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Abstract

This thesis presents the development and advancement of superconducting single-
particle detectors, specifically Transition-Edge Sensors (TESs), focusing on en-
hancing their performance for various scientific fields. TESs are highly sensitive
microcalorimeters capable of detecting radiation across a wide spectrum, from sub-
millimeter wavelengths to gamma rays, due to their intrinsic energy resolution. They
are also known for their near-unit system detection efficiency, low dark count rate
and photon-number resolution capabilities. This work was conducted at the Istituto
Nazionale di Ricerca Metrologica (INRiM), the National Metrology Institute of Italy,
where I worked in the Innovative Cryogenic Detectors Laboratory using TES devices
fabricated at QR Laboratories, a micro and nanofabrication lab.

The primary motivation for this research is to improve TES performance to
enhance their use in physical and metrological experiments. Among these is the
PontCorvo Tritium Observatory for Light, Early-Universe, Massive-neutrino Yield
(PTOLEMY) experiment, which seeks to detect the Cosmic Neutrino Background
(CNB). TES devices with an energy resolution of 0.11 eV are required to detect elec-
trons produced by CNB via neutrino captures on beta-unstable nuclides, providing
insights into the early universe and the nature of neutrinos. Two TiAu TES, with
areas of 20 µm × 20 µm and 50 µm × 50 µm, were characterized, achieving energy
resolutions of 0.114 eV and 0.158 eV, respectively. These results are particularly
noteworthy as they match state-of-the-art energy resolutions reported in the literature
but with TES devices of significantly larger area. This advancement is critical for the
PTOLEMY project because it facilitates the implementation of large-area detectors
based on an array of TESs.

Moreover, this thesis demonstrates the first detection of electrons with kinetic
energy in the 100 eV range using a TES. This was achieved with a 100 µm × 100 µm
TiAu TES. Electrons were produced directly in the cryostat by a cold-cathode source
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based on field emission from vertically-aligned multiwall carbon nanotubes. The
energy resolution obtained for fully-absorbed electrons in the (90−101) eV energy
range was between 1.8 eV and 4 eV, compatible with the resolution for photons
in the same energy range. This measurement opens new possibilities in electron
detection, crucial for PTOLEMY, where TES devices must detect electrons with
high precision, but also in electron spectroscopy.

The Quantum Haloscope Search experiment (QHaloS) aims to search for light
dark matter in the form of dark photons using a dielectric haloscope equipped with a
TES for photon detection. This innovative detector aims to convert non-relativistic
dark photons into Standard Model photons, which are then detected by the TES. Since
the experiment searches for rare events, it requires a detector with high efficiency
and low dark count rate (DCR). We characterized the intrinsic DCR of a TiAu TES
having an area of 20 µm × 20 µm, finding it to be 3.6×10−4 Hz in the 0.8 eV to
3.2 eV range. Furthermore, a deeper study was conducted to categorize the types of
dark counts in TES to improve its use in the experiment.

The Single and Entangled Photon Sources for Quantum Metrology (SEQUME)
project aims to develop high-purity single-photon sources and high-efficiency entangled-
photon sources for quantum-enhanced measurements in quantum metrology. A TES
with high efficiency is crucial for characterizing these single-photon sources. The re-
sults for the SEQUME project were obtained at the PTB in Braunschweig (Germany)
during a four-month period abroad in my third year of PhD. In this thesis I present
the measurement on a TiAu TES fabricated at AIST (Japan) with a system detection
efficiency of 98%, a significant milestone for the SEQUME project’s objectives.

Finally, the thesis describes preliminary results on the development of TES with
fast recovery time to enhance operation above 1 MHz. Two distinct approaches are
presented: one involving the use of Al TES with a high critical temperature, and the
second utilizing Au pads to increase thermal conductance.

Overall, this thesis encompasses the development, characterization and appli-
cation of advanced TES devices, significantly contributing to their potential use
in metrological and fundamental physics research, pushing the boundaries of their
performance.
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Chapter 1

Introduction

The general context of my research is the development and enhancement of Transition-
Edge Sensors (TESs) [1] for high-precision applications in quantum metrology, dark
matter research, neutrino physics, and radiometry. TES detectors, which are a class
of superconducting single-photon detectors, are used to detect radiation across a
wide spectrum, from sub-millimeter wavelengths to gamma rays [2–5]. In this thesis,
I will focus on improving their performances in the optical to near-infrared (IR)
energy range, where they are among the best single-photon detectors [6, 7]. Most
of my work has been carried out at the Istituto Nazionale di Ricerca Metrologica
(INRiM) the National Metrology Institute of Italy, in the Turin campus.

The development of single-photon detectors began in the 1930s, leading to the
creation of well-established solid-state detectors such as the photomultiplier tube
and the single-photon avalanche diode, which have significantly impacted various
research fields [8, 9]. However, Superconducting Single-Photon Detectors (SSPDs)
represent a newer class of detectors with significantly improved performances. In
particular, TESs, along with Superconducting Tunnel Junctions (STJs) [10], Kinetic
Inductance Detectors (KIDs) [11], and Superconducting Nanowire Single-Photon
Detectors (SNSPDs) [12], have demonstrated excellent performances in the optical
to IR photon range by exploiting superconductivity for single-photon detection.

The key figures of merit for superconducting single-photon detectors, on which
my research is focused, include:
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• System Detection Efficiency (SDE): SSPDs have achieved near-unit SDE at
specific photon energies. TES detectors, for instance, have reported SDEs of
95% at 1556 nm [13] and 98% at 850 nm [14].

• Dark Count Rate (DCR): TES detectors exhibit exceptionally low dark count
rates (mHz range), making them ideal for applications requiring extremely low
background noise [15, 16].

• Energy Resolution (∆E): TESs inherently possess excellent energy resolution
capabilities, enabling them to discriminate single photons with a resolution as
fine as 67 meV [17, 18].

• Photon-Number Resolution (PNR): TES detectors can generate an output
signal proportional to the cumulative energy of multiple photon absorption
events, achieving photon-number resolution up to 55 incident photons at 1540
nm [19].

• Time performances: Among SSPDs, SNSPDs exhibit the best performances
for both recovery time [20] and time jitter [21]. However, there is ongoing
effort to reduce the recovery time of TES devices to enable high-repetition-rate
experiments [22] and to minimize time jitter [23].

1.1 Motivation

The primary objective of my PhD thesis is to enhance the performances of TES to
meet the demands of ongoing and future experiments. This involves characterizing
these devices to ensure they achieve the necessary performance metrics.

Specifically, my research aims to reach 5 different objective:

1. Achieve excellent energy resolution with TES devices covering large areas
to facilitate future realization of TES arrays. This is crucial for applications
where the detection area required exceeds the capability of a single device.

2. Demonstrate that TESs can function as single-electron detectors with energy
resolution comparable to that of photons.

3. Characterize and study the dark counts in TESs for rare events applications.
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4. Attain a system detection efficiency greater than 90%, enabling the establish-
ment of a single-photon source calibration facility.

5. Reduce the recovery time of TES to reach detection rate higher then 1 MHz as
requested by state-of-the-art single photon sources.

In the following sections, I will introduce the experimental context that motivates
these developments and researches.

1.1.1 PonteCorvo Tritium Observatory for Light, Early-Universe,
Massive-neutrino Yield Experiment (PTOLEMY)

The PonteCorvo Tritium Observatory for Light, Early-Universe, Massive-neutrino
Yield (PTOLEMY) project [24] aims to directly detect the Cosmic Neutrino Back-
ground (CNB), produced approximately one second after the Big Bang [25–27].
This detection is crucial as it offers insights into the early universe and the nature
of neutrinos. The experiment plans to use tritium implanted on a carbon-based
nanostructure to detect CNB via neutrino captures on beta-unstable nuclides.

The detection process involves observing electron kinetic energies emitted from
a tritium target that are above the beta-decay endpoint. This allows the separation of
the CNB signal from the beta-decay endpoint, requiring an energy resolution in full
width half max (fwhm) of 0.11 eV at 10 eV. To achieve this precision, PTOLEMY
will employ TESs as single electron detector in the microcalorimeter setup [28].

A demonstrator of the PTOLEMY experiment setup is depicted in Figure 1.1.
PTOLEMY’s setup consists of four key modules: the tritium target, a dynamic
electromagnetic filter [29], a radio-frequency (RF) antenna for preselection, and an
array of microcalorimeters based on TES. The source uses hydrogenated graphene
to bind tritium atoms, providing a solid-state platform with high tritium density. The
dynamic electromagnetic filter selects electrons with specific energy characteristics,
guiding them toward an array of microcalorimeter for precise energy measurement.
Considering a target of 100 g of tritium are expected only few events per year. The
total area that the array should cover is still under evaluation by the collaboration.

