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Abstract We present the realization of a prototype of a compact, switchable electron source operating at cryogenic temperatures,
demonstrated at energies ranging from 100 eV to 300 eV, and conceptually extendable to an arbitrary energy range. The electrons
are produced via photoelectric emission, induced by a LED illuminating two 400-nm-thick commercial aluminum layers inside a
cryostat, and are subsequently accelerated by a voltage of up to 300 V. Detection is carried out with an array of transition-edge sensor
(TES) microcalorimeters designed for X-ray detectors, where we successfully observe signals consistent with electrons produced
at the source at rates of �1 Hz and with an efficiency of � 10−14 e−/γ .

1 Introduction

We present the development of a novel compact, switchable electron source capable of operating at cryogenic temperatures. Achieving
reproducible electron generation under these conditions marks a critical milestone, as it opens new opportunities for calibrating
cryogenic detectors.

Conventionally energy calibration, for energies ranging from few eV to tens of keV, is performed using the full absorption of
X-rays with known energies, such as those from the decay of 55Fe. X-ray fluorescence can provide additional calibration lines at
lower energies [1–4]. This method poses significant practical challenges in a cryogenic environment. A first important consideration
is that the source must be compact and properly thermalized at temperatures of a few mK, which is not trivial to achieve. Moreover,
calibration and data taking are generally performed separately, since the radioactive source cannot be switched off. A solution to
this issue was adopted in [5], where a movable multi-line fluorescence source was mounted on a half-cylinder designed to fit inside
a massive shield made of high-purity Roman lead, displaced with respect to the detector holders. This configuration was intended
to shield the internal bremsstrahlung radiation accompanying the 55Fe electron-capture decay; however, such a solution introduces
considerable mechanical complexity in a cryogenic environment. Moreover, the energy of the calibration line is upper-bounded,
and may not coincide with the specific energy region of interest or cover the full dynamic range required for precise calibration.
One example of an existing source is reported in [6], where electrons are produced by field emission from vertically aligned carbon
nanotubes. Although this approach provides a compact and switchable source, its performance can be limited by emitter degradation
and by the stability and uniformity of the field emission [7]. Moreover, in the proposed baseline implementation, the number of
emitted electrons is proportional to the electron energy, preventing independent control of these two parameters.

We propose a novel calibration source that is switchable, cryogenic-compatible, and allows the electron yield to be adjusted
independently of the electron energy. The proposed calibration source involves three main steps: generating electrons through
photoelectric emission induced by a LED on a conversion material (photocathode) and accelerating them, amplifying the electrons
using an electron multiplier, and finally inducing their interaction with a conversion material to produce characteristic X-ray
photons. This approach has already been adopted in [8, 9], although in those cases the setup is based on highly expensive industrial
photocathodes and requires a tube evacuated to a very high vacuum. In contrast, our proposal makes use of a simple metallic
photocathode. In this study, we report the successful completion of the electron-generation stage, demonstrating the production of
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Fig. 1 Experimental setup. The
upper arrow indicates the
temperature gradient from the
exterior of the cryostat (300 K) to
its interior (100 mK). Components
are labeled as follows: (1)
fiber-coupled LED, (2) vacuum
fiber, (3) two layers of 400 nm Al,
(4) high voltage power supply
connected to the Al foils and (5)
calorimeter array (grounded to the
cryostat) 1 2
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electrons under cryogenic conditions using a dedicated experimental setup described in Sect. 2. In Sect. 3, we present preliminary
tests validating the functionality of the setup; in Sect. 4, we focus on beam characterization, including its profile, rate, and efficiency;
and in Sect. 5, we attempt to investigate transition-edge sensor (TES) response to impinging low-energy electrons.

In particular, this technology could enable a novel fluorescent calibration source for the HOLMES experiment [10–14], which
aims to directly measure the electron neutrino mass through calorimetric analysis of the 163Ho electron-capture spectrum, which
extends up to 2.863 keV [15]. The HOLMES experiment makes use of an array of ion-implanted TES microcalorimeters [14, 16, 17].
Accurate calibration is essential because the recorded event amplitude is nonlinear with respect to the deposited energy [18]. The
intrinsic nonlinearity of the TES response can distort the measured spectrum, biasing the determination of the neutrino mass, since
each detector exhibits a distinct nonlinear behavior. At present, the HOLMES measurement is dominated by statistical uncertainties,
making this effect negligible. However, as higher statistics are achieved, the impact of nonlinearity is expected to become significant.

