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Abstract The ACCESS (Array of Cryogenic Calorimeters to Evaluate Spectral Shapes) project aims to establish a novel technique to
perform precision measurements of forbidden β-decays, which can serve as an important benchmark for nuclear physics calculations
and represent a significant background in astroparticle physics experiments. ACCESS will operate a pilot array of cryogenic
calorimeters based on natural and doped crystals containing β-emitting radionuclides. In this way, natural (e.g. 113Cd and 115In) and
synthetic isotopes (e.g. 99Tc) will be simultaneously measured with a common experimental technique. The array will also include
further crystals optimised to disentangle the different background sources, thus reducing the systematic uncertainty. In this paper,
we give an overview of the ACCESS research program, discussing a detector design study and promising results of 115In.

1 Introduction

Since its debut in the scientific community, the neutrino has played a crucial role in the puzzle of fundamental particles, due to its
peculiar cocktail of properties: at the same time the neutrino is the lightest massive particle of the Standard Model, the most elusive
one, and the only neutral fundamental fermion. Particularly, this last feature makes the neutrino the perfect probe for Majorana’s
hypothesis, according to which a fermion and its own antiparticle have the same real wave function. Indeed, we can distinguish
a neutrino from an antineutrino only indirectly, through its interactions in matter. They could be two different states of the same
particle, which interacts in two different ways according to its chirality. The discovery of neutrino oscillations, revealing its massive
nature, has pushed the experimental efforts in this direction, because only a massive particle can reverse its chirality.

As far as we know, the only process that could unravel the mysterious nature of neutrino is the neutrinoless double beta decay
(0νββ ). It is a forbidden, lepton-number-violating nuclear transition, whose observation would answer long-standing questions,
such as Dirac or Majorana nature of neutrinos and their absolute mass, also providing a possible leptogenesis mechanism to explain
matter–antimatter asymmetry in the Universe. The 0νββ would be an extremely rare decay, making its searches exceptionally
challenging. In the case of light Majorana mass exchange mechanism, according to Fermi’s golden rule, its half-life can be factorised
as:

(
T 0ν

1/2

)−1 � g4
AG0ν(Qββ, Z )

∣∣M0ν(A, Z )
∣∣2

∣∣∣∣
mββ
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2
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where G0ν(Qββ, Z ) is the phase-space factor, gA is the axial-vector coupling strength, M0ν(A, Z ) is the nuclear matrix element
(NME), me is the electron mass, and mββ is the effective Majorana mass of the neutrino. The latter is the New Physics parameter
that we can derive from Eq. (1), provided that we know all the involved variables. The phase-space factor depends on the decay
kinematics, and its value is calculated with a high precision for each isotope [1, 2]. On the contrary, the uncertainties of the theoretical
estimates for the NME are large, at least of the order of 30% based on the variation between the NME values provided by various
theoretical frameworks adopting different approaches to solve the nuclear many-body problem [3–5].

Further evidence that nuclear theory has room for improvement is the fact that a quenching of the free-nucleon axial coupling
constant, gfree

A � 1.27641 [6], is usually required to bring theory in agreement with β-decay experimental data within some
theoretical models. The same holds for two-neutrino double beta decay (2νββ ) [5], the standard-model allowed counterpart of the
0νββ . Whether the quenching found for β-decay and 2νββ applies similarly to the 0νββ is still a matter of debate [7, 8]; indeed,
these nuclear processes have a low-momentum exchange, while 0νββ is a high-momentum exchange process involving states up
to ∼100 MeV. Though it is not obvious how the quenching in 2νββ generalises to 0νββ , it is of utmost importance to study the
quenching of gA with different approaches to identify its origin and to understand the implications of it when probing new physics
phenomena.

In this scenario, new experimental data to benchmark nuclear model calculations are pivotal. Indeed, if a next-generation exper-
iment observes the 0νββ decay, the NME uncertainty will directly reflect on the Majorana mass, and on the half-lives predicted
for other isotopes. On the other hand, if next-generation experiments fail to observe 0νββ decay, the scientific community would
know which are the most favoured isotopes to steer the subsequent efforts, but again NME uncertainties complicate the selection
process. For this reason, the Astro Particle Physics European Committee (APPEC) in its recent report on European Strategy for 0νββ

recommends “A dedicated theoretical and experimental effort, in collaboration with the nuclear physics community to achieve a
more accurate determination of the NMEs” [9]. This is exactly what the ACCESS project aims to do.