At this stage of the project, the goals for TES development are twofold: to achieve
the target energy resolution while increasing the device’s area and to demonstrate TES
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Fig. 1.1 Demonstrator of the PTOLEMY experiment setup.

capability in detecting electrons. To enhance energy resolution while maintaining
a large detection area, it is necessary to minimize the device’s thermal capacity
and reduce the operation temperature. Additionally, to demonstrate that TES can
function as single-electron detectors, it is crucial to generate low-energy electrons
in a cryogenic environment. This can be accomplished using field emission from
Carbon Nanotubes (CNTs) mounted in front of the TES and applying an electric
field.

1.1.2 Quantum Haloscope for Dark Matter Search (QHaloS)

The Quantum Haloscope Search experiment (QHaloS) is designed to search for
light dark matter in the form of dark photons using a novel detection technique
known as the "dielectric haloscope" [30]. This innovative detector operates beyond
the current state-of-the-art in this mass range, offering a great opportunity for dark
matter discovery.



1.1 Motivation 5

Significant evidence suggests that approximately 85% of the Universe’s mass
is in the form of dark matter (DM), a new type of particle beyond the Standard
Model [31]. While direct DM searches have primarily focused on weakly-interacting
massive particles (WIMPs), alternative models are also gaining attention. As large
experiments rule out favored WIMP parameter spaces, dark photons (DPs) have
become increasingly interesting among alternative DM models. The DP naturally
arises in extensions of the Standard Model, hypothesizing the existence of an extra
U(1) symmetry coupled to the U(1) gauge group of electromagnetism via kinetic
mixing [32].

QHaloS is an upgrade of the Multilayer Dielectric Haloscope Investigation
(MuDHI) [33] and aims to extend the search for DPs to weaker couplings using a
dielectric haloscope equipped with a TES for photon detection. A dielectric halo-
scope utilizes a stack of alternating dielectric layers to convert into Standard Model
(SM) photons. This conversion is facilitated through the breaking of translational
invariance by altering the medium in which dark photons propagate. In the haloscope,
the dielectric stack transforms dark photons into SM photons, which are then focused
onto the TES. The energy of the converted photon corresponds to the mass of the
dark photon [30].

The advantages of using a TES for such an experiment are that it can be designed
to have a near-unit SDE in the same energy range where we expect the conversion
from DP to SM photon, and TES can aim for a DCR of the order of mHz or below.
Moreover, the TES is capable of differentiating the energy of the detected particle
and this could be an advantage with respect to current experiments, like [34], where
the detector applied is a SNSPD which can not distinguish the energies of the events.
At this phase of the project, it is fundamental to characterize more in detail the dark
count and tray to further suppress them. To study the intrinsic dark counts in TES,
the signals produced by the TES in complete darkness within the cryostat needs first
to be identified. It is important to address the difference between single-photon-like
events and those caused by high-energy particles or electrical signals, which can be
excluded from the dark count rate. Subsequent studies will investigate the correlation
between high-energy events and single-photon-like events.
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1.1.3 Single and Entangled Photon Sources for Quantum Metrol-
ogy (SEQUME)

The SEQUME project aims to develop and enhance high-purity single-photon sources
and high-efficiency entangled-photon sources. The project’s goal is to apply these
sources in quantum metrology to achieve quantum-enhanced measurements, pro-
viding a significant advantage over classical methods [35, 36]. SEQUME focuses
on developing new fabrication methods for single-photon sources with high pu-
rity, brightness, and indistinguishability. These sources include defects in diamond
[37], quantum dots [38], and single molecules [39]. By enhancing these sources, the
project aims to improve the performances and capabilities of quantum measurements.

A key objective of SEQUME is to establish a European metrological infrastruc-
ture for the characterization of single-photon sources using TES detectors. This
involves creating a standardized framework to ensure the accuracy and reliabil-
ity of quantum measurements, which is crucial for the advancement of quantum
technologies.

To this end, the project aims to integrate two TES detectors into a facility with
an SDE above 90% at 930 nm and 1540 nm. To ensure this high SDE is achieved,
measurements must be performed using a setup calibrated against a cryogenic
radiometer, guaranteeing a well-known number of photons input to the cryostat.

Moreover, the project seeks to improve the recovery time of the TESs and achieve
a detection rate above 2 MHz while maintaining PNR. To improve the recovery time
of a TES, two approaches can be employed: increasing the operating temperature
and enhancing the thermal conductance of the device.

1.2 Thesis Outline

In Chapter 2, I provide a detailed description of superconducting single-photon
detectors. Section 2.1 offers an overview of superconductivity and the energy down-
conversion process that occurs when a photon is absorbed by a superconductor. In
Section 2.2, I discuss the four most relevant types of SSPDs: STJ, TES, SNSPD,
and KID. Then, in Section 2.3, I delve into the state-of-the-art performances of TES
detectors.
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In Chapter 3, I present a theoretical model of TES operation. Starting from
the thermal model of a superconductor coupled to a thermal bath (3.1), I introduce
electrothermal feedback (3.2). The chapter continues with a description of how
a Superconducting QUantum Interference Device (SQUID) can be used as a tran-
simpedance amplifier to read out the TES response (3.3). In the following section,
a comprehensive analysis of the TES response is presented (3.4). The chapter con-
cludes with a section describing how important figures of merit can be theoretically
described and the parameters to tune in order to improve them (3.5).

In Chapter 4, the experimental setups needed for the development and character-
ization of the TES used in this thesis are described. The low-temperature setup is
detailed in Section 4.1, and Section 4.2 explains how the SQUID amplifier and its
electronics are integrated into it. Section 4.3 describes the alignment system used
to couple optical fiber to the TES. The setup used for the assessment of TES high
SDE for the SEQUME project is detailed in Section 4.4. Sections 4.5 provide more
details on the setups used for the integration of an electron source based on CNT in
the cryostat. The chapter concludes with a highlight of the fabrication method used
for TES development (4.6).

Chapter 5 is divided into five main sections that highlight the results correspond-
ing to the five objectives of this thesis:

1. Energy Resolution (Section 5.1): The ongoing efforts to optimize TES
detectors for excellent energy resolution while increasing the TES active area
are described. I present two TES devices with high energy resolution and areas
of 20 µm × 20 µm and 50 µm × 50 µm.

2. Detection of Low-Energy Electrons (Section 5.2): I present the results for
the first detection of single electrons in the energy range of 100 eV, demon-
strating that the energy resolution of TES for photons is comparable to that for
electrons.

3. Study of Dark Counts for Rare Event Searches (Section 5.3): I present the
test runs conducted to measure the intrinsic DCR of TES and the efforts to
understand the origin of these dark counts.

4. System Detection Efficiency Measurement (Section 5.4): The preparation
of a cryo-optical facility with high SDE and the achievement of an SDE of
98% at 1550 nm are discussed.
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5. Preliminary Results for Fast TES (Section 5.5): The approach and results
obtained in pursuing faster TES recovery times, either by using high TC

materials or by enhancing the conductance through gold pads, are presented.

Chapter 6 concludes the thesis, summarizing the key findings and discussing
potential future work.



Chapter 2

Superconducting Single-Photon
Detectors

In scientific experiments, especially those focused on understanding the structure of
matter, a common framework is often employed. This framework includes a Probe,
which can be a particle or a wave, an Interaction, and a Detector designed to capture
and record the interactions of the probe. For example, in a basic optical microscope
setup, light serves as the probe directed at a sample, while a system of lenses and
our eyes act as the detector.

In the 17th century, Robert Hooke utilized this framework to examine cork
in detail, leading to the discovery of small cavities separated by walls, which he
called "cells". His scientific inquiry raised the fundamental question, "What are
we made of?" In this setup, photons act as the probe, interacting with cork cells
through processes like reflection, absorption, or transmission, depending on the cell’s
structure. The optics, including lenses, and our eyes play the role of the detector.

While our eyes function well as detectors, they have limitations in resolving
dimensions down to hundreds of micrometers. The use of lenses in optical micro-
scopes was a pivotal enhancement that allowed Hooke to observe cells for the first
time, illustrating how advancements in detection technology can lead to significant
scientific discoveries. Similarly, ongoing research to improve detection performance
is crucial for advancing our understanding of the world.

In this thesis, I will discuss a different detection system from the optical micro-
scope used by Hooke, focusing on a state-of-the-art single-photon detector known
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as a Transition-Edge Sensor (TES) [1]. I will present the efforts made to enhance
the performance of TES detectors and how these improvements can be applied in
various physics experiments. This research underscores the importance of developing
more sensitive and precise detection systems to push the boundaries of scientific
exploration.

"A single-photon detector is a device that can produce a measurable
output signal, distinguishable from noise, due to a single photon incident
on the detector’s input plane" [40].

A single-photon detector is a highly sensitive device designed to detect individual
photons, the smallest discrete units or quanta of light. These detectors are crucial
in various fields of science and technology, including quantum computing [41],
quantum communication [8], quantum-enabled metrology [42], astronomy [43],
medical imaging [44], and fundamental physics [45].