The current calibration strategy relies on self-calibration using the 163Ho spectrum itself. In a dedicated run, the HOLMES
detectors are placed in front of an X-ray source, generated by irradiating sodium chloride and aluminum targets with a 55Fe
source [13]. The resulting fluorescence lines are used to calibrate the detector response and to identify the 163Ho spectral peaks.
During physics runs, the X-ray source is removed, and the previously identified peaks are used for the energy calibration. This
introduces an unavoidable systematic uncertainty at the endpoint, since the highest calibration peak (M1) is ∼ 800 eV below the
endpoint, with no calibration peaks available at higher energies. An independent calibration line, generated by the novel source
presented in this article, which produces electrons that stimulate the emission of X-rays through the atomic excitation in the target
material, preferably at energies above the endpoint, would therefore be highly beneficial.

With reference to Fig. 1, an electron amplifier would be placed after the electron acceleration stage, while a conversion material
would be placed before the HOLMES detectors. If the source operates in pulsed mode, such a calibration line would allow periodic
monitoring of each detector pixel during data taking. This could be achieved by selecting only the short intervals containing the
calibration pulses for the energy calibration, while preserving the remaining data for the neutrino mass analysis.

Besides the source characterization, a significant outcome of this work is the demonstration of low-energy electrons detection
(E � 300 eV) using TESs [17, 19]. While TESs are expected to be sensitive to such electrons [20], few studies investigated their
response to very low-energy electrons, in the 300 to 2000 eV [21] and 90 to 101 eV [6] ranges. We used the sensors specifically
developed for the HOLMES experiment [10–12]: while these are the intended target of the future calibration source, their successful
operation here provides a general proof of the sensitivity of such detectors to impinging electrons.

2 Experimental setup

The core concept of this prototype setup (Fig. 1) is to generate electrons through the photoelectric effect, by illuminating aluminum
with photons to induce electron emission.

The setup operates in a dilution refrigerator (Oxford Instruments, Triton 200) with the mixing chamber stabilized at 60 mK.
The TESs are biased to operate within their superconducting transition at roughly 100 mK. Outside the cryostat, we use a M280F5
fiber-coupled LED with a core diameter of 400 μm (Fig. 1 (1)) and a wavelength of 280 nm (10 nm FWHM). Although the LED is
rated for a maximum current of 500 mA - corresponding to an optical power of approximately 800 μW at room temperature - we
restrict its operation to a bias current of approximately 60 to 180 mA in order to prevent excessive heating of the cryostat. The fiber
used within the cryostat is an FVP100120140 vacuum-compatible fiber (Fig. 1 (2)), suitable for wavelengths ranging from 180 nm
to 1150 nm, with an attenuation of approximately 0.3 dB/m and a length of 0.8 m. The fiber ends on two overlying 400 nm-thick
Al foils (photocathode) (Fig. 1 (3)). The choice of this configuration is motivated in the following text. With this configuration, the
photon flux incident on the photocathode is expected to be � ∼ 1014 γ /s at ∼180 mA.

123



Eur. Phys. J. Plus        (2026) 141:1176 Page 3 of 11  1176 

180 m
absorber

TES

Au

Cu

Si2N3

Mo

Fig. 2 Left: Schematic, not to scale, representation of one of the TES microcalorimeter (channel 0). Right: The TES microcalorimeters 4×16 sub-arrays. In
the following, we refer to Channel 0 (1) as the thirteenth (twelfth) channel from the left in the second (first) row

A simple metal was chosen as the photocathode despite its lower quantum efficiency compared to standard high-efficiency alkali-
based materials because it can operate without requiring an ultra-high vacuum environment. Specifically, aluminum was selected
among metals due to its relatively low work function (about 4 eV), compatibility with our LED wavelength, and commercial
availability in thin films. The quantum efficiency of aluminum depends on photon energy, mean free path, and work function
at a given temperature. However, since it is in practice highly sensitive to surface conditions and is well documented only for
clean surfaces [22, 23], the actual efficiency for commercial foils remains unknown. Furthermore, the physics of photoemission at
ultralow temperatures involves complex transport mechanisms. While UV photons are absorbed within a short mean free path (a few
nanometers), the subsequent electron attenuation length - which determines the escape probability - is unknown at low temperatures.
Crucially, the impact of the superconducting transition (Tc ≈ 1.2 K) on the photoemission process remains entirely unexplored in
the literature. Finally, to address the issue of light leakage caused by potential microscopic pin-holes in commercial aluminum thin
films, a double-layer configuration was adopted to ensure a better light-tight seal.