There are several ways to quantify the effective quenching in decay processes with low-momentum exchange, such as discussed
in Refs. [7, 10]. One of the proposed methods exploits the dependence of the β-spectrum shape of forbidden non-unique beta
transitions on the gA value. Since in these particular decays high multipolarities are involved, as in 0νββ , they are an attractive tool
to investigate the nuclear aspects of this transition. A detailed review of theoretical and experimental achievements in this field can be
found in Ref. [8]. Moreover, several experimental searches in astroparticle physics are affected by assumptions regarding the β-decay
spectral shape, such as the 210Bi in solar neutrino detection [11], 39Ar in dark-matter search with liquid argon-based detectors [12],
and 90Sr in cryogenic calorimeters [13–15]. A precise evaluation of the spectral shape of these background components would
notably reduce the systematic uncertainty in the data modelling and improve the experimental sensitivity.

In this field, the main experimental efforts focused on naturally occurring isotopes for which a forbidden non-unique β-decay is
expected: 113Cd, 115In, and 50V. 113Cd β-decay is the most studied process, thanks to well-established experimental methods. The
most accurate measurement was performed by the KINR-DAMA collaboration at the Laboratori Nazionali del Gran Sasso (LNGS)
by using a CdWO4 scintillating crystal in long-term low-background measurements. The shape of the spectrum was precisely
measured with an energy threshold of 28 keV, an energy resolution of 47 keV at Qβ � (323.83 ± 0.27) keV [16], and a signal-
to-background ratio of ∼56 [17]. Recently, the COBRA collaboration carried out a very precise measurement with CdZnTe (CZT)
semiconductor detectors, achieving an energy threshold of 84 keV, an energy resolution of 18 keV at Qβ , and a signal-to-background
ratio of ∼47 [18]. 50V presents an opposite situation, having its β-decay not yet observed. Different experimental approaches are
under development [19, 20] to investigate such decay beyond the current limit, i.e. T1/2 > 1.9 × 1019 yr [19]. For 115In, there were
two measurements based on scintillating liquid loaded with In [21, 22], and LiInSe2 cryogenic calorimeter [23]. While the former
measurement featured a poor energy resolution and energy threshold which prevented a detailed study of the spectral shape, this
was successfully performed in the latter case. This is a further confirmation that cryogenic macro-calorimeters are a proper tool to
asses the spectral shape of β-decay, as extensively demonstrated in last years for the two-neutrino double beta decay [13–15, 24].
The success of these efforts led to the idea of applying cryogenic calorimeters to spectral shape measurements of rare β-decays.
There are other alternative or complementary experimental approaches based on Metallic Magnetic Calorimeters [25] or Silicon
Drift Detectors [26, 27] which are consolidating, reflecting the growing interest in this research field.

In this work, we introduce the ACCESS project, providing a general overview of the research program. In Sect. 2 we introduce
the spectral shape method, and in Sects. 3 and 4 we detail the features of crystals and sensors, respectively. In Sect. 5 we describe
the Monte Carlo techniques adopted for the ACCESS purpose, in particular for the performance study presented in Sect. 6. Finally,
we discuss the preliminary results of the ACCESS measurements in Sect. 7, and the project perspectives in Sect. 8.

2 Theoretical framework

The Spectral Shape Method (SSM) [28] is based on the fact that for forbidden non-unique β-decays the energy spectrum of the
emitted electrons—described by the β-decay shape function—depends on the leptonic phase-space factors and the Nuclear Matrix
Elements (NMEs) in a non-trivial way. The phase-space factors can be calculated to a desired accuracy [29], but the NMEs are
subject to systematic uncertainties of the underlying nuclear models.
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The complexities of the shape function are condensed in the so-called shape factor C(we), which is a function of the total energy
we of the emitted electron (in units of the electron rest mass) [10, 28]. The shape factor can be divided into an axial-vector part
CA(we), a vector part CV(we), and a mixed vector-axial-vector part CVA(we), such that we obtain

C(we) � g2
A

[
CA(we) +

(
gV

gA

)2

CV(we) +
gV

gA
CVA(we)

]
. (2)

Here the interference between the sum of the CA and CV parts and the mixed CVA part causes a variation of the electron spectral
shapes depending on the ratio gV/gA.