A TES, in particular, is a superconducting single-photon detector, meaning that
its functionality relies on the properties of superconducting materials. The develop-
ment of single-photon detectors began in the 1930s, and since then, well-established
solid-state detectors such as the photomultiplier tube and the single-photon avalanche
diode have become available, having a great impact on various research fields [9].
Superconducting Single-Photon Detectors (SSPDs), on the other hand, represent a
newer class of detectors with significantly improved performance. In particular, in
the range of optical to near-infrared (IR) photons, TESs [1], along with Supercon-
ducting Tunnel Junctions (STJs) [10], Kinetic-Inductance Detectors (KIDs) [11], and
Superconducting Nanowire Single-Photon Detectors (SNSPDs) [12], have shown
great performance by exploiting superconductivity for single-photon detection. Some
of the most important metrics of single-photon detectors where SSPDs excel in the
optical and IR range, achieving state-of-the-art performance, include:

• System Detection Efficiency (SDE)

"System Detection Efficiency is the probability of a complete single-
photon detection system to indicate a detection event due to one
photon incident at the system’s input plane" [40].
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This metric includes all the efficiency terms in the detection system, from the
optical losses to the readout. Ideally, in any experiment, the SDE should be
100%.

• Dark Count Rate (DCR)

"A dark count is a detection event in a single-photon or PNR detec-
tor that is uncorrelated with light at the input plane of the detector"
[40].

The Dark Count Rate (DCR) is the number of dark counts per unit time and
is a metric that should ideally be zero. In experiments where the rate of
events is low, a DCR higher than the rate of events would compromise the
measurement. Achieving a very low DCR allows the detector to be used in
rare event experiments.

• Energy Resolution (∆E)

Energy resolution refers to a detector’s ability to differentiate between particles
with closely spaced energy levels. An excellent energy resolution means that
the detector can distinguish between events differing by only a small amount
of energy. Ideally, the energy resolution of a detector should be zero, allowing
for the discrimination of any discrete amount of energy.

• Photon-Number Resolution (PNR)

"A photon-number-resolving detector produces an output that is
inherently representative of the number of photons input to the
detector (over some range of photon numbers). From that output,
an integer number of detected photons can be determined with some
level of uncertainty, usually significantly less than one" [40].

Detectors with intrinsic energy resolution can generate an output signal pro-
portional to the cumulative energy of multiple photon absorption events. With
ideal energy resolution, the PNR of a detector can be extended to any energy
range. Moreover, an ideal single-photon detector would have PNR for an
infinite number of photons with performance similar to single-photon events.

• Recovery Time
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"The recovery time of a single-photon detector is the total amount
of time required after a detection event for the detection efficiency
to return to its nominal steady-state value." [40].

This metric defines the amount of time during an experiment in which we are
blind or not operating in ideal conditions. Ideally, a single-photon detector
would have a recovery time of zero. This metric is strictly linked with the
maximum detection rate.

• Maximum Detection Rate (MDR)

"The maximum count rate of a single-photon detector is a metric
for the maximum rate at which a detection system can register
detection events." [40].

The lower the time we need to wait for the detection system to recover, the
higher the detection rate can be. For an ideal system that needs zero recovery
time, the maximum detection count (MDC) could be infinite.

• Timing Jitter

"Detector timing jitter is the variation in the time delay between
when light arrives at the detector input plane and when a signal is
output from the detector" [40].

Low timing jitter is a crucial performance characteristic for some single-
photon detection experiments, as it represents the uncertainty in determining
the precise arrival time of a photon. Ideally, it should be zero.

The metrics presented here are crucial for defining the performance of single-
photon detection systems in the optical-IR range. For each metric, I have outlined
the ideal performance value. While achieving these ideal values is often challenging,
this chapter will demonstrate that SSPDs can closely approach these targets under
certain conditions. Notably, both TES and SNSPDs have achieved near-unit SDE at
specific photon energies, as evidenced by studies such as [13, 14, 46–48].

However, there are additional metrics beyond those discussed here that may be
important depending on the application. For instance, polarization sensitivity and
the capability to create arrays of single-photon detectors are significant aspects in
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the development of these devices. Despite this, the main focus of this thesis will be
on the key performance metrics mentioned above.

In the following sections, I will briefly introduce the principles of superconduc-
tivity and how they are exploited by superconducting single-photon detectors. Then,
I will discuss the state-of-the-art performance of these detectors concerning the key
parameters previously outlined, with a particular emphasis on Transition-Edge Sen-
sors. The informations provided here are based on recent reviews by D.V. Morozov
et al. [6] and A. Lita et al. [7], which will serve as references for the rest of the
chapter.

2.1 Overview of Superconductivity

Superconductivity was discovered in 1911 when Heike Kamerlingh Onnes observed
that the resistance of solid mercury vanished when cooled to 4.15 K [49]. A few
decades later, in the 1950s, theoretical frameworks were developed to explain phe-
nomena such as the Meissner effect, a form of perfect diamagnetism [50], and
quantum properties like fluxoid quantization [51]. The Ginzburg-Landau (GL)
model was introduced to describe superconductivity through an order parameter
representing a condensate of superconducting charge carriers with effective mass
m∗ and charge e∗ [52]. This model leads to the derivation of the London equation
[53], which characterizes the magnetic behavior of superconductors. Within the GL
model, key superconducting properties like the magnetic penetration depth (λL) and
the coherence length (ξGL) can be derived. These parameters indicate the depth to
which magnetic fields penetrate and the distance over which the superconducting
condensate varies significantly.

Superconductivity was further explained through the BCS theory, proposed by J.
Bardeen, L. Cooper, and J. R. Schrieffer in 1957 [54, 55]. The BCS theory postulates
that electrons form Cooper pairs due to an attractive interaction mediated by phonons,
resulting in an energy gap of 2∆ in the density of states at the Fermi level EF. These
Cooper pairs, which act as bosons, lead to the coherent superconducting behavior
observed in conventional superconductors. According to BCS theory, at temperatures
below the critical temperature (TC), some electrons might not form Cooper pairs,
creating quasiparticles, which are fermions. These elementary excitations can occupy
energy states above the superconducting gap. The binding energy of Cooper pairs
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2∆ is typically in the range of millielectronvolts (meV), significantly smaller than
typical semiconductor bandgaps or the energy of optical photons (∼1 eV). When a
superconductor absorbs energy from a photon, Cooper pairs can dissociate into quasi-
particles, allowing a single photon to create hundreds or thousands of quasiparticle
excitations.

Superconductors possess unique properties that are crucial for a variety of techno-
logical applications. When the temperature falls below TC, superconductors exhibit
zero DC resistance, an attractive property for applications that aim to minimize power
losses while supporting high current density. The pursuit of highe TC superconductor
is ongoing, with significant implications in fields like physics, medicine, and the
energy industry [56–58].

One of the most well-known effects in superconductivity is the tunneling of
Cooper pairs between two superconductors separated by an insulator, known as the
Josephson effect [59, 60]. This phenomenon was exploited to detect single photons
in the IR range with a STJ for the first time in 1996 by Peacock et al. [61]. In
superconductors, the transition between the superconducting and normal phases can
be very steep, leading to a rapid increase in resistance. Cabrera et al. in 1998 used
this sharp transition as the basis of TES operation to discriminate single photons [4].

Similarly, superconductors can maintain their superconducting state until the
current density exceeds a critical value, JC, beyond which the superconducting
state collapses, resulting in resistive heating. This principle was used to detect
single photon for the first time in 2001 by Gol’Tsman et al. [62] with a SNSPD.
Additionally, superconductors exhibit ’kinetic inductance’ (lk = m

nse2 = µ0λ 2
L), which

depends on the density of Cooper pairs and varies with current and temperature. In
2003, Day et al. used a KID to exploit changes in kinetic inductance to detect single
photons [63].

To better understand the process behind the detection of a single photon in SSPDs,
the next section will delve into the energy down-conversion process that occurs after
a photon with energy E0 is absorbed by a superconductor. This section will follow
the same scheme presented in [6].
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2.1.1 Energy Down-Conversion Process in Superconductors

Superconducting single-photon detectors operate on the principle that even a single
photon can break thousands of Cooper pairs, creating non-equilibrium states. When a
photon with frequency ν interacts with a superconductor, its energy (hν) is compared
to the superconducting energy gap parameter (∆). Detection occurs if the photon’s
energy surpasses the binding energy of Cooper pairs (hν > 2∆). For photons in the
visible to infrared range, the ratio hν

2∆
can be approximately 1,000, suggesting that

one absorbed photon can generate up to 1,000 quasiparticles.

In superconducting materials, thermal equilibrium consists of three coexisting
subsystems: Cooper pairs, quasiparticles, and phonons from the superconductor and
the substrate. These subsystems remain in equilibrium when they share the same
temperature [64]. External disturbances, such as a photon with sufficient energy
(E0 = hν), can disrupt this equilibrium [65].