To detect electrons, we use one of the TES arrays fabricated for the HOLMES experiment [12]. These arrays are designed to
operate in an energy range of �10 keV, with an energy resolution of ∼5 eV at 6 keV. Each detector in the array consists of a
180 × 180 × 2 μm3 gold absorber coupled to a Mo/Cu superconducting bilayer TES (Fig. 2). Figure 2 shows a 4×16 detector
array; however, the bottom two 2×16 TES arrays on the chip were not wire-bonded and, therefore, were not readout. The resulting
high-sensitivity microcalorimeters are readout using a microwave multiplexing scheme [16] [11], allowing us to recover the entire
electrothermal response of the detectors. The array is placed 2.5 cm away from the aluminum foils in a detector box. Although the
box features an opening above the array to permit electron access, the setup is wrapped in aluminum foil-heat-sunk at the refrigerator
base temperature - to prevent thermal radiation from perturbing detector operation. No collimator was placed between the Al foils
and the detectors, allowing electrons to strike areas of the chip outside the TES absorber. The TES box is maintained at the potential
of the cryostat, which serves as the potential reference (Fig. 1 (5)). The aluminum foils are set to a negative voltage with respect to
this reference (Fig. 1 (4)), thereby directing electrons toward the array for detection, with the exception of some tests in which the
photocathode was set to a positive bias voltage. The voltage source is connected to the photocathode from outside the cryostat via a
Nomex-textured Manganin twisted-pair cable routing from room temperature to the mixing chamber, thermally anchored at every
cryostat stage. Since this wiring is not rated for high voltage, the polarization is limited to 300 V to prevent electrical breakdown.

3 Preliminary tests

Preliminary measurements were conducted to validate the setup functionality and confirm that the observed TES signals are caused
by photoemitted electrons. To verify the negatively charged nature of the particles, the polarity of the bias voltage applied to the
aluminum foils was reversed. The voltage difference between the Al foils and the TES box, which sits at 0 V, was varied in three
configurations: 0 V, −300 V, and +300 V. The absence of signals in the 0 V and +300 V configurations, as observed, supports
the hypothesis that the detected particles are electrons. Figure 3 shows the peak-to-peak amplitude1 of continuously acquired TES
signals as a function of time, divided into three time regions corresponding to the applied voltages. In this picture, �0 denotes the
magnetic flux quantum (�0 � h/2e), the unit in which the signal measured by the rf-SQUIDs is expressed. The data indicate that a
nonzero signal amplitude is observed only when a negative voltage is applied.

1 The peak-to-peak amplitude is measured as the difference between the maximum and minimum values of the pulse.
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Fig. 3 Peak-to-peak amplitude
versus the arrival time in a test
channel. Each data point
represents a single event in a TES
detector. By switching on the
LED, three Al foils voltage values
(0V, −300V, +300V) have been
tested: a significant increase in
counts was observed only with
negative voltage. Noise
contribution dominates at low
amplitudes

Fig. 4 One of the acquired
electron signals (channel 0) at
−300 V

In addition to this histogram, we also show one of the pulses acquired during the source characterization in Fig. 4, at a bias
voltage of −300 V. This pulse exhibits the typical features observed in pulses acquired in the past with our detectors, namely a sharp
rise time of about 10 μs and decay times of approximately 300 μs.

We then characterized the signal dependencies. The voltage difference between the Al foils and the TES was set to −300 V.
In principle, the event rate is expected to scale with the LED intensity while remaining independent of the voltage applied to the
aluminum foils. Conversely, an increase in the applied voltage should result in a corresponding increase in signal amplitude. The
LED current was varied to count the number of detected particles in two of the most active and best-performing channels (0 and
1). As shown in Fig. 2, Channel 0 (1) refers to the thirteenth (twelfth) channel from the left in the second (first) row. Figure 5
shows the rate as a function of current. Measurements were performed at LED currents of 58, 87, 116, 145, and 174 mA, while
maintaining stable cryostat temperatures to keep the TESs at their nominal operating point. Measured rates ranged from 25 to 160
mHz in channel 0 and 10 to 65 mHz in channel 1. This discrepancy is attributed to non-optimal fiber alignment, which resulted in
non-uniform illumination of the detector array, as well as differing trigger thresholds. Although the absolute count rates differed
between the two channels, the rate ratio remained consistent across the measurements. As expected for photoelectrons, the count rate
increased with the LED current. The LED datasheet indicates a nearly linear dependence of current on the applied voltage in the 60
to 180 mA range. Under this assumption, the electrical power would scale approximately as the square of the current. Consistently,
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Fig. 5 Measured rates for two test
channels at five different LED
current values. Data were fitted
using quadratic (red line)
polynomial

