background components
in OvBB ROI of a large-scale experiment with '°°Mo-enriched thermal detectors (like CUPID [7])
due to their slow response and a comparatively high 2vg rate [26, 27]. The comparatively fast rise
time and large signal amplitude of NTL-assisted LDs improve pile-up rejection through pulse-shape
discrimination (PSD) [28, 29].

Given the importance of NTL technology for LDs in BINGO, CROSS and CUPID, we are
performing an R&D on optimization of the electrode configuration for square 45 x 45 mm LDs. This

! Another two small-scale demonstrators, AMOoRE-pilot [12, 13] and AMoRE-I [14], were realized for AMoRE next-
generation experiment [15] with '°°Mo-enriched scintillating low-temperature detectors instrumented with metallic magnetic
calorimeters.



configuration can be readily adapted to the CUPID Baseline structure, which utilizes octagonal LDs
with a shape and size closely resembling those of BINGO and CROSS. As a primary investigation,
we adopted a technology of deposition of circular electrodes [25] for square-shaped Ge wafers and
we conducted a test of 10 identical prototypes of NTL-assisted LDs. These devices were coupled
to 45-mm-side cubic Li;MoQO4 and TeO; crystals using the CROSS detector structure [30] and
operated within the CROSS setup using a pulse-tube cryostat at the Canfranc underground laboratory
(Section 2), where we extensively evaluated detector performance (Section 3). Based on these results,
we investigated pile-up rejection capabilities across several detector configurations relevant to CROSS,
BINGO, and CUPID (Section 4). This article provides a detailed account of detector fabrication, tower
assembly, low-temperature testing, performance results, and prospects for application in CUPID.

2 Prototype tower with 10 NTL-assisted light detectors

2.1 Light detectors with thermal signal amplification
2.1.1 NTL effect in a nutshell

A low-temperature detector exploiting the NTL effect can be conceptualized as follows. A semicon-
ductor absorber is equipped with electrodes on its surface (or even contactless) to establish an electric
field within the absorber volume. Similar to classical semiconductor detectors, this field enables the
collection of charges — consisting of electron-hole pairs — generated by particle interactions (e.g.,
absorbed scintillation light). As these charge carriers drift towards the electrodes under the influence
of the electric field, they deposit additional heat in the crystal (through the Joule effect), which is
then measured by a phonon sensor. Essentially, such a device operates as an ionization detector with
a thermal signal readout (i.e., a charge-to-heat transducer).

The amplification of the initial thermal energy (E() deposited by particle interaction in the
NTL-assisted device can be expressed by the following formula:

Ent. =Eo- (1 +e-VntL-n/€) = Ep - GNTL, (2.1

where EnL is the thermal energy measured by the phonon sensor after the NTL amplification, VNtL i
the voltage across two nearby electrodes, 7 is a fraction of electron-hole pairs which actually contribute
to the NTL amplification, and € is the energy necessary to create an electron-hole pair in the absorber.
For germanium at cryogenic temperatures, € ~ 3 eV [31] for the incident radiation with energy above a
few eV, while it becomes energy-dependent for excitations with lower energies [32]. The case of i
= 1 corresponds to an idealized scenario; in practice, 7 is expected to be dependent on surface and
bulk material properties related to charge trapping and impaction ionization [33, 34].

With a sufficiently high applied voltage, the heat produced by charge motion exceeds that initially
generated by particle interaction, becoming the predominant component of the thermal signal. Thus,
the NTL amplification GntL can be approximated by e - V1L - 17/€. Eq. 2.1 suggests that an arbitrarily
large amplification can be obtained by increasing Vntr indefinitely. In reality, there are two limitations
to be taken into account: (1) after a certain threshold, VL cannot be increased without developing
a destructive leakage current that heats the entire device and sometimes the whole cryostat; (2) 1
is always less than 1 (0.3-0.5 in the present Ge light detector design [25]). A subtler limitation
concerns noise: low-frequency noise sometimes appears before the maximum applicable NTL voltage



is reached, limiting the SNR despite increasing pulse amplitudes [25]. Thus, it is worth characterizing
such devices by the effective NTL gain:

_ SNR[VnTL]

G = 2.2
NTL = SNR[0 V] @2)
If G;@m is close to the Gyt value, the NTL device is not affected by the noise excess developed by

the NTL mode. Despite of the above mentioned limitations, the amplification of the NTL-assisted
devices can be substantial enough that a single electron-hole pair can produce a detectable heat pulse
above baseline noise, making the LD nearly single-photon sensitive [10].

2.1.2 Fabrication of NTL-assisted LDs

For the demonstration test, we fabricated 10 identical Ge LDs based on 45 x 45 mm square slices (as
used in CROSS and BINGO, and close to the final CUPID size), obtained by cutting 4"’ —diameter
0.3-mm-thick Ge wafers (figure 1). The purity of these wafers in terms of the maximum net electrical
active impurity concentration is in the range (1-3) x 10'®cm™3. We notice that the shadow masks
we used in the process of Al electrode evaporation on the 10 Ge wafers are conceived for circular
samples, such as the ones developed in [25] and are not adapted to square slices (figure 1, right
bottom). Therefore, only 56% of the surface of the square LD participates in the NTL amplification
when the voltage is applied to the electrodes.

The electrode deposition scheme follows an established recipe [25], developed at IJCLab (Orsay,
France) and applied there for thin-film deposition. The electrode fabrication is performed with
a dedicated electron-beam evaporator in a clean room, following the procedure [25] that must be
meticulously implemented to avoid dangerous leakage currents resulting to the partial warming-up of a
dilution refrigerator. Therefore, NTL electrodes in their simplest form consist of a pattern of concentric
Al rings, which are electrically connected by ultrasonic Al-wire bonding with an alternate scheme, so
that the same NTL voltage is applied across each couple of adjacent rings (figure 1, right bottom).

2.2 Construction of a 10-crystal demonstrator

For the present work, we adopted the S/im version of the CROSS mechanical structure [30] to
demonstrate both a risk-mitigating alternative to the CUPID Baseline detector structure and the
technology of bolometric LDs with NTL signal amplification, selected for the final CUPID detector
design [7].