Energy down-conversion following photon interaction typically proceeds through
four stages [66], with the evolution of energy and particle density illustrated in Figure
2.1. In the first stage (I), the energy absorbed by the superconductor disrupts the
equilibrium within one of the subsystems, resulting in the generation of energetic
photoelectrons [67]. This leads to the production of secondary high-energy electrons
(hot electrons), where strong electron-electron scattering, characterized by a typical
interaction time (τe-e), dominates the energy down-conversion process. After several
τe-e, the hot electrons thermalize to an energy of E1 = ℏωD (where ωD is the Debye
frequency), marking the conclusion of the first stage.

In the second stage (II), energy down-conversion continues to a second char-
acteristic energy (E2 ∼ 3∆), where electron-phonon scattering (τe-ph) becomes the
dominant process, releasing high-energy phonons clustered around the Debye fre-
quency (ωD). At this stage, the quasiparticle population responds rapidly compared
to the slower phonon distribution due to the higher scattering rate. The final outcome
is a non-equilibrium distribution of high-energy phonons and quasiparticles.

The third stage (III) involves the further evolution of the mixed distribution of
quasiparticles and phonons. This stage is characterized by processes such as Cooper
pair breaking with phonon absorption, quasiparticle recombination into Cooper pairs
with phonon emission, and phonon escape into the substrate. The stage concludes
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Fig. 2.1 A thermalization scheme that demonstrates the sequential channels of energy transfer
and the evolution of subsystem populations in a superconductor as it approaches equilibrium
after interacting with an energetic photon of energy E0 [6]. The cascade of processes is
categorized into four stages (I-IV). Stages I and II are dominated by hot electrons generated
upon photon absorption, which transfer energy to quasiparticles and phonons during stage III.
The final stage, IV, involves the dissipation of energy as thermal phonons. In this qualitative
illustration, the photon energy E0 is approximately 1eV, which is an order of magnitude
greater than the Debye energy ℏωD, and significantly larger than the superconducting energy
gap parameter ∆ ∼ 10−3 eV. The solid line in the top plot represents the energy per particle
over time, ranging from E0 for hot electrons to ∆ for quasiparticles. The bottom plot depicts
the particle densities over time, with quasiparticles shown in red and phonons in green.
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when the energy of the phonons drops below 2∆, at which point new quasiparticles
are no longer generated.

The fourth stage (IV) involves relaxation to a stable state, where phonon-phonon
scattering and phonon escape lead to equilibrium at the bath temperature. These
stages of energy down-conversion represent the fundamental processes for SSPDs.
In the next section, I will describe the working principles of the main SSPDs.

2.2 Superconducting Single-Photon Detector Types

SSPDs encompass a range of technologies, each leveraging the unique properties of
superconductivity to detect photons with unprecedented sensitivity. These detectors
are distinguished by their operating principles and mechanisms, each excelling in
specific figures of merit. The four main types include:

1. Superconducting Tunnel Junction (STJ): The first superconductor-based
single-photon detectors, STJs rely on the tunnel current of electrons excited
by an incident particle and offer intrinsic energy resolution.

2. Transition-Edge Sensors (TESs): TESs detect photons by measuring resis-
tance changes in a superconducting film operating at its transition temperature,
providing exceptional energy resolution.

3. Superconducting Nanowire Single-Photon Detectors (SNSPDs): SNSPDs
detect photons via resistive pulses generated upon photon absorption, offering
high timing precision and rapid recovery times.

4. Kinetic Inductance Detectors (KIDs): KIDs exploit changes in kinetic
inductance due to photon absorption, enabling large-format detector arrays
through frequency-division multiplexing.

Below, I will provide a summary of each type, exploring their working principles,
characteristics, and key applications.
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2.2.1 Superconducting Tunnel Junction

STJ detectors were the first superconductor-based optical single-photon detectors
[61]. An STJ consists of two layers of superconducting film separated by a thin
insulating barrier (SIS junction), typically on the order of nanometers. This structure
forms a Josephson junction, allowing Cooper pairs to tunnel across the insulating
barrier, a process known as the Josephson effect [59, 60]. Quasiparticles generated
from broken Cooper pairs can also tunnel across the barrier, contributing to the
detector’s response.

When a photon is absorbed by one of the superconducting electrodes in an
STJ, it breaks Cooper pairs, creating excess quasiparticles and phonons [68]. By
applying a voltage across the junction, as shown in Figure 2.2, these quasiparticles
tunnel to the other electrode, resulting in an excess tunneling current proportional to
the photon’s energy. This characteristic makes STJs intrinsically energy-resolving
detectors. Therefore, this detector relies on the tunneling of quasiparticles generated
in the third stage of energy down-conversion discussed in the previous section.

STJs are typically operated at sub-Kelvin temperatures and require a magnetic
field to suppress Josephson tunneling of Cooper pairs [61]. The time constant for
STJs typically ranges from a few microseconds or less, depending on the area of the
electrodes. Since their invention, STJs have found various applications. Since 1999,

(a) (b)

SC

SC

I

Fig. 2.2 Superconducting Tunnel Junction (STJ) (a) Schematic of a superconductor-insulator-
superconductor junction with bias V . (b) The energy diagram of the junction shows the
voltage bias shifting the Fermi energies of the two superconductors. Quasiparticles generated
from broken Cooper pairs due to photon absorption can tunnel across the barrier.
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the European Space Agency (ESA) has operated a superconducting single-photon
camera, S-Cam3. This camera features a 10 × 12 pixel array that operates within a
wavelength range of 340 nm to 740 nm, with an average energy resolution of 0.17
eV at 2.4 eV (500 nm) [69]. Table 2.1 presents record performance metrics for STJ
devices compared to other detector technologies. Recently, there has been renewed
interest in junction-based quantum detectors, with near-IR single-photon detection
demonstrated using a graphene-based Josephson junction [70].

The performance of STJs heavily depends on the quality of the insulating bar-
rier, which must be extremely thin, uniform, and free of holes. These stringent
requirements make the fabrication of the junctions very challenging. Consequently,
the development of alternative superconducting detectors, such as TESs, which are
easier to fabricate, has led to a decline in the development of STJ detectors [71].

2.2.2 Transition-Edge Sensors

TES are highly sensitive microcalorimeters used to detect radiation across a wide
spectrum, from sub-millimeter wavelengths to gamma rays [2–5]. Their sensitivity
is due to the steep resistance change occurring at the superconducting transition. A
typical TES designed for optical-IR photons consists of a superconducting film acting
as both an absorber and a thermometer. Irwin et al. first proposed the electrothermal
feedback mechanism and a Superconducting QUantum Interference Device (SQUID)
to read the change in current in the TES due to particle absorption [3] and in the
1998 Cabrera et al. reported on the first optical experiments with TES devices [4].

When photons are absorbed by a TES, their energy is converted into heat,
leading to an increase in temperature. The superconducting film, polarized at its
superconducting-to-normal transition state, undergoes a significant change in re-
sistance due to this temperature increase. As shown in Figure 2.3, the TES is
voltage-biased and in series with an inductor. Any change in current in the TES is
detected as a variation of magnetic flux in the inductor by the SQUID and translated
into a voltage pulse. TES detectors operate in the sub-Kelvin temperature range
and rely on the detection of equilibrium phonons generated in the final stage of en-
ergy down-conversion. Although relatively slow, this method provides high photon
detection efficiency, along with energy and photon-number resolution [13, 14].
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Fig. 2.3 Transition-edge sensor TES (a) Schematic of the circuit where the TES is voltage-
biased and in series with an inductance. (b) The TES is polarized on its steep superconducting
transition. When a photon is absorbed, the resistance increases, the current I decreases, and
the SQUID detects a change in magnetic flux (∆Φ) in L.

The high detection efficiency and photon-number resolution make TESs essential
components in setups for fundamental physics experiments [45], quantum metrology
[72, 73], quantum computation [74], quantum information [75], and dark matter
experiments [16, 15].

TES detectors can be multiplexed in both time and frequency domains, enabling
large-format detector arrays. Previous implementations in submillimeter astronomy
applications have achieved arrays with a few kilo-pixels [76, 77]. However, for
optical and near-IR TES detectors, the largest array size to date is a 36-pixel array
[78]. As mentioned above, TESs have been used across a wide range of energies and,
especially in the last decade, have been extensively studied by the X-ray community,
where they were first developed and optimized for high-resolution detection [79, 80].

TESs for X-rays slightly differ from those used for optical photons due to the
presence of an absorber, which fully stops X-rays and is connected to the TES that
works as a thermometer.