Fig. 6 Peak-to-peak amplitude
(channel 0) evolution in time of
the occurring events in a TES
detector according to three
different voltage values. The
legend shows the absolute value of
applied voltage (red −100 V, blue
−200 V and green −300 V).
Noise contribution dominates at
low amplitudes

the measured rates are well described by a quadratic dependence on the current. Since the rate scales with the LED intensity and
the signal appears only when a negative voltage is applied, we can confirm that these are photo-emitted electrons.

To investigate the evolution of signal amplitude, measurements were carried out at three distinct negative bias voltages. Figure 6
displays the peak-to-peak amplitude as a function of time. The datasets correspond to applied potentials of −100 V (red), −200 V
(blue), and −300 V (green). Consistent with expectations, increasing the magnitude of the applied potential results in higher energy
and a corresponding increase in measured amplitude.

4 Source characterization

After obtaining evidence consistent with the detected particles being electrons, the next step was to characterize the source, focusing
on its beam profile, rate, and efficiency. The room-temperature fiber-coupled LED is driven at 174 mA, while a bias voltage of −
300 V is applied to the aluminum foils. A common trigger threshold is set for all channels.

A nonzero electron rate is observed only in the channels located in the upper-right region of the array, indicating that the fiber
was not perfectly aligned with the detector. This misalignment is attributed to the finite distance between the source and the TES
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Fig. 7 Activity map of our array
with a LED current of 174 mA.
The fiber orientation aligns with
the right section of the array,
leading to a significant electron
rate in only a few channels. The
color scale ranges from white
(zero counts) to dark red
(0.16 Hz). Channel 0 is the last
channel to the right in the second
row, while Channel 1 is the fourth
channel in the first row, counting
from the left

Fig. 8 The transverse profile of
the electron beam. The black
points represent the array
upper-row rate data and were
fitted assuming a normal
distribution. The fit suggests a
beam profile width of ∼1.38 mm

array, which makes the positioning of the fiber with respect to the detector non-trivial. As a result, only the TESs in the upper-right
corner of the array are directly exposed to the electrons emitted by the fiber. To estimate the electron rate, an amplitude cut was
applied to the events, since a fraction of the detected signals can be attributed to backscattering or secondary processes, as discussed
in more detail in Sect. 5. The threshold was set at 5σ above the noise-event distribution. Events exceeding this energy threshold
are, therefore, attributed to electrons directly impinging on the detector. By qualitatively fitting the data from the upper row with
a normal distribution, the electron beam profile along the x-axis is roughly extrapolated. The lower row was excluded from the
analysis because the second channel from the right exhibited a significantly higher noise level, and for this reason, a higher trigger
threshold was used, making its response not directly comparable to that of the others. Therefore, only the upper-row data were used
for the profile extrapolation. The fit, shown in Fig. 8, yields a beam profile width of 1.38 ± 0.33 mm. This result is consistent with
a simple simulation in which electrons are emitted from the Al foil with random directions from a spot corresponding to the fiber
diameter and with an initial kinetic energy approximately equal to the photon beam energy minus the aluminum work function. The
electrons are then accelerated by an electric field perpendicular to the detector plane. The resulting simulated transverse profile has a
standard deviation of about 1.1 mm, in good agreement with the measured value. However, this simple simulation does not account
for the misalignment of the fiber, the finite interaction of photons or electrons inside the aluminum foils - which may effectively
increase the emission area of the electrons - or geometrical acceptance effects (Fig. 7).

Assuming a 2D Gaussian profile, the electron rate at the source is inferred to be ≥ 1 Hz, and, considering the photon rate, the
electron production efficiency is estimated to be � 10−14 e−/γ .
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Fig. 9 Power Spectral Density
with LED OFF (black), LED ON
with �V � 0 V (magenta), LED
ON with |�V |� 100 V (red), LED
ON with |�V |� 200 V (blue),
and LED ON with |�V |� 300 V
(green) for channel 0

5 Detector response to low-energy electrons

It should be emphasized that the primary goal of this work is not to perform precise measurements of very low-energy electrons,
but rather to verify their presence and to characterize the source. It should also be noted that no collimator was available for this
measurement, allowing electrons to strike any region of the detector in addition to the absorber and to produce signals with different
shapes.