For the construction of the demonstrator, we used ten crystals, each with dimensions of 45 x 45 x
45 mm. Six of these crystals are lithium molybdates, with two of them enriched in '°°Mo to a level of
97.5%. The remaining four crystals are tellurium dioxide, enriched in '3°Te to a level of 91.4%. All
Li,MoOy4 samples with a natural isotopic composition of Mo were produced by the RMD company
(Watertown, MA, U.S.A.) using the Czochralski crystal growth method as part of R&D activities for
CUPID [35]. Two Li;MoOy crystals containing molybdenum enriched in '°Mo belong to a batch
of 32 samples produced for the CROSS experiment using the low-temperature-gradient Czochralski
technique and were used as reference detectors in the mechanical structure tests of CROSS [30]. The
last four massive crystals of the tower were randomly selected from a batch of six *°TeO, crystals
recently developed for the CROSS experiment using highly purified tellurium powder enriched in
the 13%Te isotope and the Czochralski crystal growth method [36].



Figure 1. (Left) A 10-crystal tower containing 45-mm side cubic crystals; natural Li,MoOy4 samples are used on
the first two floors from the top, 100\ o-enriched LixMoOy4 crystals are in the middle, and the last two floors are
occupied by '3Te-enriched TeO, samples. Two key upgrades of the CROSS detector structure [30] to improve
light detector performance are the enlarged 3D-printed PLA clips to improve LD’s clamping (Right top) and a
set of Al electrodes deposited on Ge wafers (Right bottom) to exploit thermal signal amplification based on the
Neganov-Trofimov-Luke effect in semiconductors. Two small (2 X 2 X 0.5 mm) Al-coated Si transition pieces
were glued on each Ge wafer to provide electrical connection from contacts on the Kapton to Al electrodes.

Before assembly, we attached an NTD-Ge thermistor (with a size of 3 X 3 X 1 mm) and a Si:P
heater [37] to each crystal. The coupling materials used were UV-curable glue (PERMABOND® 620)
and bi-component epoxy (Araldite® Rapid), respectively. Using components of the Slim mechanical
structure, we mounted two crystals per floor, with a total of five floors. At each floor, both crystals
were placed on the Y-shaped part of the Cu frame; thermal decoupling was secured by 3D-printed
PLA spacers designed also to confine the crystal position laterally. Then, we placed a square-shaped
Ge wafer (described in detail in the next section), equipped with a smaller NTD sensor (approximately
1 X 3 X 1 mm), on top of each crystal. Three 3D-printed PLA clamps were developed to avoid
full-contact coupling and apply a force towards the crystal with a tiny copper screw. Based on prototype
tests, we expect improved performance of LDs compared to the predecessors studied in the early stages
with previous versions of the clamps [30]. Finally, an identical Cu frame is placed above, and the
construction is secured using four Cu columns and nuts. The procedure is then repeated to build a
5-floor tower containing ten large-volume (~ 90 cm?) bolometers and 10 Ge LDs; the full tower and
some parts of a single detector module are shown in figure 1. Taking advantage of the open detector
structure, each crystal of the tower, but the bottom one, is viewed by two cryogenic photodetectors,
so-called “close” (top) and “far”” (bottom) LDs respectively to the distance to the coupled crystal.
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Figure 2. (Left) View of the 10-crystal tower coupled to the copper detector plate within a pulse-tube
dilution refrigerator. The image showcases the main components of the internal shielding, consisting of
copper-sandwiched lead, and the joints of the copper thermal screens positioned above the tower. (Note: an
additional R&D detector array [38], not discussed in this study, was connected to the lower section of the
10-crystal tower.) (Right) Schematic representation of the channel mapping for the 10-crystal array of bolometric
detectors, illustrating the spatial arrangement and connectivity of the individual sensing elements. A single
module (LD-6 & TeO-24) was not operational due to a readout-related issue.

2.3 Detector installation in the CROSS cryogenic facility

The 10-crystal tower assembled at IJCLab (France) was then transported to the Canfranc underground
laboratory (LSC) in Spain and mounted on the detector plate inside a CROSS-dedicated dilution
refrigerator, as shown in figure 2 (left).

The CROSS facility [39, 40] consists of a pulse-tube-based cryostat by Cryoconcept (France) with
a large experimental volume (@60 X 80 cm) capable of reaching ~ 10 mK. The cryostat is equipped
with the Ultra-Quiet Technology™ (UQT) [41] to mechanically decouple the pulse tube from the
dilution unit of the cryostat, mitigating pulse-tube-induced vibrational noise [42]. Moreover, to further
reduce the transmission of vibrational noise, a system of 9 springs with 3 magnetic dampers at the 1K
stage has been installed to suspend the detector plate [40]. The experimental volume is shielded against



all the parts of the cryostat, including the mixing chamber, by two layers of Cu and low-radioactivity
Pb. The lateral and bottom parts of the experimental volume are shielded by 25-cm-thick lead (8.5t of
the total weight). The lead can be classified as a low-radioactivity type regarding uranium and thorium
content, however it presents a notable activity of 2!°Pb (~ 60 Bq/kg), not affecting the background
for OvB searches. A stainless steel vessel is constructed around the external Pb shield to flush the
area around the outer vacuum chamber of the cryostat by deradonized air flow.

The facility’s data acquisition system is based on room-temperature low-noise voltage-sensitive
DC electronics implemented on 12-channel cards with 24-bit ADC to acquire the thermistors’ voltage
output as a continuous data stream [43, 44].

2.4 Data taking and processing

The channels’ mapping is shown in figure 2 (right). Due to a readout problem, unrelated to the intrinsic
properties of the devices, a single LD (channel LD-6) and a massive bolometer (TeO-24) were unusable
at low temperatures. We performed two measurement campaigns with two different base temperature:
17mK (referred to as “colder”) and 22 mK (referred to as “warmer”). These two configurations
allowed for the LD optimization first prioritizing SNR (“colder” configuration) and secondly time
response (“warmer” configuration). A 232Th source made of a thoriated tungsten wire was inserted
inside the Pb shield to calibrate the detectors. A sampling rate of 2 kHz/10kHz and a cut-off frequency
of the active Bessel filter of 0.3 kHz/2.5 kHz were set, for the data taking at 17 mK/22 mK.

The optimal working points (corresponding to NTD bias currents that maximize SNR) in the
“colder” measurements were defined channel-by-channel by scanning the amplitude of heater-/LED-
induced pulses and the baseline noise with the change in the NTD current. To further reduce the
rise times of the LD thermal signals at the “warmer” operational temperature, we polarized the
NTDs of these devices at a bias current of 10nA, an order of magnitude higher than the usual ones
that aim at maximization of SNR.