In terms of performance in energy resolution, X-ray TESs have demonstrated
impressive results. In [81], an energy resolution of 0.72 eV at 1.5 keV was obtained,
and in [82], they achieved below 2 eV at 5.8 keV. These results show that these
devices can have a resolving power ( E

∆E ) of more than 3000 in the X-ray energy
range, which is more than two orders of magnitude higher than what can be achieved
for IR photons. Compared to optical TESs, X-ray TESs often need to operate
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in large arrays, and for this reason, much more effort is put into achieving better
array numbers than optical TESs. An example of a large array readout technique
is frequency domain multiplexing (FDM), developed in the framework of Athena
X-IFU [83]. A prototype is described in [84].

In Chapter 3, I will further discuss the physics of TES detectors, explaining the
electrothermal feedback, how the SQUID is used as a transimpedance amplifier, and
the theoretical model behind the metrics of this detector. For now, it is sufficient to
know that the pulse generated by the TES detection system upon particle absorption
is proportional to the energy released in the substrate. The TES, therefore, has
intrinsic energy resolution, making the detector capable of photon-number resolution
in the case of fixed photon energy. The energy resolution is proportional to the
operating temperature: the lower the temperature, the more enhanced the perfor-
mance. However, the recovery time of the detector is inversely proportional to the
temperature, and thus, often a trade-off is needed between energy resolution and fast
recovery time.

2.2.3 Superconducting Nanowire Single-Photon Detectors

SNSPDs are highly sensitive devices that detect photons by rapidly generating
a resistive pulse following photon absorption. An SNSPD typically consists of
a narrow, very thin superconducting wire, usually 80–200 nm wide and 2–5 nm
thick, often patterned in a meandering fashion on a substrate to maximize the active
area. The wire is cooled well below its TC and biased just below its IC. The
detection principle, shown in Figure 2.4, involves the creation of a localized region
of broken Cooper pairs upon photon absorption, forming a "hotspot" that disrupts
superconductivity, leading to a sudden increase in resistance, before rapidly returning
to the superconducting state [62, 85].

SNSPDs operate in the Kelvin/sub-Kelvin temperature range and are known for
their fast recovery times, often as short as a few nanoseconds, and exceptionally low
timing jitter, reaching a few picoseconds [46, 21]. These properties make SNSPDs
ideal for high-speed photon detection and applications requiring precise timing. They
are typically made from disordered superconducting materials like NbN, WSi, or
MoSi.
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An other important feature of SNSPDs is their SDE, which can be higher than
98% [46–48] . The SNSPD design offers significant advantages in terms of noise
reduction, as it intrinsically produces a digital pulse, reducing issues related to
analog signal processing. The compact and efficient design also facilitates the
implementation of SNSPD arrays [86], contributing to their growing use in various
quantum applications.

2.2.4 Kinetic Inductance Detectors

KIDs are superconducting single-photon detectors that measure changes in kinetic
inductance due to photon absorption in a superconducting material. KIDs consist of
a superconducting microwave resonator, designed either as a lumped-element or a
distributed system. When a photon is absorbed, it breaks Cooper pairs, generating
quasiparticles and causing a change in the kinetic inductance due to the resulting
variation in quasiparticle density. This change in kinetic inductance affects the

(a) (b)
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Fig. 2.4 Superconducting Nanowire Single-Photon Detector (SNSPD). (a) Electrical circuit
where the SNSPD is current-biased. (b) Detection cycle schematic: The superconducting
nanowire, kept below the critical temperature, is DC biased just below the critical current. (i)
Absorption of a photon creates a small resistive hotspot. (ii) The supercurrent is diverted
around the hotspot, increasing the local current density and exceeding the superconducting
critical current density. (iii) This results in a resistive barrier across the nanowire. (iv) Joule
heating, due to the DC bias, extends the resistive region until current flow is blocked and the
bias current is shunted by the external circuit. (v) The resistive region then subsides, and the
nanowire returns to its superconducting state, restoring the bias current to its original value
(vi).
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Fig. 2.5 Kinetic Inductance Detector. (a) Schematic of a KID in a resonant circuit where
the detector is represented by the inductance. (b) The absorption of a photon changes the
inductance, shifting the resonance amplitude.

resonance frequency and internal quality factor (Q) of the resonator, providing the
fundamental basis for detection in KIDs.

The alteration in kinetic inductance is usually detected as a shift in the resonant
frequency of a microwave resonator, as depicted in Figure 2.5. By analyzing the
transmitted microwave signal in terms of its in-phase and quadrature (I-Q) compo-
nents, it is possible to read out large numbers of Kinetic Inductance Detectors (KIDs)
on a single microwave feed line using frequency-division multiplexing [63, 87].
This capability for multiplexing makes KIDs ideal for large-format detector arrays,
as each resonator can be individually addressed with a specific microwave tone,
allowing multiple detectors to be monitored simultaneously on a single broadband
microwave channel [88].

KIDs typically operate in the sub-Kelvin temperature range. Because of frequency-
division multiplexing, current KID devices can achieve response speeds of up to 1
kHz, although higher speeds have yet to be demonstrated [89]. KIDs have intrinsic
photon-number resolution and energy-resolving capabilities due to their sensitivity
to changes in kinetic inductance caused by quasiparticle generation.

Initially developed for millimeter and sub-millimeter wavelength detection in
astronomy applications, KIDs have since been extended to include optical and near-
infrared detection with large arrays of a few kilopixels for astronomical telescopes
[90, 88].



24 Superconducting Single-Photon Detectors

Recent advancements have improved the ability to detect single photons in the
near-infrared range. For instance, a group at the National Institute of Standards and
Technology (NIST) [91] demonstrated enhanced single-photon counting at a 1550
nm wavelength, resolving up to 7 photons with an energy resolution of approximately
0.22 eV in TiN-based KIDs. Both Hf and PtSi-based KIDs have shown single-photon
response at optical and infrared wavelengths [88, 92]. Another significant result in
enhancing KID energy resolution was obtained by J. de Visser et al. [93], where they
studied the effect of suspending the sensitive part of the detector on a 110-nm-thick
SiN membrane, achieving an energy resolution of 0.04 eV at 1545 nm.
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2.3 State-of-the-art Performance for TES

In this section, I will present the state-of-the-art performance in the key figures of
merit for optical TES with respect to other SSPDs and among different TES devices.
As discussed at the beginning of this chapter, the most relevant figures of merit for
TES in the optical and IR range are listed here:

• System Detection Efficiency (SDE)

• Energy Resolution (∆E)

• Photon-Number Resolution (PNR)

• Recovery Time

• Maximum Count Rate (MCR)

• Time Jitter (∆tσ )

• Dark Count Rate (DCR)

• Number of Pixels in an Array

Table 2.1 summarizes the best performances of TES in these metrics compared
to other SSPDs.

Different detector technologies excel in specific metrics, often requiring trade-
offs. For example, TESs offer intrinsic photon-number resolution, capable of re-
solving up to double-digit photon counts, but they may suffer from higher timing
jitter and complex readout electronics. In contrast, SNSPDs demonstrate exceptional
timing jitter and high maximum count rates, but their photon-number resolving
capability is limited.

Achieving high performance in one metric often involves trade-offs in others.
For instance, an SNSPD with a record-breaking maximum count rate of 1.5×109

counts/s [94] operates at this rate with an efficiency of only 12%. Similarly, an
SNSPD that achieved a timing-jitter value of 2.6 ps [21] did so with a narrow,
straight segment of nanowire, which can affect optical mode coupling efficiency.
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Achieving high performance across multiple figures of merit is a key objective in
the field, but it often necessitates compromises. Consequently, application-specific
designs may not require record values for every metric, enabling optimization tailored
to specific use cases.

From Table 2.1, we can see that TESs and SNSPDs lead in terms of SDE, while
KIDs are more suitable for use in large arrays due to their scalability with high
numbers of pixels. SNSPDs are unmatched in terms of speed, operating at high
detection rates and capable of functioning at higher temperatures (around 1 K). This
has led to the commercialization of SNSPDs, with several companies producing
them. However, SNSPDs do not have intrinsic energy resolution or PNR compared
to TESs, where the operational principle is based on these properties.

In the following section, I will further discuss the state-of-the-art performances
achieved by TESs in these metrics. A summary of the major results obtained for
TESs in the optical-IR range can be found in Table 2.2.

2.3.1 System Detection Efficiency (SDE)

SDE for TES is influenced by several factors, including coupling efficiency (εcoupling),
internal efficiency. The Internal efficiency depends on the quantum efficiency (εQE),
which represents the probability of a photon being absorbed once coupled to the
active area, and readout efficiency (εread-out), which indicates the effectiveness of the
detector’s electronic signal processing.