Nevertheless, this section aimed to understand the behavior of impinging low-energy electrons and to investigate the detector
response to such electrons. The energy distribution of electrons incident on the gold target was studied through simulations performed
with Nebula [24]. Two distinct components emerge from the simulation: a fully elastic contribution, which does not deposit any signal
in the detector, and a low-energy component comprising secondary and inelastically backscattered electrons, which are expected
to have energies �50 eV, regardless of the initial beam energy. If emitted at sufficiently small angles, with respect to the detector
axis, they are expected to be redirected back into the detector by the electric field or into the detector surroundings, contributing to
a low-energy background.

Data were recorded using a simple differential trigger. The threshold was set to the smallest value that avoided excessive triggering
noise rate. The sampling time is 4 μs. To determine the electron energy distribution, pulses were recorded within acquisition windows
including a pre–trigger interval of approximately 10% for baseline estimation [25–27]. The total window duration was selected to
ensure that the microcalorimeter signal fully returned to the baseline.

Figure 9 shows the Power Spectral Density (PSD) for five configurations: LED off, LED on with �V � 0, and LED on with
|�V |> 0 (100–200-300 V). The spectral density was computed by averaging a number of spectra obtained by computing a FFT
on demodulated records [11, 14]. When comparing the LED-off condition with the LED-on case at zero applied potential, the low
frequency noise increases by nearly a factor of four. This increase is attributed to photons transmitted through the photocathode.
A further rise is observed once an accelerating potential of 300 V is applied. As reported in [28], the Secondary Electron Yield
(SEY) strongly depends on the energy of the incident electrons, reaching a maximum in the few-hundred-eV range. This results in
an enhanced electron flux at the sensor, which appears as an additional contribution to the measured noise.

Given the lack of collimation and the perturbation due to the secondary electron background described above, in estimating the
deposited energy we adopted a method that does not rely on the pulse shape - since events with the same deposited energy may
exhibit different morphologies - but instead uses the pulse integral, or Joule energy [29]. Additionally, the pulse tail was truncated
to avoid integrating contributions from very low-energy events which perturb the baseline. Given that the typical pulse decay time is
approximately 300 μs, the integral was evaluated over this time window. In the initial stage of data reduction, selection criteria were
applied to retain only high–quality events, rejecting signals with very low deposited energy. Then, pulse amplitudes were extracted
using the Joule energy [29]. The Joule energy of a TES pulse is defined as the time integral of the reduction in Joule power dissipated
in the TES relative to its quiescent state [29]. In this description, the Joule energy can be written as a linear combination of the time
integrals of the signal s(t) and its square, with coefficients determined by the electrical parameters of the bias circuit, extracted from
the TES IV curves:

EJ � Rsh(Ibias − 2Iq )
∫ t f

t0
s(t) dt + Rsh

∫ t f

t0
s2(t) dt. (1)

123



 1176 Page 8 of 11 Eur. Phys. J. Plus        (2026) 141:1176 

Fig. 10 Calibrated energy spectra
from channel 0 for different
voltages applied between the Al
foils and the TESs (red: 100 V,
blue: 200 V, green: 300 V). At 100
eV, the signal overlaps with the
population of backscattered and
secondary electrons, making
discrimination more challenging.
For this reason, a portion of the
100 eV spectrum has been
truncated to maintain signal
visibility, while its overall shape
remains consistent with that
observed in the other channels.
The figure also shows the result of
the fit procedure (black dashed
line) over a narrower energy range,
and the results of the simulations
performed with Nebula, without
accounting for the detector
resolution (black solid line)

Here, s(t) � Iq − I (t) is the positive-going signal, Iq denotes the quiescent TES current and Rsh is the shunt resistor value.
After estimating the Joule energy, the spectra were fitted with the following function, introduced in [30]:

S(EJ ) � (Sele(EJ ) · Nev) ∗ R + b, (2)

where Nev is the number of events, b is the flat background, and R is a Gaussian function centered at zero that models the effective
detector response, which is convolved with

Sele(EJ ) � e−EJ /τ

τ
θ (EJ0 − EJ ), (3)

which is the function that describes the behavior of the electrons, where θ is the Heaviside function, τ is the tailing parameter, and
EJ0 corresponds to electrons depositing their full energy in the gold absorber. We find that this functional form provides a good
description of the energy distributions obtained from Nebula simulations [24].