The acquired data were processed with the help of a MATLAB-based tool [45] to filter the
data (reducing noise) and to compute signal amplitudes (proportional to energy) and several PSD
parameters for each triggered event. In particular, the PSD parameters relevant for this study are rise
time (7yise) and decay time (Tgecay) computed in the 10%—-90% of the leading part and 90%-30% of the
descending part of a signal, respectively. The data processing program exploits the Gatti-Manfredi
optimum filter [46], which provides the best estimation of the signal amplitude based on the signal
shape and the noise power spectrum. To build the filter’s transfer function, we construct a data-driven
template of a signal (an average of tens-hundreds of high-energy events) and of the noise power density
(an average of 20000 waveforms with no signal) for each channel and working point.

3 Results and discussion

3.1 Performance of Li;1"Mo0, thermal detectors

Two Li, '%°Mo0O,4 bolometers used in the 10-crystal tower were earlier tested in the CROSS setup [30]),
thus, both are considered in the present work as representative (reference) massive thermal detectors
of the array. Low-temperature characterizations of other crystals — natural Li,MoQOy4 and enriched
130TeO, — are the topics of dedicated studies ([35] and [36], respectively), and are therefore omitted



Table 1. Best performance of the CROSS reference Li>'°°’MoOy4 bolometers tested at 17 mK. We report the
parameters of the chosen working points: NTD resistance Rytp at a given current Intp, detector’s sensitivity
(Asignal), energy resolution (full width at the half maximum) measured for zero energy deposition (FWHMpaseline)
and for 2615keV y of 2T (FWHMa¢;5). Statistical uncertainties of Rytp and Ajgna values are below the
given precision.

Detector RNtD INTD Asignal FWHMpaseline  FWHMog15

ID (MQ) (nA) (nV/keV) (keV) (keV)
LipMoOs-76b 48 20 84 1.10(2) 5703)
LibMoOs-78b 1.8 3.0 81 1.71(5) 5.9(10)

in the present work (the only exception is the Li;MoO; scintillation light yield used for the LD
calibration in the NTL mode as briefly described in section 3.3).

The performances of both reference Li»'%°Mo0, bolometers, reported in table 1, are compatible
with the expected value for the CROSS facility [30]. Being polarized at a few nA currents at 17 mK,
both bolometers show a similar high sensitivity, i.e., a comparatively high voltage signal (about 80nV)
is developed by a 1 keV thermal signal. The higher NTD resistance of Li;Mo0QO4-76b is compatible
to what has been observed for a higher stress on the glued sensor [30]. The energy resolution of the
baseline noise, 1-2 keV FWHM, is among the best reported for Li,MoO4-based bolometers tested in the
CROSS setup [30, 40, 47—49] and worldwide [8, 16, 50-53]. As expected, both detectors show a good
energy resolution over the wide range of energy spanned by y quanta emitted by a 23 Th calibration
source, as illustrated in figure 3. In particular, the energy resolution of the 2615keV y quanta of 208TI,
near the ROI for '%’Mo 0v3p decay (3034 keV), is around 6 keV FWHM. It is important to note that
the reference (and all other) crystals of the present work were mounted in the finer (Slim) version of the
CROSS structure in contrast to previous tests of these two samples in the thicker (Thick) design [30].
This result proves that both designs of the CROSS detector assembly allow to obtain high performance.

3.2 Characterization of cryogenic Ge light detectors

Cryogenic photodetectors are key devices in the present work, and thus, we overview their performance,
summarized in table 2, in more detail. To assess the performance of LDs, we calibrated these devices
with the X-ray fluorescence induced in the coupled crystals by the source-emitted y radioactivity;
a typical reproducibility of this method is ~ 1% or better [48]. An example of an LD calibration
spectrum is presented in figure 4.

At “colder” temperature conditions, we polarized the NTDs of LDs at currents of 1-2 nA (4-12 MQ
resistances), leading to a sensitivity of 1-2 pV/keV (with a mean of 1.6 pV/keV), typical for such
devices in this setup [30, 48]. We observed baseline resolution values in the range 0.05-0.15 keV RMS
(0.07 keV RMS mean), with a factor 2 improvement with respect to previous values measured with the
Slim design [30]. This improvement can be traced back to the use of enlarged 3D-printed spacers.

At the “warmer” temperature and with a significantly higher NTD current (10 nA), the working
resistances of the thermistors were reduced to ~ 1 MQ, a factor 5-10 lower compared to the “colder’
operation. At the same time, the sensitivity of LDs is decreased by a factor 2.5, to 0.47-0.75 pV/keV
(0.62 pV/keV mean). Despite a drastic reduction in sensitivity, the energy-converted noise is found to
be worse by only ten(s) % for most of the devices, in the range 0.07-0.16 keV RMS (0.09 keV RMS
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Table 2. Best performance of cryogenic Ge light detectors operated in the 10-crystal tower installed in the
CROSS cryostat at the Canfranc underground laboratory. For each channel, we report the working point of the
NTD thermistor (resistance Rytp at a given current InTp), pulse shape time constants (rise- and decay-time
parameters, Trise and Tyecay), detector sensitivity represented by a signal voltage amplitude per unit of the
deposited energy (Asigna), and RMS baseline width (0paseline) after application of the optimum filter. Statistical
uncertainties of Rntp values are below the given precision. The widths of 7yjse and 7gecay distributions are taken
as uncertainties of the quoted parameters. Uncertainties of Agjgnal and opaseline Values are statistical only.

Detector Tplate Rntp  INTD Trise Tdecay Asignal Obaseline
ID (mK) MQ) (nA) (ms) (ms)  (pV/keV) (eV)
LD-2 17 4.6 2.0 1.5424) 6.1(3) 1.49(1) 58(1)
22 0.80 10 0.86(7) 4.4(1) 0.65(2) 78(1)
LD-3 17 7.0 1.5 1.68(5) 3.1(3) 1.97(3) 63(1)
22 0.94 10 0.69(11) 3.0(1) 0.75(3) 115(1)
LD-4 17 12 1.0  2.12(33) 3.7(3) 2.07(1) 63(1)
22 0.97 10 0.59(6) 3.3(1) 0.56(1) 97(3)
LD-5 17 4.0 1.6 1.87(8) 9.6(3) 1.83(3) 56(1)
22 0.57 10 0.85(2) 5.7(1) 0.64(1) 72(1)
LD-7 17 4.0 2.0 1.37(14) 8.9(3) 1.39(1) 146(2)
22 0.81 10 0.59(2) 6.1(1) 0.57(1) 115(2)
LD-9 17 8.5 2.0 1.4909) 7.2(3) 1.57(1) 63(1)