In [28] it was noticed that the variation was rather strong for the β-decay transition 113Cd(1/2+) → 113In(9/2+) when the NMEs
were computed by using the interacting shell model (ISM) [30] and the microscopic quasi-particle-phonon model (MQPM) [31].
In a further study of this transition [32], a similar dependence was recorded for the microscopic interacting boson-fermion model
(IBFM-2) [33]. The essence of the SSM philosophy is to compare the electron spectral shapes, computed for different values of
gA, with the measured one in order to be able to access an effective value of gA. In Ref. [32] the computed electron spectra are
compared with the one measured in Ref. [17], finding that the measured spectrum is roughly reproduced by the calculated spectra of
all three nuclear models for values of gA/gV ∼ 0.9. This is a remarkable result if we consider the totally different nuclear-structure
principles behind these models.

In the studies [28, 32], as also in Ref. [18], it was noticed that a simultaneous prediction of the electron spectral shape and the
partial half-life of the decay transition was a challenge. In Ref. [34], it was proposed to use the conserved-vector-current hypothesis
(CVC)-related NME, introducing the so-called small relativistic NME [35] (here denoted as “s-NME”), to fix the problem with the
prediction of the partial half-life of the decay transition simultaneously with the β-decay spectral shape. This “enhanced SSM” was
successfully tested in the work [36] for the 113Cd decay using the three mentioned nuclear models, and further applications were
presented in [37]. To the recently measured 115In decay [23] the enhanced SSM was not yet applied, but in the ACCESS project
we are going to harness the full power of this method in order to obtain fine-tuned results for 115In and other potentially interesting
nuclei.

The value of the s-NME is directly related to the CVC in an ideal calculation [35]. The magnitude of the CVC-based s-NME
is typically 2–3 orders of magnitude smaller than the magnitude of a typical main NME which collects strong contributions from
the 1�ω shell-model valence space [37]. Instead, the s-NME collects its contributions from beyond the 1�ω valence space, making
the prediction of its value very hard for the nuclear models used in the SSM calculations. In particular, due to their very restricted
valence spaces, the ISM and IBFM-2 typically predict a zero value for the s-NME [37]. The MQPM, instead, has a large valence
space but still it predicts too small magnitudes for the s-NME. Despite its small value, the s-NME plays a role in determining the
half-life of a beta transition. This is why it is important to have an estimate of its value, and its CVC value is a good reference in the
enhanced SSM calculations.

Since the CVC value of the s-NME requires an “absolute” calculation (infinite valence space, perfect many-body theory, etc.) it
cannot be used directly in realistic applications. Instead, it can be used as a free parameter and its value can be adjusted to reproduce
the experimental partial half-life of the beta transition of interest. This adjustment has to be done for each value of gA separately
so that the computed beta-spectrum templates used in the enhanced SSM will fix both gA and s-NME when matched with the
experimental beta spectrum. The thus fixed value of the s-NME is typically in the ballpark of its CVC value [37].

3 Crystals

The ACCESS project proposes to use different crystals to measure the spectral shape of different β-emitters. A list of isotopes
interesting for Nuclear and Astroparticle Physics is presented in Table 1.

Natural crystals Only three forbidden β-decay emitters are natural isotopes with a high isotopic abundance (i.a.); 115In (i.a.
� 95.72%), 113Cd (i.a. � 12.23%), and 87Rb (i.a. � 27.835%). In particular, the first two isotopes can be embedded in crystals
suitable to be used as an absorber in a cryogenic calorimeter, such as indium oxide (In2O3) [38], indium iodide (InI), and cadmium
tungstate (CdWO4). These are the first crystals and isotopes to which ACCESS will focus on. Another interesting candidate to explore
as cryogenic calorimeter for the ACCESS purposes could be the PbWO4, the material used for the electromagnetic calorimeter of
the Compact Muon Solenoid (CMS) [39] experiment at Large Hadron Collider (LHC). The residual amount of 210Pb from natural
radioactivity in such crystal could allow one to study the low-energy β-decay of 210Pb, and the subsequent decay of 210Bi. This
material is currently under investigation for RES NOVA, a proposed experiment to detect Supernova Neutrinos with PbWO4 based
cryogenic calorimeters at LNGS [40, 41].