SDE can be mathematically expressed as:

SDE = εcoupling · εQE · εread-out (2.1)

In TES detectors, quantum efficiency corresponds to the probability of a photon
being absorbed, rather than reflected or transmitted, in the superconducting film. It
is enhanced through antireflection (AR) coatings and reflective mirrors to minimize
losses [100]. In Figure 2.6 (a), a bare Ti TES is visible at the top, while at the
bottom, the same TES is embedded in the AR coating and mirror. The mirror is
used together with a spacer to reduce the losses due to transmission forming a
cavity and enaching the absorption in the Ti. Figure 2.6 (b) compares the absorption
probability of a photon across the optical-IR range. For the bare Ti TES, absorption
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remains below 50% throughout the entire range, whereas with the AR coating and
mirror, absorption is enhanced above 95% at 930 nm. This approach, using thin-film
constructive interference, has proven effective, with reported SDEs of 95% at 1556
nm [13] and 98 % at 850 nm [14].

In those two works, the alignment of the fiber with the active area (high εcoupling)
was obtained with mechanical clamping of the fiber housing [13] and UV-curable
resin for adhesion [14]. Nowadays, the same groups use a more effective method
consisting of the self-aligning fiber-coupled mounting package designed by Miller et
al. [101], also used in SNSPD detectors, which has achieved record SDEs of 98%
and 99.5% in the infrared range [46–48]. Alternatives to these methods include fiber
arrays assembled on a Si V-groove [102], evanescent coupling through microfibers
[103], alignment based on the interference of back-reflected light [104], and another
method involving geometric structures on the chip [105]. As shown in Table 2.2,
valid SDEs have been obtained with different TES materials such as W [13], Ti [14],
TiAu [106], Hf [107], TiAg [108], and Ir [109].
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Fig. 2.6 (a) Schematic illustration comparing a bare Ti TES (top) and a Ti TES covered with
anti-reflection coating and an optical cavity below (bottom). The cavity is made by having
a dielectric spacer under the TES and then a mirror. Some portion of light going to the
TES could be transmitted and, by tuning the spacer thickness, it is possible to optimize the
absorption of the light in the TES after it is reflected back from the mirror. (b) Comparison
of the absorption probability between the bare TES and one with AR coating and optical
cavity in the optical-IR range. The AR coating and cavity significantly increase absorption,
reaching over 95% at 930 nm.
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2.3.2 Dark Count Rate (DCR)

Dark counts in a TES can originate from two primary sources: background counts and
intrinsic dark counts. Background counts typically result from blackbody radiation,
stray light coupled in the fiber, or high-energy particles, such as cosmic rays. Counts
due to stray light can be significantly reduced at telecom wavelengths by tightly
coiling the fiber around the device, increasing bend loss for long-wavelength photons
compared to shorter signal wavelengths.

In contrast, intrinsic dark counts are those observed even in a perfectly shielded
environment. In SNSPDs, intrinsic dark counts increase exponentially as the bias
current nears the switching current. Remarkably, shielded SNSPDs have demon-
strated exceptionally low dark counts, measuring only 4 to 5 counts over 180 hours
of continuous operation at low bias currents [34].

For TES, intrinsic DCR on the order of mHz, making them ideal for applications
requiring extremely low background noise, such as dark matter searches. The
Quantum Haloscope for Dark Matter Search (QHalos) experiments and The Any
Light Particle Search (ALPS II) experiment aim to utilizes TES detectors to identify
photons generated by dark photons [16] or axion [15] respectively. In the ALPS
experiment they measured intrinsic dark count rates are as low as 0.1 mHz at 1046 nm.
When coupled with an optical fiber, the dark count rate was recorded at 8.6 mHz,
predominantly due to blackbody photons from the 300 K blackbody spectrum at
the other end of the fiber. In the QHalos experiment, with a first TES protopype, an
intrinsic DCR of 0.36 mHz was measure for the all region of intrest of 0.8 eV-3 eV
as will be discussed in Section 5.3.

2.3.3 Energy Resolution

In the realm of photon detection, the energy resolution often surpasses the perfor-
mance metrics listed in Table 2.1 sor SSPDs. For instance, a commercial spectrom-
eter’s energy resolution depends on the diffraction grating and can reach down to
a few millielectronvolts. However, such setups often exhibit low SDE and much
higher DCR.

TESs inherently possess excellent energy resolution capabilities, enabling them
to discriminate single photons with a resolution as fine as 67 meV [17, 18]. This



30 Superconducting Single-Photon Detectors

intrinsic property makes TESs exceptionally useful for applications requiring high
precision in energy measurement, and allows them to achieve photon-number res-
olution when illuminated with monochromatic light. Recently, this property has
also attracted interest in experiments where high energy resolution is required for
electron detection. The PonteCorvo Tritium Observatory for Light, Early-Universe,
Massive-neutrino Yield (PTOLEMY) project, for instance, requires TESs with excel-
lent energy resolution for electron detection [26, 27]. One of the first challenges to
address is to show that TESs can have similar performance with electrons as they do
with photons. On this matter we recently submit a paper that shows that in the 100
eV range, this condition is met [110], the results will also be discussed in Section
5.2. Additionally, in the field of electron spectroscopy, TES performance as electron
detectors is under investigation at higher energy (up to 2 keV) as showed in [111].

2.3.4 Photon-Number Resolution (PNR)

TES detectors generate an output signal proportional to the cumulative energy of
multiple photon absorption events. Figure 2.7 (a) presents histograms of the TES
response amplitude when illuminated with photons at 1540 nm (0.8 eV, black) and
1310 nm (0.85 eV, red). The first peak on the left in both histograms represents
events where zero photons were detected per pulse. The second peaks correspond to
the absorption of a single photon. The one-photon peak at 1310 nm is centered at
a higher amplitude than the one-photon peak at 1540 nm, confirming that the TES
response is proportional to the energy of the absorbed photon.

Due to their intrinsic energy resolution, TES detectors illuminated with a monochro-
matic pulsed laser generate a response proportional to the energy of a single photon
multiplied by the number of photons in the pulse. Figure 2.7 (a) shows multiple
peaks due to multiple photons per pulse, and the output of each detection event can
be associated with an integer photon number. The energy resolution of TES detectors,
however, is limited to a specific energy range. When the absorption event drives the
TES completely into its normal state, the TES reaches its saturation energy. In Figure
2.7 (b), the persistence graph shows the TES response to a pulsed monochromatic
laser with a number of photon per pulse that sometimes saturate the TES. Some
pulses contain enough photons to saturate the detector, beyond which photon-number
resolution deteriorates.
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Fig. 2.7 (a) Histogram of the amplitude of the TES response at two different laser wave-
lengths (1540 nm and 1310 nm). The position of the peaks depends on the photon energy
and the number of photons per pulse. (b) Persistence graph of TES response to a pulsed
monochromatic laser. Some of the pulses contain enough photons to saturate the TES.

Recent advancements have shown TES devices capable of resolving up to 55
incident photons at 1540 nm [19], making TES an invaluable tool for quantum optics
and photon-counting applications. In the field of X-ray detection, [112] demonstrated
a TES capable of resolving more than 200 photons with 3 eV energy, showcasing an
impressive photon-number resolving power.

2.3.5 Recovery Time

The recovery time of TESs is constrained by the weak thermal link between the
electron and phonon systems. While this weak thermal link is vital for converting
photons into detectable electrical signals, it results in longer recovery times compared
to other single-photon detectors, such as SNSPDs (see Table 2.1) [7]. Notably, during
its recovery time, the TES can continue to receive and detect photons, thus exhibiting
no dead time, which is a unique feature among photon-counting detectors. However,
if a photon is absorbed during the detector’s recovery phase, signal pile-up may occur,
requiring post-processing analysis of the detector response. Therefore, reducing the
recovery time of TES devices is crucial for enabling high-repetition-rate experiments.

It is important to clarify that the metric "recovery time" differs from the rise time
constant and the fall time constant typically shown in the literature. As will be de-
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tailed in the next chapter, a TES pulse amplitude is proportional to
(

e−t/τ+ − e−t/τ−
)

,
and typically the fall time constant τ− is approximated to the effective time constant
(τeff) or the electrothermal feedback time constant (τetf) [1]. Since by recovery time
we mean the time needed for the detector to return to the initial condition, a way to
calculate is 5 ·τ−. Therefore, the values in both Table 2.1 and Table 2.2 are calculated
in this way from the time constant in the relative reference.

Decreasing the recovery time for optical TES detectors is an active area of
research, and two approaches are possible to achieve this goal. The response time of
the TES in the electron-phonon decoupling limit is inversely proportional to the cube
of the operating temperature and independent of the sensor area, as will be detailed
in Section 3.5.2. Leveraging the inverse dependence on the cube of the operating
temperature, one option is employing superconducting materials with a high TC,
or tuning the transition temperature of a specific material or bilayer to a desired
higher TC. This can significantly accelerate the recovery of a TES detector but also
deteriorate the energy resolution. For instance, Kobayashi et al. [22] utilized a TiAu
bilayer as the TES superconducting material with a TC of 314 mK, resulting in a
recovery time of 380 ns (τ− = 75 ns), and an energy resolution of 0.42 eV (fwhm) at
940 nm wavelength. A similar approach is presented in [113] and [114], where with
high TC film they obtain time constants on the order of τ− ∼ 150 ns.