22 0.88 10 0.642) 5.3(1) 0.68(1) 77(1)
LD-10 17 8.4 1.5 1.66(3) 2.54) 1.72(1) 79(1)
22 1.1 10 0.53(3) 3.0(1) 0.66(1) 93(1)

LD-11 17 12 1.0 17513) 33@2) 1.933) 117(2)
22 1.1 10  0533) 342 066(1) 108(1)
LD-12 17 6.0 20 246(5) 23(2) 1.02Q2) 132(2)
22 1.1 10 0535 1.9(1) 047(1) 1592)
Mean 17 63 1.5 1.728) 4.03) 1.591)  76(1)

22 0.88 10 0.62(3) 3.5(1) 0.62(1) 96(1)

mean), as illustrated in figure 5. It is worth noting that the NTD resistance of the LDs at the warmer
operating temperature is about a factor of 7 lower than the corresponding values measured at the
colder operating point. Therefore, we expect a substantially reduced contribution to the noise, both
from the intrinsic Johnson noise of the thermistors and from parasitic sources such as vibrational
noise, which also scale with the thermistor resistance.

In order to characterize the LD thermal response, we use two pulse-shape parameters, rise time
(Trise) and decay time (Tgecay), Of LED-induced events with tens keV energy, having the same pulse
shape as scintillation/particle interactions in LDs. As a result of the warmer working temperatures of
NTDs, the rising part of thermal signals (i.e., Tysc), is in the range 0.5-0.9 ms (0.7 ms mean), that
is more than twice shorter than those of the colder measurements, while the descending part (i.e.
Tdecay) 18 in the range 2—-6 ms and remains less affected (see figure 6). It is worth emphasizing the
sub-millisecond rise times of LDs achieved in the present work: such a fast response is of special
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Figure 5. Resistance-dependent sensitivity of Ge light detectors (top panel) and its impact on the baseline
energy resolution (bottom panel) measured at 17 and 22 mK. A strong NTD polarization was also applied
for the light detectors operation at the warmer temperature. Statistical uncertainties of the quoted values are
(mostly) hidden by the data points.

importance in view of pile-up rejection (as discussed in section 4). At the same time, dedicated
measurements of the scintillation time constants of LipMoO; crystals [54-57] indicate that these rise
times are still an order of magnitude above the dominant photon emission time-scales in Li,MoOj4s
and allow for further optimization of the detector time response.

3.3 Detection of scintillation light

Detection of scintillation light emitted by the coupled crystals can be exploited for the evaluation of
the performance of LDs operated in the NTL amplification mode (described in the next section). To
find coincidences on the LD-data stream, we used the time positions of events triggered by massive
bolometers and took into account an order of magnitude faster rise times of the LDs, similar to
the method described in [58]. The scintillation signals’ amplitudes found are calibrated using the
conversion parameters established with the X-ray measurements (see an example in figure 4). We
then construct a dimensionless parameter, Light Yield (LY), defined as the ratio of the LD signal to
the heat signal and typically expressed in keV/MeV units. This parameter represents the proportion
of energy carried by the scintillation light detected by the LD relative to the heat energy released in
the Li,MoOQOy crystal. This ratio varies according to the type of particle [10].

Figure 7 provides an example of a typical energy-dependent distribution of the LY parameter for
Li;MoOy4-based scintillating bolometers, operated without a reflective cavity (i.e., an open detector

—11 -
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Figure 7. Distribution of the LY parameter as a function of the Heat energy of particles detected by the reference
Li»1%%Mo004 (Li;M004-76b) bolometer in coincidences with a “close” Ge light detector (LD-11). Data were
collected at 17 mK over 83 h of 232Th calibration measurements. The energy scale of the Li,'®MoO, bolometer
was calibrated with y quanta, thus « particles (mainly originated to detector bulk/surface contamination by
210pg), seen in the 3-6 MeV region with LY below 0.1 keV/MeV, have around 8% miscalibration (thermal
quenching) typical for such detector material [51].
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Table 3. Light Yield values of y (8) events detected by Li,MoQO4-based scintillating bolometers operated in
the 10-crystal tower of the CROSS detector assembly design. For each crystal we report two values of the
LY, g) parameter depending on the distance of Ge light detectors facing a crystal scintillator: LY ¢jose and LY fo
measured by the “close” (top) and “far” (bottom) LD respectively (see details in text). Uncertainties of the LY
values are taken (conservatively) as a width (RMS) of their distributions. The last column reports the ratio of
the LY, (5 values (statistical uncertainties are quoted).

Detector LY close LY LY /LY close
1D (keV/MeV)  (keV/MeV)

Li;Mo0Oy4-76b 0.25(6) 0.17(3) 0.68(1)
Li;Mo0QO4-78b 0.27(4) 0.19(7) 0.70(2)
Li;Mo0QO4-Cz09 0.21(3) 0.13(3) 0.66(1)
Li;Mo004-Cz18 0.14(5) 0.093) 0.63(4)
Li;M004-Cz20 0.14(3) 0.104) 0.73(3)
LiMo04-Cz21 0.15(5) 0.11(3) 0.71(3)
Mean 0.68(2)

structure) and before applying an NTL bias to LDs electrodes. The majority of events present in
this figure belongs to y or § interactions in the crystal scintillator, forming a band with a mean LY
value of 0.25 keV/MeV. Similar results are reported for this type of material tested in similar light
collection conditions (including the previous tests of the reference detectors [30]). A population of
high-energy events (e.g., above ~ 3MeV) with a mean LY value of 0.05keV/MeV, i.e., only 20%
of light produced for y(8)’s of the same energy, corresponds to a decays (mainly 2!°Po) in the
crystal and on surfaces of the close detector components. Despite a modest light collection efficiency
(a factor 3 lower LY than that with a reflective film [10]) and a comparatively high noise of the
coupled LD (about 110 eV RMS), figure 7 shows a satisfactory capability of particle identification,
providing a high enough efficiency to discriminate a’s from y(8) events. These two populations can
be further separated thanks to the improved LDs’ performance achievable with the NTL amplification,
which is detailed in the next section.