Doped crystals Unfortunately, natural crystals would allow to study only a limited number of isotopes belonging to the long list
of interesting candidates. A different approach is therefore needed to develop a technique able to assess simultaneously a higher
number of isotopes. Based on previous successful experience with doped crystal to study α-decay [42], we propose to have a carrier
crystal, e.g. TeO2 or Li2MoO4, doped with a specific β-decaying isotope during the crystal growth. For each isotope, a twin pair
of crystals, one doped and one natural can be operated simultaneously. While the embedded β-source will dominate the counting
rate of the doped crystal, the natural one will monitor internal and environmental backgrounds. A combined fit of Monte Carlo
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Table 1 List of the isotopes whose β-decay could be measured using the carrier crystal approach proposed by ACCESS (in bold) or natural crystals

Physics case Isotope Qβ (keV) Half-life (year) Natural abundance or target doping

Nuclear physics 99Tc 293.8 2.11 × 105
0.25 ppb

113Cd 316 7.70 × 1015
13.47%

115In 496 4.41 × 1014
95.7%

90Sr 545.9 28.8 30 ppq

Background in ν-physics and dark matter search 39Ar 565 269 0.15 ppt
42Ar 599 32.9 20 ppq
210Bi 1161.2 0.014 238U decay chain

Cosmic neutrino background detection 151Sm 76.4 94.7 0.20 ppt
210Pb 63.5 22.2 238U decay chain

In the rightmost column, we report the isotopic abundance of naturally occurring isotopes, and the target activity of artificial isotopes in doped crystals. 210Pb
and 210Bi belong to 238U natural radioactive chain, so that their spectra can be measured with natural PbWO4 exploiting the residual 210Pb contamination

simulations to the two spectra will ensure a precise reconstruction of both signal and background spectral shapes. For each isotope,
the crystal size will be determined by balancing the containment efficiency of the β-signal, and the background rate in the region
of interest. Given the Q-value of the considered processes (< 600 keV), a 1 cm3 TeO2 crystal would be a reasonable candidate as
a carrier crystal. Therefore, we use this as a reference for our β-source concentration calculations. Indeed, the powder doping can
be tuned in order to optimise the signal rate (e.g. ∼ 2 Hz) without spoiling the bolometric performance. As reported in Table 1,
the target doping to get a signal rate of ∼ 2 Hz in a 1 cm3 TeO2 crystal is at most at ppb level, giving a negligible contribution
to the detector heat capacity. The main challenge of this approach is to obtain uniform doping in the crystal volume to ensure a
correct evaluation of the detection efficiency. For this reason, several doping tests will be needed to study source segregation, and
eventually, the optimal configuration will be reached after several growths. The goal of ACCESS is to demonstrate the potential of
this technique at least with an isotope, reasonably 99Tc.

4 Thermal sensors

The natural choice for the ACCESS thermal sensors is semiconductor thermistors, i.e. Neutron Transmutation-Doped germanium
(Ge-NTD or NTD) [43], developed and successfully operated by CUORE, CUPID-0 and CUPID-Mo collaborations. Ge-NTDs are
obtained by doping an ultra-pure germanium slab up to a concentration close to the critical value for the metal-insulator transition [44].
In this condition, below � 1 K, the electrical conductivity is driven by the Variable-Range Hopping (VRH) mechanism [45], and
the relation between electrical resistivity (ρ) and temperature (T ) is described by the Mott law [46]:

ρ(T ) � ρ0 exp

(
T0

T

) 1
2

(3)

ρ0 is a parameter that depends on the intrinsic properties of the germanium lattice, while T0 depends on the uniformity and
concentration of the doping. Through the variation of its resistance (Fig. 1 left), the NTD converts a temperature variation, induced
by an energy deposition in the crystal, into an electric signal.

The NTD is operated by biasing it with a potential difference Vbias through an electric circuit where each sensor is connected in
series with a load resistor Rload � R, as reported in Fig. 1 (left). In this way, for any bias voltage Vbias, the current flowing through
the thermistor can be assumed to be constant. The optimal working point is chosen maximising the SNR by scanning a voltage
region where the NTD response is still linear.