An alternative method to reduce TES recovery time involves introducing a faster
heat dissipation path. Calkins et al. [115] and Hummatov et al. [116] demonstrated
that by adding Au pads on top of W TES devices, the recovery time was reduced to
1.1 µs (τ− = 220 ns), showing a significant improvement over devices without Au
without changing the operating temperature and maintaining the energy resolution.

2.3.6 Maximum Count Rate (MCR)

As illustrated in Table 2.1 and Table 2.2, the maximum count rate for TES is
attributed to the work of Kobayashi et al. [22] with a repetition rate of 2 MHz. This
rate assumes the TES fully recovers after five times it fall time constant of 75 ns.
Achieving a high counting rate in a TES requires not only minimizing the recovery
time but also reducing the readout circuit inductance to decrease the rise time of
the pulse. In fact, stabilizing the TES detector against electrothermal oscillations,
which may arise from dynamic interactions between heat flow and electrical circuit
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Fig. 2.8 (a) TES pulse with visible electrothermal oscillation in the tail, leading to a recovery
time of 250 ns. (b) Histogram of TES counts per three pulse repetition rate. As the repetition
rate increases above 1 MHz, the energy resolution deteriorates, making it challenging to
resolve peaks.

components, is essential. These oscillations represent energy transfer between the
inductor and the TES thermal heat capacity, which can affect detector stability and
performance [117].

An example of such oscillations is shown in Figure 2.8 (a), where oscillations
are visible at the tail of the pulse. In this case, the recovery time is ∼ 2µs. Increasing
the repetition rate of the laser results in a deterioration of the histogram of counts, as
visible in Figure 2.8 (b). Especially above 2 MHz, the energy resolution worsens,
and it’s almost impossible to distinguish between the peaks.

2.3.7 Timing Jitter

Low timing jitter is a crucial performance characteristic for some single-photon
detection experiments, as it represents the uncertainty in determining the precise
arrival time of a photon [7]. The timing jitter or timing uncertainty for a pulse signal
crossing a threshold is determined by the noise and the slope of the signal at the
threshold crossing point. One way to overestimate the jitter time for the TES is by
measuring the rise time constant, which, as I will discuss in Section 3.5.2, mainly
depends on the electrical circuit, with the inductance L playing a crucial role. All
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the values for the jitter time ∆tσ in Table 2.2 correspond to the rise time constant
reported in the corresponding reference. The only exception is for the work done by
Lamas-Linares et al. [23]. In this work, the authors conducted a comprehensive study
of the jitter time for a TES and measured a jitter with full width at half maximum
(fwhm) values of 4.1 ns for 1550 nm single photons and 2.3 ns for 775 nm photons
in W TES devices, without significant degradation of the device’s energy resolution
(0.33± 0.02 eV). The observed lower timing jitter for higher energy photons is
attributed to the higher amplitude of the TES output waveform.
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Chapter 3

Transition-Edge Sensors

Transition-edge sensors (TESs) are superconducting single-photon detectors with
intrinsic energy resolution, allowing for photon-number resolution. Their functional-
ity relay on the steep resistance change occurring at the superconducting transition,
controlled via electrothermal feedback mechanisms to achieve exceptional sensitivity.
This chapter explores the complex mechanisms underpinning TES operations, exam-
ining their electrothermal dynamics, and the resulting implications for the detector
energy resolution and time properties.

The initial section introduces the fundamental thermal model of a superconductor,
emphasizing the weak thermal link between the electron state and the thermal bath.
Following this, the discussion shifts to the principles of electrothermal feedback,
highlighting its pivotal role in enhancing sensor performance and stabilizing the
TES at its superconducting transition. Integration with Superconducting Quantum
Interference Device (SQUID) electronics is also detailed, clarifying how these
sensors translate changes in TES current into electrical signals for readout.

The chapter further evaluates the theoretical performance limits of TES, concen-
trating energy resolution, and timing properties—crucial parameters that delineate
the operational capabilities of these sensors. Through an extensive examination
of these elements, this chapter aims to enhance the reader’s understanding of TES
technology, its operation, and the critical aspects to focus on for improving its
performance in scientific research and practical applications.
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3.1 Thermal Model of a Superconductor Coupled to
a Thermal Bath

Below temperatures of one kelvin, a superconductor can be described by two in-
dependent systems: the electron and the phonon systems [1]. When coupled to a
thermal bath, the thermal model is as shown in Figure 3.1. This model identifies
the two components within the superconductor: the electronic (e) and the phonon
(ph) systems, each characterized by its own temperature, Te and Tph. The thermal
conductance between these sections is represented by ge-ph, which enables heat
transfer between them. Another thermal conductance, gph-sub, connects the phonon
component to the substrate, which is then coupled to the cooling bath at temper-
ature Tbath via gsub-bath. The thermal conductance ge-ph is significantly lower than
both gph-sub and gsub-bath, creating a bottleneck that restricts the rate at which heat
from the electrons is transferred to the bath. When the superconductor absorbs
energy, its electronic component heats up, leading to an increase in Te. This heat is
gradually transmitted to the thermal bath through the phonon system, allowing the

Superconductor – e 

Superconductor – ph

Substrate

Thermal bath

Te

Tph

Tsub

Tbath

gsub-bath

gph-sub

ge-ph= GPbath

Pab

Fig. 3.1 Thermal model of a superconductor coupled to a thermal bath. The model identifies
two primary components within the superconducting material: the electronic (e) and phonon
(ph) systems, each with its own temperature, Te and Tph, respectively. The electron-phonon
interaction is characterized by a thermal conductance, ge-ph, which facilitates heat transfer
between the two systems. Another thermal conductance, gph-sub, connects the phonon system
to the substrate, which is coupled to the cooling bath at temperature Tbath through the
conductance gsub-bath. At temperatures below 1 K, the electron-phonon thermal conductance,
ge-ph, becomes the bottleneck for heat transfer to the bath, limiting the rate of cooling of the
electronic system.
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superconductor to revert to its baseline temperature. The duration of this process
is governed by τth =

C
G , where τth denotes the thermal time constant, C represents

the heat capacity of the superconductor, and G is the thermal conductance, which
primarily depend on ge-ph below 1 K. By analyzing the thermal power balance, we
can observe the temporal evolution of the superconductor’s temperature as:

C
dT
dt

= Pab −Pbath (3.1)

where Pab signifies any external power absorbed by the superconductor, and Pbath

is the power the superconductor dissipates to the thermal bath. If the superconductor’s
temperature is proximal to that of the bath, the heat transfer through conductance G
is modeled as:

Pbath = G(T (t)−Tbath) (3.2)

Substituting Pbath into the thermal power balance equation and solving for T (t)
yields:

T (t) = Tbath +∆T (t), where ∆T (t) = ∆T0e−
t

τth (3.3)

This expression outlines the exponential decay of the temperature deviation, ∆T0,
back to the bath temperature, governed by the thermal time constant τth.

So far, I have outlined the dynamics of thermal variation in a superconductor
when it absorbs energy, resulting in a rapid increase in temperature followed by a
return to equilibrium. However, I have not yet highlighted why a superconductor can
be used as a sensitive sensor. The steep transition from the superconducting to the
normal state at the critical temperature of a superconductor is such that even small
changes in temperature can significantly affect its electrical resistance, as illustrated
in Figure 3.2(a). This property underpins the functionality of superconducting films
as TES. To fully leverage this sensitivity, it is important to discuss the concept of
electrothermal feedback (ETF), introduced by Irwin in 1995 [3]. This methodology
involves the direct injection of electrical power (Joule heating) into the electronic
component of the superconductor. By exploiting the weak thermal link, it is fea-
sible to warm up the electronic component temperature such that Te ∼ TC, while
maintaining the phonon system, the substrate, and the thermal bath at much lower
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temperatures. Consequently, external heat derived from photon absorption is directly
transduced into an electrical signal by the sensor, mitigating the loss of heat through
the phonon system.

3.2 Optimizing TES Performance with Electrother-
mal Feedback

The ability of TES detectors to detect single quanta of energy relies on the steep
superconducting transition of a metallic film and the exploitation of electrothermal
feedback (ETF). Figure 3.2 (a) illustrates the superconducting transition, while
Figure 3.2 (b) shows the TES employing electrothermal circuit of the TES.

The TES is voltage-biased and characterized by its heat capacity (C), electrical
resistance (R), and a temperature (T ) that exceeds that of the thermal bath due to
Joule heating. The thermal link connecting the TES to the substrate’s phonon system
is defined by thermal conductance (G). Both the phonons of the superconductor and
the substrate maintain the temperature of the thermal bath (Tbath). When a voltage (V )
is applied to the TES within an electrical circuit, the resultant current (I) produces
heat, elevating the temperature of the TES.