Using heat-scintillation coincidences, we extracted mean LY values of y(8) events detected by
other Li;MoQ4-based scintillating bolometers of the 10-crystal tower, as reported in table 3. The
light signal (dominated by the Cherenkov radiation) from the tested '3°TeO, crystals is expected
to be a factor 15 lower than that of the scintillation of the reference Li,>'"“Mo0Qy crystals [10] (i.e.,
0.02keV/MeV for a “close” LD), and it was detected only in the NTL mode of LDs [36]. For each
investigated Li,MoOy4-based sample, we present the LY, (3) estimates from the top (“close”) and
bottom (“far”’) Ge LDs, with 0.8 and 6.5 mm distances from the corresponding surface of the coupled
crystal. The scintillation detected by the “close” LDs of the reference crystals is similar to the results
reported for earlier this detector structure [30]. The increased distance, together with the shadowing
of the Cu frame, reduces the scintillation signal detected by the “far” LD by about 30%. Natural
samples, provided by a different supplier than the one producing the enriched crystals, exhibit lower
scintillation efficiency compared to the reference samples, while maintaining a similar ratio (2/3)
between the scintillation signals of the “far” and “close” LDs.

— 13 -
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Figure 8. Particle identification achieved with the top (LD-11) and bottom (LD-9) LDs, operated in the NTL
mode (80 V electrode bias), in coincidences with the events measured by the reference Li,'®’MoO, scintillating
bolometer (Li,Mo0QO4-76b). The absence of the NTL amplification (0 V electrode bias) is illustrated by the top
LD, while the bottom LD detected about 30% lower signal because of the design limitation (see details in text).
The 80V (0V) data were collected at 22 mK over 18 h (19 h) of 23> Th calibration measurements. The energy
scale of the Li,'Mo0O,4 bolometer was calibrated with v quanta, thus « particles, seen in 3—6 MeV region, are
characterized by 8% miscalibration.

3.4 NTL amplification for light detectors

While characterizing the NTL mode of bolometric Ge LDs, we found that all but one operational
LD can withstand an electrode bias of Vi, = 100 V without developing significant leakage current.
(whereas the exception, LD-7, exhibits high leakage at VNt > 50V for unknown reason). However,
the optimal SNR for most devices was achieved at a slightly lower electrode bias, V. = 80V,
consistent with early NTL-LDs studies [25]. This voltage was subsequently applied in parallel to eight
LDs (with LD-6 and LD-7 grounded). Given that X-ray calibration is no longer possible in the NTL
mode of LDs [25], we calibrated them based on their previously established detected scintillation light
yield at VT = OV (i.e., using the LY values described in section 3.3 and detected under identical
light collection conditions). The results of the NTL LDs’ characterization are presented in table 4
and illustrated in figure 8 for a single module.

After applying the NTL bias (80 V), we observed that the LDs’ response, represented by LED-
induced signals, became slightly faster (see figure 6), which can be explained by an impact of the
SNR on the computation of the parameter in combination with non-linearity of the devices. We
obtained Tjsc values in the range 0.42-0.74 ms, with a mean of 0.54(2) ms (for example, the mean of
0.62(3) ms is reported above for the 0V case). The difference in the 75 values between the 22 mK
data acquired without and with the NTL mode, 0.06-0.26 ms (0.11 ms on average), we treat as a
systematic uncertainty of the parameter quoted for the NTL mode.

Thanks to the NTL amplification, the sensitivity of LDs increases by a factor Gyt = (4-10)
compared to the initial performance of the devices (listed in table 2). We remark that the gain measured
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Table 4. Performance of cryogenic Ge light detectors with signal amplification based on the Neganov-Trofimov-
Luke effect (22 mK data, 80 V electrode bias). The LD calibration is performed by scintillation light of “close”
and “far” Li,MoQys (data of table 3). The effective NTL gain (GIc\fer) is given with respect to the initial LDs
performance at 22 mK and no NTL effect (see table 2). The width of 7 distribution is taken as an uncertainty

of the LD response, while statistical uncertainties of the Agignal, Tbaseline, and Gt values are quoted.

NTL
Detector Trise Asigna] (pV/keV) Obaseline (EV) G;IT[L

1D (ms) Close Far Close Far Close Far
LD-2 0.702) 3.37(2) 5404) 17.02) 10.6(1) 4.593) 7.36(5
LD-3 0.51(2) 2.03(2) - 32.4(2) - 3.55(3) -

LD-4  051(2) 2.653) 8.16(6) 25.12) 8.1(1) 3.86(5) 12.0(1)
LD-5 0.75(1) 3.37(11) 8.77(13) 16.8(2) 6.4(1) 4.30(14) 11.3(2)
LD-9 0612 3.7709) 6.80(10) 163(1) 9.0(1) 4.72(11) 8.56(12)
LD-10  047(5) 2.774) 6.674) 3253) 13.5(1) 2.86(5) 6.89(4)
LD-11  0474) 324(4) 6.004) 2453) 13.2(1) 4415 8.18(6)
LD-12  0.44(1) 2.452) - 39.6(5) - 4.02(3) -

Mean  0.54(2) 2.853) 6.78(6) 23.02) 9.5(1) 3.94(5) 8.66(7)

with the scintillation light is lower than that one could obtain with a full coverage of the wafer with Al
electrodes. In the present configuration, only ~ 56% of the wafer’s surface with electrodes is involved
in the NTL amplification. We therefore expect, under the same applied voltage, an improvement of
the light signal amplitude by an area factor approximately 1.7 (see section 4.2) with an appropriate
electrode configuration covering the whole surface. Also, it is interesting to note that despite a 30%
lower light collection for “far” LDs, the NTL amplification of their signals is approximately twice as
high as that of “close” LDs, which detect scintillation by the Ge side having no Al electrodes. This
shows that with the current electrode configuration, NTL is a surface phenomenon. Its efficiency is
dependent on the field lines and by the trapping centers for electrons and holes due to surface defects.

As aresult of the improved sensitivity, a substantial noise reduction of NTL-LDs was achieved
(see in table 4), allowing a mean value of 23 eV and 9.5eV RMS for the calibration with “close”
and “far” Li;MoQys, respectively. A correlation between NTL-LD sensitivity and noise, clearly
seen in figure 9, is expected because of similarity in the fabrication, operation, and readout of these
devices. It is worth noting that the energy scale of these devices at the NTL mode is determined
with a comparatively high uncertainty (~ 20%/30% for “close” and “far” LD, respectively) given
the precision achieved in the measurement of the LY parameter (see table 3).