In underground astroparticle physics, NTD-based cryogenic calorimeters are usually operated at temperatures of the order of
10 mK to reduce the heat capacity of the absorber, thus enhancing the signal amplitude. NTDs feature a high dynamic range, allowing
them to detect energy depositions over a wide interval, from few keV up to � 10 MeV, and a very good energy resolution, of the
order � 0.2−−0.3% [48, 49]. However, they are characterized by a relatively slow time response, so thermal pulses develop over a
time interval that ranges from hundreds of ms up to few seconds (depending also on the heat capacity of the crystals) [48]. Therefore,
a bolometer read out by NTDs can be affected by pile-up between different thermal pulses. Since the energy of two piled-up signals
cannot be precisely reconstructed, these events are rejected reducing the selection efficiency in high-rate measurements (> 1 Hz) [23].

In natural crystals, the signal counting rate is determined by the crystal dimensions, which can be optimised to increase the
signal-to-background ratio. Since the expected counting rate due to β-signal and radioactive backgrounds in this application is
O(200 mHz), NTD readout is very suitable. Indeed, with a time resolution at a level of few ms and a time acquisition window of
500 ms [38], the pileup probability is below 10%.
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Fig. 1 Resistance as a function of the NTD (left) and TES (right) temperature. A simplified scheme of the bias circuit for the two sensors is also shown.
Rtherm and RTES represent the resistance of the NTD and the TES, respectively. Figure adapted from [47]

Table 2 Detector performance used in the Monte Carlo simulation processing for NTD [59] and TES sensors [55, 56]

Parameter NTD TES

Rise time 10 ms 1 ms

Acquisition window 1 s 100 ms

Energy resolution 1 keV 100 eV

Energy threshold 5 eV 1 eV

These parameters can vary from one detector to another depending on the features of sensor, absorber, and their coupling. For this reason, we chose as
reference performance that of detectors as similar as possible to those foreseen for ACCESS

Doped crystals exhibit a signal counting rate dependent on the source concentration, which can be adjusted by balancing the high
signal-to-background ratio and the low pileup probability. In this case, NTD sensor may not be the most effective choice, because
the slow time response limits the maximum tolerable activity to O(1 Hz). The Transition Edge Sensors (TES) can overcome such
limitations.

A TES is a thin film made of a superconducting material, operated at a temperature just below its superconducting transition
temperature so that its resistivity is negligible. When an energy deposition occurs in the absorber to which the TES is coupled, the
induced rise in temperature causes the resistance of the TES to increase, following the superconductive-to-normal metal transition
(see Fig. 1 right). Since the transition lies in a temperature range of ∼ 1 mK, the TES is extremely sensitive also to very small energy
depositions, featuring excellent energy resolution and extremely low energy threshold. The values of these parameters depend a lot
on the different sensor optimisations performed for the specific physics case [50–56]. Another advantage of TES is that they are
sensitive to athermal phonons rather than thermal phonons (like is the case for NTDs), therefore, their time response is faster than
the one of the NTD, but also, in this case, the actual value depends on the specific application. For the purposes of this paper, we
assume the TES performance obtained in Refs. [55, 56] and reported in Table 2, because they have been achieved with detectors
similar to the ACCESS ones. For ACCESS purposes, it would be very useful to combine the two temperature sensors operating them
together and in two different dynamic ranges. The NTD readout provides data useful for the internal background reconstruction via
α-spectroscopy while data collected with TES readout allows mitigating the pileup in the signal. Operating NTD and TES on the
same crystal featuring a high counting rate would also enable the possibility to study and improve the pileup rejection efficiency
achieved with NTD, which is of pivotal importance for the CUPID 0νββ next-generation experiment [57, 58].

5 Monte Carlo simulations

Given a certain β-decaying isotope to be measured, the corresponding detector design can be optimised by means of Monte Carlo
simulations. Hereafter, we describe the software tools we plan to use for this purpose, while their application to the sample case
study of 115In is reported in Sect. 6.