To calibrate the spectra, each of the three datasets (100–200-300 V) was fitted to extract EJ0 . We perform a Bayesian parameter
estimation [12, 13] using a Poisson likelihood with the model defined in Eqs. 2 and 3. The posterior distribution is sampled using
a Hamiltonian Markov Chain Monte Carlo algorithm implemented in Stan [31]. The fit includes five free parameters: b, Nev, τ ,
FWHM of the effective Gaussian response, and EJ0 .

The three spectra are then calibrated using the extracted EJ0 as the rescaling parameter. Figure 10 shows the resulting calibrated
energy distributions for channel 0, measured at 100 V (red), 200 V (blue), and 300 V (green).
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In addition to the high-energy peak, two other distinct populations can be observed in these distributions. At very low energies
(� 50 eV), the peak is mainly attributed to noise, which includes electrons that deposit only a very small amount of energy in the
detector because they undergo elastic or quasi-elastic scattering and are backscattered [32–34], as well as electrons that produce
secondary electrons [35–38]. This background component is also consistent with the simulations. A second low-energy background
contribution appears at intermediate energies and corresponds to events with rise times slightly different from those of the main
peak, which are associated with interactions occurring in different regions of the detector (e.g., in the 300 V case, in Fig. 10, they
correspond to events in the ∼70–170 eV range). Due to the presence of the different background components, the fitting procedure
shown in Fig. 10 (black dashed line) was performed over a reduced energy range, including only the main peak. The results of the
Nebula simulations are also shown (black solid line), without considering the convolution with the detector energy resolution.

To estimate the detector energy resolution for impinging electrons, we used the FWHM values obtained from the fits, in agreement
with the energy resolution obtained from the noise peak, which are approximately 40 eV. The measured resolution was found to be
consistent across the three investigated configurations.

The measured energy resolution should not be interpreted as the intrinsic energy resolution of the sensor for two important
reasons. First, the broadening of the high-energy peaks is partly due to the fact that electrons do not always deposit their full energy
in the absorber; instead, a fraction of the energy may be deposited in other components of the detector. Second, the energy estimator
used in this analysis, namely the Joule energy, is itself affected by noise [29]. The measured energy resolution is consistent with
the expected degradation associated with the use of Joule energy instead of the optimum filter, corresponding to a worsening by
approximately a factor of five. However, due to the aforementioned effects, the optimum filter estimator could not be adopted in this
analysis.

6 Conclusions

This work presents the development of a novel compact, switchable electron source designed to operate at cryogenic temperatures.
The source is based on a cryogenic electron emitter that exploits photoelectric emission from aluminum. It represents a first step
toward the realization of a calibration tool for low-temperature experiments such as HOLMES, where precise calibration is crucial
due to the nonlinear energy response of TES detectors. Ultimately, the source is intended to generate X-rays beyond the endpoint
of the Ho spectrum for calibration purposes.

Electrons are produced via photoelectric emission from two 400-nm-thick aluminum layers illuminated by an LED inside a
dilution refrigerator operating below 100 mK. Our photocathode quantum efficiency is estimated to be � 10−14 e−/γ . All other
observed quantities - such as the electron rate, the beam profile, and the energy distribution - depend primarily on external parameters
(LED current, illumination geometry, and acceleration voltage) and are, therefore, not characteristic of the source itself. Although not
the primary goal of this work, TES detectors developed for the HOLMES experiment successfully detected electrons with energies
between 100 eV and 300 eV, demonstrating sensitivity in this low-energy regime, with energy resolution of about 40 eV. Although
a collimator was not available for the present measurements, future studies will make use of one to prevent electrons from striking
areas other than the TES.

Future work will focus on modifying the wiring of the photocathode biasing circuit to enable measurements at higher energies,
up to the keV scale. Further investigations will also be useful to better understand the processes of electron production and extraction
when aluminum is in the superconducting state. In particular, the photon mean free path in aluminum and the electron range at low
temperatures are not yet well established, and their influence on the observed emission remains to be investigated. Moreover, it is
still unknown how the electron production rate scales with aluminum thickness, with the number of layers, and whether it shows
any dependence on the wavelength of the incident light.

Additional steps are also required to develop a viable X-ray calibration source: amplification of the emitted electrons through an
electron multiplier, followed by their interaction with an appropriate conversion material to generate X-ray with energy extending
up to the endpoint of the 163Ho spectrum. Several challenges may arise, such as limitations on the maximum LED current imposed
by cryogenic operation and background contributions in the final conversion stage from bremsstrahlung, as well as transmitted and
secondary electrons. These aspects will be addressed in future studies.
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