The effective NTL gain remains similar to the gain in LD sensitivity as listed in table 4 and
illustrated in figure 10. Therefore, the NTL effect does not induce substantial excess noise in the
NTL voltage range adopted here.

4 Prospects for large-scale 0v 3 search experiments

In this section, we consider a possible impact of the NTL-LD technology on the CUPID objectives
in terms of background components. Of course, these considerations are relevant for any OvSS3
experiment based on scintillating bolometers containing molybdenum and with a relatively slow
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Figure 9. Baseline noise resolution (RMS) versus sensitivity of Ge light detectors, operated in the Neganov-
Trofimov-Luke amplification mode (80 V electrode bias) at 22 mK. The energy scale was determined using the
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data, 80 V NTL bias), with respect to their position (“close” or “far”) to the neighbor Li,MoOy scintillation crystal.

LD readout as that provided by NTD Ge thermistors. A transfer of the NTL-LD technology to a
large-scale application, like in CUPID, is briefly discussed too.
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4.1 Background reduction with NTL-LDs

Thanks to the NTL amplification, the > 99.9% rejection of the alpha particles at the '“Mo 0v3p3
ROI is well-secured (e.g., see figure 4 in ref. [10]). The amplification provides also an additional
robustness with respect to higher noise level. A fast time response combined with the enhanced
SNR of LDs can provide a viable tool for rejection of another dominant background in CUPID and
Mo-based bolometric experiments — random coincidences of 2v38 events from decays of '“°Mo
inside the crystals [26-29] — as discussed in this section.

Given the results of the NTL-LD investigation in the present work (table 4), we can extrapolate
the impact of the performance achieved on the CUPID background objectives [7, 59]. According
to [26], the background rate induced by 2v3 random coincidences can be calculated based on the
pile-up rejection capability. The latter parameter can be determined in turn as a function of the SNR
and Tise. Recently, a study has been conducted [29] utilizing a data streaming from an actual NTL-LD,
operated in the same setup as current devices, and generated synthetic pulses on top of baseline traces,
modifying the pulse amplitude and shape. A similar analysis was conducted with pulses induced in
Li;'%Mo0O4 bolometers by heaters glued to the crystal surface [60]. Various PSD parameters were
developed and tested to assess their ability to reject adjacent pulses as a function of pulse amplitudes
and time separation, keeping the acceptance for single pulses higher than 90%. The authors of [29]
found that the 2v38 pile-up rate in the ROI can be reduced below 0.5 x 10~* ckky (CUPID goal [7])
by applying a PSD to the NTL-LD channel, characterized by 7y = 0.8 ms and SNR = 140. The
values of SNR are computed in this context considering the ratio between a light signal amplitude for
an event in the ROI and the RMS baseline width, after application of the optimum filter [46].

As seen in table 4, the results of the NTL-LDs in terms of rise times are satisfactory: most of the
operated devices demonstrated 7y = (0.4—0.5) ms, a factor 2 faster than the best results reported in [29]
and used there for simulations. The high bias currents mentioned above are mandatory to obtain this
fast response. Considering to flip the LD with the Al electrode side facing the closer crystal we should
expect a total SNR at Qgg of 100Mo (3034 keV) corresponding to Ayigns / Obaseline = 0.3-3.034/0.01
~ 90, using the LY, g) = 0.3keV/MeV of the “close” geometry [30] and the baseline noise resolution
of 10eV (a mean achieved in the present study). According to [29], this combination of the 75 and
SNR values could potentially comply with the CUPID background goal.

4.2 Simulations of pile-up induced background

Taking into account that the pile-up rejection studies reported in ref. [29] were performed with another
NTL-LD (smaller sizes of the Ge wafer and NTD Ge thermistor, independent holder) and under noise
conditions which are not fully comparable to the present measurements (in particular, the present data
are characterized by a higher contribution of high-frequency noise which affects the bandwidth of
LDs), we decided to perform an independent investigation of the pile-up-induced background with
the noise data from all 8 devices analyzed in the present work.

4.2.1 Detector configurations

For simulations of pile-up-induced background in view of CUPID we considered several configurations
of NTL-LDs and detector structures which are listed in table 5. The configuration (I) corresponds to
the detector structure investigated in the present work, and its upgrade to NTL-LDs with larger surface
coverage by an electrode is given by (II). We observe that the configuration (II) closely resembles
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Table 5. Configurations of detector structure and electrode coverage considered for pile-up simulations.

Configuration Detector LD NTL electrode LY, p) Scaling factor
structure shape coverage (keV/MeV) Jscale
D CROSS square 56% 0.30 1.0
In CROSS square 100% 0.30 1.7
(I CUPID Baseline octagonal 75% 0.36 1.6
aIv) CUPID Baseline octagonal 100% 0.36 2.0

the one that will ultimately be adopted by the BINGO experiment [21]. The last two configurations,
(IIT) and (IV), respectively, represent versions of the CUPID Baseline structure containing NTL-LDs
with circular electrodes (~ 75% of coverage) and with full surface coverage. The light collection
efficiency has been taken for the closest NTL-LD, which corresponds to a mean LY, g) of 0.30
and 0.36 keV/MeV for the CROSS [30] and CUPID Baseline [53] structures, respectively. It is also
assumed that the electrodes of NTL-LDs are facing crystals (to maximize the NTL gain).

To account for the impact of different electrode coverages on the performance of NTL-LDs (i.e.,
a gain of SNR), we defined a scaling factor fi, of the NTL gain with respect to the configuration
(D investigated experimentally. The impact of the partial electrode coverage on the observed NTL
gain in the configuration (I) can be expressed as:

Gceross = (1 = écross) + écross * GNTL, 4.1)

where Gcross is the effective NTL gain achieved in the present study with NTL-LDs in the CROSS
structure (with a mean of 8.66 for NTL-LDs with electrodes facing the scintillation source), £cross iS
the fraction of the area of a square-shaped LD covered by circular Al electrodes (écross = 0.56), and
GnrL is the NTL gain in the electrode covered area. Thus, the scaling factor for the configuration
(II) is defined by the following equation:

Gnro 1 1 — £cross
- - 5
Gcross  €cross  €cross * Geross

fsca]e = (4-2)

and is calculated as fscae = 1.7. Similarly to eq. (4.1), we can represent a possible NTL gain for the
devices of the CUPID Baseline design, which can be produced adopting the above described technology:

Gcupp = (1 = écupm) + écup - GNTL, 4.3)

where Gcypp is the effective NTL gain of LDs in the CUPID structure, &cuprp is a fraction of
the electrode covered area for octagonal LDs. So, the scaling factor for these configurations can
be calculated as follows:

Gcuep  LYcupp
b
Gcross  LYcross

fscale = (4'4)

where LYcyupip and LYcross are average LY, g) values for these detector structures (0.36 and
0.3 keV/MeV, respectively). Using eqs. (4.1) and (4.3), the scaling factor for CUPID configurations
can be expressed as

4.5)

_ {1 =¢écupp 1 1 — £cross LYcupp
f scale = | —~

+ &écupip - - . .
Gcross &cross  €cross - GCross LYcross
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Thus, taking £cupip equal to 0.75 and 1.0 for configurations (III) and (IV), one can obtain fy,e = 1.6
and 2.0, respectively.