We simulate the signal and the different background sources with a Monte Carlo toolkit, called Arby, based on the geant4
framework [60], version 4.10.03. The radioactive decay from the various sources can be generated in any volume or surface of the
detector, cryostat and shielding implemented in Arby [61]. The primary and any secondary particles are then propagated through the
detector geometry using the Livermore physics list. The energy deposited in crystals is recorded in the Monte Carlo output together
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Fig. 2 Simulated energy spectra of the 115In β-decay (blue), and the different background components for a 7 mm-side InI crystal with NTD readout. We
include in this plot only the dominant background contributions, i.e. the bulk contaminations of the crystal and the thermal shield at 50 mK. As expected,
the 115In β-decay is two orders of magnitude higher with respect to the limit on the 40 K background (solid red)

with the time at which the interaction occurred. The fraction of energy released by any particle type is also recorded to allow particle
identification. Radioactive decays are implemented using the G4RadioactiveDecay database. The decay chains of 232Th, 238U, and
235U can be simulated completely or in part, to reproduce breaks of secular equilibrium. The β-decay simulations are generated
according to the energy spectral shape templates, obtained as described in Sect. 2.

In order to implement the detector response function and data production features in the Monte Carlo data, we reprocess the Arby
output with a dedicated code. In particular, to account for detector time resolution, we sum energy depositions that occur in the same
crystal within the signal rise time. We reproduce the single signal selection defining a pile-up window1 around each event: if another
signal falls in it we discard both the events as in the data processing. The experimental energy resolution is usually reproduced by
applying a Gaussian smearing function with linearly variable width based on measured FWHM of γ -ray and α-particle peaks, while
the energy threshold of each detector is modelled with an error function that interpolates the experimental data of trigger efficiency
versus energy. In the specific case of the study presented in Sect. 6, we assume a constant energy resolution (σ ) and a conservative
energy threshold of 5σ . The selection and detection efficiencies are calculated on the data as a function of the energy, and modelled
with an error function which is applied to the Monte Carlo simulations.

6 Detector design studies: the In-115 case

With the Monte Carlo tools just described, we conduct a study to optimise the detector design of an indium iodide crystal. We
evaluate the side size of the crystal by optimising the interplay between signal and background rates. The signal simulation takes
as input a theoretical energy spectrum template with fixed s-NME � 2.0 and gA � 0.9, which are assumed to be reasonable values
according to a previous enhanced-SSM analysis on 113Cd [36]. For this study, we consider in our simulations InI cubic crystals of
different sides in the range 2–10 mm, computing the expected activity accordingly:

A(Bq) � N0

τ
� d · l3 · NA · i.a.

M · τ
(4)

where d is the InI density, l the crystal side, NA is the Avogadro number, M the InI molar mass, while i.a. and τ are the isotopic
abundance and the mean-life of 115In, respectively.

On the background side, we expect 232Th, 238U chains and 40 K to be the most prominent contributions. Therefore, we simulate
these radioactive sources in the thermal shields of the cryostat, characterised by the CUORE-0 and CUPID-0 experiments [61], and
in the crystal bulk. For the latter, we compute quite conservative limits exploiting the InI data shown in Sect. 7. Typical performance
of detectors similar to the ones we expect to use are reported in Table 2.

The resulting energy spectra for an InI crystal of size 7×7×7 mm3, shown in Fig. 2, demonstrates that the expected background
level is low enough to ensure a clear assessment of the β-decay spectral shape. In order to understand which are the optimal crystal
dimensions, for each configuration, we integrate the energy spectrum of signal and background in the energy interval from 0 keV up
to the Q-value of the 115In β-decay. The resulting signal and background throughput, together with the signal-to-background ratio,
are reported in Fig. 3.

1 The pile-up window reproduces the experimental data time acquisition window, which is not always symmetrical with respect to the trigger position (see
Fig. 8 left).
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Fig. 3 Signal rate (blue solid line), limit on background rate (blue-dashed line), and signal-to-background ratio (orange solid line) as a function of the
absorber side. The signal rate grows with the dimension even if, for larger sizes, the occurrence of multiple decay within the same acquisition time window
reduces the efficiency of signal selection. The limit on the background increases almost linearly with the crystal volume, thus the signal-to-background ratio
is more favourable for small crystals

Fig. 4 Simulated energy spectra of the 115In β-decay for different dimensions of the absorber (assuming s-NME � 2.0 and gA � 0.9, left). The larger is the
crystal the lower is the difference between the template spectrum (black) and the simulated one. The simulation for the 7 mm side crystal is repeated for five
different values of gA around the chosen reference value (right). The simulations are processed introducing the detector performance reported in Table 2