4.2.2 Methodology

A pile-up simulation was performed following the procedure described in [29] with some modifications
detailed below. A single high-energy pulse of each NTL-LD was taken as a pulse template for signal
injections. A 0.5-s-long window is used for the template, which is much longer than the typical
decay time of the pulse (below 10 ms). The energy of the pulses is randomly selected from the 2v53
distribution of '%°Mo; the ROI is taken as E = [3019;3049] keV, that is, +15keV around 'Mo Qgp.
The corresponding signal amplitude in the light channel is defined using the LY, g) value (for the
CROSS structure), the scaling factor fica1e, and the individual performance of the considered NTL-LD;
the number of created photons (with energy of 2.1 eV, characteristic of the Li,MoQO4 emission)
is extracted from a Poisson distribution to account for the fluctuation of the number of produced
photons. We performed simulations for all configurations except (I), which is characterized by a
factor 2 lower fcale than the others. Instead of generating Ny, pile-ups for each Az, as done in [29],
we inject Nj,j = 16000 for Az uniformly distributed between [0; Az,—1009 ], Where At,—1000 = Trise,
corresponding to a rejection power r = 100% (this assumption was tested). Then, we process the
generated pile-up data, apply PSD cuts and define the rejection power r as a ratio of a number of
rejected pile-ups Ny to the total number of injected events:
Niej

r= ) (4.6)
Ninj

We checked that r does not depend on the choice of Az,.—1go%, as far as the rejection is actually 100%
for At,=100%. Finally, we calculate the background index BI using the following formula

A2
BI=P-(1-r)-— -Time - Aty=100%, 4.7)
m

where P is a probability value to have a pile-up event in the ROI corresponding to the worst case in
terms of pile-ups rejection, i.e., P = Pp;=¢ = 3.41 X 1074 keV~! [29], A is the activity of 10Mo in
the considered enriched Li,MoOy crystal (2.93 mBq), m is the crystal mass, and Time is a 1-yr-long
period given in seconds.

The method we used for the pile-up injection is time efficient and the uncertainties inferred by
the post-analysis steps should be less because of the simpler procedure of BI calculation (absence of
multiple fits and interpolation) and due to the continuous At distribution (no need for discretizations).
In addition, we verified with a couple of channels (LD-9 and LD-10) that both methods give similar
values of BI (the observed difference is ~ 1%); the enlargement of the Ar interval also leads to
consistent results.

4.2.3 Results of simulations

Table 6 lists the results of the pile-up rejection study, that is a residual background index for different
configurations of CUPID detectors. A comparatively large systematic uncertainty, tens %, of the SNR
and BI values is expected according to the precision of the LY measurements. As can be seen, the
BI values obtained for the configurations (II) and (III) are very similar, while a further improvement
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Table 6. Projection of performance of NTL-LDs, based on the results of the present study and considering
several configurations of CUPID detectors (see table 5). We quote the SNR for the scintillation signal induced by
100Mo 0vBp decays in a Lip '%MoO, bolometer, and achievable background index (BI) in a 30-keV-wide ROI
centered at %Mo Qg associated with the residual contribution of pile-ups after the pulse-shape discrimination
using NTL-LD signals. Uncertainties reported are statistical only (uncertainties of BI values are below the
given precision).

Detector SNR at %Mo Qgp BI (1073 ckky) at 1Mo Qgp
ID ) ai  am av) |an (m Iv)
LD-2 | 81(1) 138(1) 128(1) 166(1) | 7.9 8.3 7.6
LD-3 | 60(1) 102(1) 94(1) 122(1) | 7.9 83 7.7
LD-4 | 115(1) 196(2) 179(2) 235(3) |57 5.9 53
LD-5 | 154(5) 261(8) 239(8) 313(10) | 6.4 6.6 5.9
LD-9 | 114(3) 194(5) 178(4) 233(6) | 7.1 7.3 6.4
LD-10 | 64(1) 108(2) 100(2) 130(2) | 6.2 6.3 5.6
LD-11 | 69(1) 118(1) 109(1) 1422) | 6.5 6.9 5.7
LD-12 | 51(1) 86(1) 79(1) 103(1) | 65 6.9 5.8
Mean | 78(1) 132(1) 122(1) 159(2) | 6.7 7.0 6.1

of 10% is achieved for the settings (IV), resulting in a mean value of 0.6 x 10~* ckky with several
detectors approaching the CUPID background goal.

Despite these encouraging results, we observe that the background levels estimated through
simulations and parameterized by SNR and 1,45 according to [29], which predicts the BI ~ 0.5 X 1074
ckky for SNR/7yise ~ 180, do not completely account for the specific behavior of individual detectors in
terms of noise. This is because the simulations utilized actual noise baseline streaming obtained with
a set of typical LDs chosen initially. The noise figure is dominated by vibrations, and a large spread is
observed not only in the noise RMS level (captured by SNR) but also in the shape in the frequency
domain. In particular, the microphonic peaks and the noise level in the frequency range of 1-20 Hz
(and their high-frequency harmonics) change significantly from sample to sample, similar to previous
measurements in this setup [48]. These observations explain the large spread in the achieved results,
as illustrated in figure 11, which correlates the LD performance parameters with background levels.
It is clear from figure 11 that there is definitely room for improvement related to noise conditions
(e.g. improved grounding of the setup, implementation of noise cancellation techniques) and to the
ratio of key parameters SNR/7;j5. (particularly with a higher NTL bias and possibly faster detector
response). Both ways of NTL-LD optimization will be investigated in upcoming experiments with
the CROSS demonstrator and the second CUPID prototype tower.