The signal rate increases with the size of the crystal due to a larger indium activity, allowing the collection of more statistics.
However, the effect of the pile-up is not negligible for larger absorbers, thus damping the previous trend. This happens when the
mean time between subsequent events becomes comparable with the acquisition window length of 1 s. The background rate, instead,
being dominated by bulk contamination, always gets larger with the crystal dimensions. As a result, the signal-to-background ratio
reaches its maximum at absorber size, of ∼ 4 mm and then decreases, as shown in Fig. 3. Thus, little absorbers are preferred from the
signal-to-background point of view. However, larger absorbers, beside the higher absolute signal rate, are characterised by a higher
containment efficiency, useful in the fit procedure to better identify and fix background peaks. Taking everything into account, we
consider a crystal of 7 mm side size a good compromise to maximise the signal rate and the background modelling efficacy while
keeping a satisfying signal-to-background ratio.

Another crucial point of this study is the evaluation of the detector response function on the β-decay spectrum, because we want
to avoid any distortions introduced for example by the pile-up. This is important to understand if the thermal sensors we are taking
into account, NTD and TES, are suitable for our purposes. First of all, we want to minimise the partial containment of the signal,
to be sure that the detector response function does not deteriorate our sensitivity to different gA. In Fig. 4, we show 115In spectra
generated for different sizes of the absorber (left), and different axial coupling constants (right). In order to be conservative, we look
at them by considering in the Monte Carlo simulations the typical parameters of the sensor with poorer performance, i.e. the NTD
reported in Table 2. Even if the detector response function can be effectively evaluated by Monte Carlo simulations, as demonstrated
in several works [61], we can conclude that larger crystals are preferred in order to minimise the effects due to partial containment,
thus reducing any possible systematic uncertainty due to the detector response function.

Two other essential parameters to be considered are the energy resolution and the energy threshold. Typically the better the energy
resolution is, the lower the detector energy threshold will be. Let us fix the theory input as before: s-NME � 2.0 and gA � 0.90,
the time resolution (10 ms) and the acquisition window (1 s). We take into account 4 different constant energy resolutions: 200 eV,
1 keV, 5 keV and 10 keV. As a rule of thumb, we assign an energy threshold equal to 5 times the energy resolution, so respectively
1 keV, 5 keV, 25 keV and 50 keV. The simulated spectra processed with these parameters are presented in Fig. 5. A worsening in the
energy resolution is not affecting the spectral shape, our signal being a continuum spectrum. Nevertheless, a better energy resolution
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Fig. 5 Effect of different energy resolution and energy thresholds on the 115In spectrum. Notice that the first parameter has no repercussions on the resulting
shape

Fig. 6 Left. Expected signal counts per day as a function of the source activity assuming time and energy resolutions of a NTD (blue solid line) and a TES
(orange-dashed line). The divergence from the linear trend grows with the expected signal rate due the presence of multiple signals in the same acquisition
time window. Right. Energy spectra of the 115In β-decay assuming time and energy resolutions of a NTD (blue solid line) and a TES (orange-dashed line).
As expected, the piled up events populate the energy spectrum above the 115In Q-value in the NTD case, while the pileup is practically negligible for the
TES

helps to fix the different background sources in the spectrum reconstruction. Conversely, an energy threshold larger than 50 keV
cuts away a good fraction of the low energy region, where the spectral shape effects due to a different value of gA are more relevant.
Thus, both the thermal sensors considered in this paper are suitable for these studies as long as the energy threshold is lower than
50 keV.

Lastly, we study the effects of different timing parameters, i.e. the time resolution and the acquisition window length. A good
time resolution allows us to distinguish pulses close in time that would be integrated together otherwise. Moreover, faster pulses
ensure shorter acquisition intervals, reducing the statistical loss due to multiple pulses in the same window, usually discarded during
the data analysis. TES operated with macro-calorimeters of the size mentioned above, usually have rise times in the order of 1 ms.
We decide cautiously to consider a time resolution equal to the rise time itself since the resolution heavily depends on the algorithm
used to tag overlapped pulses, even if it can be reduced up to 10 times with sophisticated analyses [62]. With a signal rate of �
1 Hz, the presence of multiple pulses within a signal time window reduces the actual signal rate for the NTD configuration, while
TES are practically unaffected, as reported in Fig. 6 (left). This could represent an issue when the size of natural crystals is too
large or the source activity in doped crystals is too high. As shown in Fig. 6 (right), the different time resolutions considered do not
introduce shape distortions to the energy spectrum, with the exception of the region near the decay Q-value, where this effect can
be effectively modelled anyway.

To conclude, both TES and NTD are suitable for the ACCESS goals with the caveat that energy threshold and statistics losses
due to poor time resolution may represent limiting factors for the second class of thermal sensors. In the case of InI, the optimal
crystal size determines an activity way lower than 1 Hz, so the NTD sensor is still a good option; conversely for doped crystals we
can increase the signal-to-background ratio optimising the doping level, which requires a TES if the signal rate exceeds the 1 Hz
limit.
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Fig. 7 Experimental setup used to measure the InI crystal as cryogenic calorimeter at LNGS. The detector is resting on the copper plate facing a 232Th
source

Fig. 8 Left. Template signal obtained by averaging hundreds of InI thermal pulses using a 1000 ms acquisition window. Right. Energy spectrum obtained
with the InI crystal in 300 h of data taking together with the 115In β-decay component (orange). The prominent γ -rays produced by a near 232Th source are
labelled

7 Preliminary measurements

Following the outcomes of the study presented in Sect. 6, we tested an indium iodide (InI) crystal of dimensions 7×7×7 mm3 and
mass 1.9 g. We equipped the InI crystal with an NTD thermistor (3×3×1 mm3), whose signal is readout with 25 μm gold wires.
The detector was installed on a copper plate directly attached to the mixing chamber of the CUPID R & D cryostat and operated at
16 mK. We also added a 232Th calibration source to the experimental setup, which is shown in Fig. 7.

The electronic readout and the data acquisition systems used in this measurement are described in Refs. [63, 64]. We saved on disk
the continuum data stream, and every time the derivative trigger fired, a waveform of 1000 ms was recorded for InI. The collected
data were then filtered with the optimum filter technique [65], following the standard steps established and tested by CUORE-0 [66],
CUORE [48, 67], CUPID-0 [13, 68], and CUPID-Mo [14, 49] collaborations. In this configuration, we acquired over 300 h of
physics data with a calibration source. The template pulse of the detector, obtained by averaging hundreds of signals, is presented
in Fig. 8 (left). We calibrate InI using the prominent γ -ray peaks in the energy spectrum as presented in Fig. 7. Overall, the detector
shows very good performance, achieving an energy threshold of 17 keV, and an energy resolution of 3.1 keV FWHM at 60 keV.
Moreover, the dominant contribution in the spectrum is the β-decay of 115In, as presented in Fig. 8 (right).

For the next steps of the project, we already established a collaboration to grow 99Tc-doped crystals with a company which
produced for ACCESS two TeO2 :99Tc crystals of dimensions 40×35×22 mm3 and 35×35×22 mm3, exploiting a 99Tc-doped
TeO2 powder. At LNGS, we performed ICP-MS analysis of doped powder, filtered powder ready for the crystal growth and final
crystals, measuring a 99Tc concentration of (8 ± 2) ppb, (2.2 ± 0.2) ppb, and < 0.1 ppb, respectively. This preliminary material
screening demonstrated that both powder filtering and crystal growth purify the crystal from 99Tc. We also operated the two
TeO2 :99Tc crystals as cryogenic calorimeters [69], obtaining from the data analysis an upper limit on concentration of 99Tc of
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0.01 ppb, well below the target value. Further tests and investigations are currently ongoing to understand the origin of the 99Tc
concentration reduction during the crystal production.

8 Conclusions

In this paper, we presented for the first time the ACCESS project, whose main goal is to develop cryogenic calorimeters to asses the
spectral shape of forbidden β-decay. As first step, we proposed to measure the 115In β-decay exploiting an InI natural crystal. The
studies reported in Sec. 6 on InI demonstrate that a 7 mm side cubic crystal is an excellent compromise to optimise simultaneously
the signal yield and the detector response function, avoiding efficiency loss induced by a high counting rate. Moreover, we proved
that the time resolution of an NTD sensor (∼10 ms) is suitable for this kind of crystal. On these bases, we tested an InI-based
cryogenic calorimeter obtaining an excellent threshold of 17 keV, and an energy resolution of 3.1 keV FWHM at 60 keV. This
achieved performance matches the ACCESS requirements and a further measurement of the InI detector with higher statistics is on
the schedule.
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