Another enhancement in pile-up rejection could be achieved by employing a different transfer
function to process signals before applying pulse-shape-parameter cuts. Currently, we utilize a transfer
function based on the Gatti-Manfredi optimum filter. However, this signal processing method is
optimized to estimate the signal amplitude, and there is no inherent reason to assume it is the best
approach for distinguishing pile-up events. In contrast, preliminary tests using a custom-engineered
transfer function, designed to emphasize the frequency range where single and overlapping pulses
differ most, yielded improved results compared to those presented here. A future publication will
explore this new approach in detail once the related work is completed.
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Figure 11. Dependence of the background index BI at 1Mo 0Opp on the ratio of SNR to rise time for the 8
NTL-LDs considered and the two simulated CUPID-like detector configurations (II) and (IV), corresponding
respectively to the CROSS and CUPID Baseline detector structures using NTL-LDs with a full electrode
coverage of wafers’ surface. Results achieved with a similar device operated in the used setup [29] are shown
too (stars).

4.3 NTL-LD technology for large-scale applications

The above-described tests and simulations of NTL-LD devices demonstrate that this technology
potentially satisfies demands of a large-scale cryogenic OvS8f search experiment in terms of detector
performance and capability of pile-up rejection and it will be transferred to the fabrication of such
devices for CUPID [7]. This knowledge transfer is expected to be straightforward, taking into account
that the same absorber material with similar size will be used in the fabrication of CUPID LDs [61, 62].
Moreover, the circular electrode design combined with the slightly larger area of octagonal-shaped Ge
LDs of the CUPID Baseline design [7] would enable the use of an additional circular Al electrode,
increasing the area for the NTL effect from 56% (for a square-shaped wafer) to 75%. An R&D on the
electrode design is ongoing to extend the NTL electrode coverage to 100% [62]. In particular, the
present (circular) electrode design, together with the new ones (semi-square and dual-spiral), are used
in the 42-crystal array of the CROSS experiment, under commissioning now. Larger, octagonal, LDs
with circular electrodes are used in the second CUPID prototype tower with 28 crystals, currently
under operation at low temperature. Also, the square-shaped LDs with the full electrode coverage
will be used in the BINGO demonstrator in 2026. All these experiments are serving as middle-scale
demonstrators of the NTL-LD technology.

The present study reveals that despite the same fabrication process used, ~ 10% of the produced
NTL-LDs cannot hold a high electrode bias, O (100 V), without the destructive leakage current. To
prevent this issue in a large-scale experiment like CUPID, a pre-characterization of such devices at 4 K
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using a picoammeter is mandatory. We already verified the reproducibility of this method to predict
the breaking voltage leading to the leakage current at mK temperatures. Moreover, we are developing
a dedicated 4-K cryostat at IJCLab, which can host a batch of 100 NTL-LDs for simultaneous and
automatized characterization. Furthermore, to speed-up the NTL-LDs fabrication and to improve the
reproducibility in the production process, a specially-designed large electron-beam evaporator is under
construction at IJCLab and to be used for the production of 50 detectors per week.

5 Conclusions

Future bolometric experiments to search for OvgBg decay (like CROSS [20], BINGO [21], and
CUPID [7]) will largely rely on high-performance cryogenic light detectors (LDs) for both particle
identification and random coincidences rejection. A convenient approach to enhance performance
of an ordinary cryogenic LD is the deposition of electrodes on its surface to leverage voltage-driven
thermal signal amplification based on the Neganov-Trofimov-Luke (NTL) effect [23, 24]. By adopting
a technology of the circular electrode deposition described in [25], we fabricated a batch of 10 Ge NTL-
LDs with a size of 45 X 45 x 0.3 mm each; the squared shape of the wafers is conceived by the CROSS
and BINGO experiments. The NTL-LDs were assembled in the CROSS-design detector structure [30]
together with ten 45-mm side cubic crystals (six LiMoO, and four TeO, based materials), acting as
thermal detectors and photon sources for the NTL-LDs studies. The 10-crystal detector array was
installed inside a pulse-tube-based cryogenic facility at the Canfranc underground laboratory (Spain),
dedicated to the CROSS experiment [40]. We operated detectors at 17 mK to optimize their sensitivity
and enable comparison with previous tests in the setup and at 22 mK to optimize time response.

Two Li;MoQOy4-based thermal detectors, used as reference devices of the CROSS setup, exhibit
high performance (particularly, energy resolution of 1-2 keV FWHM for noise traces and below 6 keV
FWHM at 2615 keV), consistent with results from previous tests. The noise of the cryogenic Ge LDs
was measured in the range of 0.05-0.15 keV RMS (0.07 keV mean); this performance is compatible
with highly efficient scintillation-assisted rejection of a-induced background (more than 99.9%) — the
dominant contribution to the region of interest for Ov3 decay searches with “pure” thermal detectors
like in CUORE, the currently running predecessor of CUPID. Operation at a higher temperature
(22 mK), combined with relatively high currents across the thermistors, reduced the signal-to-noise
(SNR) in the LDs by only ~ 30% (despite a 2.5-fold decrease in sensitivity), while the rise time of the
thermal signals decreased from ~ 2 ms (at 17 mK) to the sub-ms range. With an 80 V bias applied
to the Al electrodes, the Ge devices achieved a mean rise time of 0.54 ms, and the SNR improved
by a mean factor 9 (4 for the surface opposite the electrodes). We note that the gain is limited by
the current electrode design (optimized for a circular wafer), which covers approximately 56% of
the area for the NTL effect (i.e., a factor 1.7 compared to the full coverage).

Using the achieved performance of NTL-LDs, the acquired data-streams and following the
procedure described in [29], we realized simulations of pile-ups in the ROI of '®’Mo (primarily
induced by two-neutrino double-beta decays of 100Mo) for CROSS [30] and CUPID [53] detector
structures, and considering NTL-LDs with partial (i.e., a circular electrode) or full (e.g., a dual-spiral
or semi-square electrode) coverage of the wafer’s surface. This study shows that, assuming full
NTL electrode coverage, the performance of the Ge devices in this work would enable efficient
discrimination of pile-ups close to CUPID’s background goals (i.e., a pile-up contribution below
0.5 x 10™* counts/keV/kg/yr). Moreover, we would like to emphasize that the noise level of the
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CROSS setup cannot be representative for CUPID, which will use the CUORE facility having several
pulse-tubes and applying an active noise cancellation technique [63, 64] together with denoising
algorithms in data analysis [65, 66].
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