The balance of power within this system is captured by the following equations:

C
dT
dt

=−Pbath +PJ =−κ(T n −T n
bath)+ I2R(T ) (3.4)

At equilibrium, where dT
dt = 0, the equation simplifies to:

κ(T n −T n
bath) = I2R(T ) (3.5)

Here, Pbath represents the power dissipated through the substrate’s thermal link,
governed by the thermal exponent n (typically between 4 and 6) and the thermal
coupling constant κ , with the thermal conductance G defined by [1]:

G = κnT n−1 (3.6)
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Fig. 3.2 (a) Resistance transition of a superconductor, showing the normal-state resistance
(RN) and the critical temperature (TC), where the resistance is RN/2. The TES is polarized
on the transition at (R0,T0), a temperature change ∆T implies a significant change ∆R. (b)
Electrical bias circuit of TES utilizing electrothermal feedback.

The term PJ = I2R(T ) denotes the Joule heating effect. These equations effec-
tively describe the steady-state behavior of the TES, assuming no photon absorption
occurs.

Upon the absorption of a photon by the TES, a rapid increase in temperature
occurs. The energy of a typical infrared photon is around 1eV, which corresponds to
approximately 0.1 aJ. Given that the heat capacity of a TES could be limited to 1
aJ/mK, the absorption of one IR photon can raise its temperature by approximately
0.1mK. Consequently, I can consider minor temperature deviations from the stable
state, represented by T = T0+∆T . Initially, I assume the resistance R depends solely
on temperature T , but later in Section 3.4, I will expand the analysis to include the
dependence on current.

Expanding the differential equation 3.4 to the first order in ∆T yields:

C
d∆T
dt

=−κ(T n −T n
bath)+ I2R−nκT n−1

∆T − I2 dR
dT

∆T (3.7)
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Given that, according to Eq. 3.5, the first two terms cancel out at equilibrium, I
define the temperature sensitivity at constant current as:

α ≡ T
R

∂R
∂T

∣∣∣∣
I
, (3.8)

Considering Eq. 3.6, I simplify the differential equation as follows:

d∆T
dt

=−
(

G
C
+

αI2R
TC

)
∆T (3.9)

The solution to this equation is an exponential decay of the temperature deviation
over time:

∆T (t) = ∆T0e−
t

τetf (3.10)

Here, τetf represents the ETF recovery time constant, characterizing the exponen-
tial decay of ∆T :

τetf =

(
G
C
+

αI2R
TC

)−1

=
τth

1+ αI2R
GT

=
τth

1+L
, (3.11)

This time constant determines how the TES returns to thermal equilibrium after
photon absorption when operated in ETF. This calculation indicates that τetf can be
significantly shorter than the thermal recovery time τth = C/G, depending on the
value of the loop gain L , defined as:

L ≡ αI2R
GT

, (3.12)

This loop gain, L , plays a critical role in the dynamics of electrothermal feed-
back, affecting how swiftly the TES system responds to a disturbance, such as the
absorption of a photon, and subsequently returns to its steady state.

The efficiency of energy transfer from a photon (Eγ ) to the electron system is less
than one, I incorporate the efficiency factor ε , representing the fraction of photon
energy converted to thermal energy in the electron system. This adjustment modifies
the expression for the temperature change:
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ΔR

ΔΦ

ΔVSQUID
V L

Fig. 3.3 Circuit diagram showing a TES in series with an inductance, coupled with a dc-
SQUID. Any change in the current through the TES generates a corresponding change in
magnetic flux, which is coupled to the SQUID via the inductance.

∆T (t) = ε
Eγ

C
e−

t
τetf (3.13)

In the case of strong ETF, where Tbath ≪ T , the loop gain can be simplified as as
follows:

Pbath =
G

nT n−1 (T
n −T n

bath)≈
GT
n

= I2R (3.14)

This approximation allows to express the loop gain L as:

L ≈ α

n
(3.15)

Consequently, Eq. 3.11 can be further simplified to:

τetf ≈
τth

1+ α

n
(3.16)

Given that n typically ranges between 4 and 6 and considering that α can attain
much higher values, in the regime of strong ETF the ETF recovery time constant can
be further simplified to:

τetf ≈
n
α

τth (3.17)

ETF not only enhances the recovery of TESs but also stabilizes their operation
and facilitates the readout of signals. The resistance change within a TES—and
consequently the change in current—is proportional to the absorbed energy. Given
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the low impedance of TES, it is crucial to pair them with an amplifier such as
a Superconducting QUantum Interference Device (SQUID) to effectively detect
resistance changes. SQUIDs convert variations in magnetic flux, caused by changes
in current through an inductor in series with the TES, into measurable voltage signals.
This conversion process is illustrated in Figure 3.3. A detailed examination of the
SQUID electronics is essential to fully understand this amplification process.

3.3 Dc-SQUID as a Transimpedance Amplifier in TES
Signal Readout

The Superconducting QUantum Interference Device (SQUID) is highly sensitive to
changes in magnetic flux and converts these changes into measurable voltage signals.
It consists of a superconducting loop containing two Josephson junctions. These
junctions appear at the boundary between two superconductors, separated by an
insulating layer that allows Cooper pairs to tunnel through, as shown in panel (a) of
Figure 3.4. The phenomenon of tunneling Cooper pairs was first predicted by Brian
D. Josephson in 1962 [59], resulting in a supercurrent (Is) that is mathematically
described by:

Is = I0 sin(φ) (3.18)

where I0 represents the critical supercurrent, and φ is the phase difference across
the superconductors’ wavefunctions. The relationship between the phase evolution
and the voltage (V ) across the junction follows as:

dφ

dt
=

2πV
Φ0

(3.19)

Where Φ0 = h
2e is the magnetic flux quantum, h is Plank constant and e the

elementary charge. This fundamental constant bridges quantum mechanics and
electromagnetism.

As current flows through the SQUID, it splits equally between the two junctions.
The total critical current of the SQUID is therefore twice that of a single junction.
Under no external magnetic flux, the superconducting wavefunction across the loop
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Fig. 3.4 Panel (a) is a schematic of a SQUID highlighting the placement of Josephson
junctions (JJ1 and JJ2) within the superconducting loop. Panel (b) shows the modulation of
voltage across the SQUID (VSQUID) due the variation of magnetic flux (Φ) in the supercon-
ducting loop of panel (a).

maintains a uniform phase. However, when exposed to a magnetic field while biased
below its critical current, the SQUID generates a screening current to counteract the
applied flux, disrupting this symmetry.

The additional screening current adjusts as the magnetic field increases, reaching
a threshold where it drives one junction into a normal (non-superconducting) state.
This continues until a flux quantum penetrates the loop, resetting the superconductiv-
ity of the junctions. The SQUID’s response to magnetic flux is thus periodic with
a period of one flux quantum, illustrated in Figure 3.4 (b). The device’s voltage
output linearly correlates with the applied magnetic field over a wide range, enabling
precise measurement of even minute flux changes.

3.3.1 Flux-Locked Loop Mode for SQUID Operation

To utilize a SQUID as a current sensor, it must be integrated into an appropriately
designed circuit. This setup involves biasing the SQUID and extracting readable
voltage outputs corresponding to the TES currents. A schematic of such a read-out is
presented in Figure 3.5, which includes the SQUID, the TES input circuit, feedback
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Fig. 3.5 Schematic of the Flux-Locked Loop (FLL) mode in SQUID operation, showcasing
the TES circuit integration. The diagram highlights the inductive coupling via mutual
inductances Min and Mf, and the feedback system used to stabilize and enhance the SQUID’s
response to changes in TES current (ITES). The feedback loop actively adjusts the magnetic
flux to maintain the SQUID at its optimal working point.

loop, bias sources, and additional electronic components essential for the read-out
process.

The TES circuit, incorporating an input coil (L), is inductively coupled to the
SQUID. The current flowing through this coil (ITES) generates a magnetic flux (Φin)
coupled to the SQUID. This coupling effect depends on the geometric arrangement
and proximity of the coil to the SQUID and is quantitatively described by the inverse
mutual inductance (1/Min), .

1
Min

=
δ ITES

δΦin
(3.20)

The feedback circuit includes a feedback resistor (Rf) and an inductance(Lf)
inductively linked to the SQUID. The strength of this inductive coupling is charac-
terized by the mutual inductance (Mf):

1
Mf

=
δ If

δΦf
(3.21)
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where If represents the feedback current and Φf the magnetic flux generated in
the feedback coil. The feedback loop is such that any signal generated by the input
is directed back to the SQUID, providing negative feedback that serves to linearize
the SQUID’s response and extend its dynamic range. Operating in flux-locked loop
(FLL) SQUID is locked in the working point W shown in Figure 3.4 (b) to enhances
the stability and accuracy of the SQUID. The DC bias current (Ib) is applied to
bias the SQUID, ensuring proper modulation of the V -Φ curve. The voltage bias
(Vb) creates a voltage offset, adjusting the operating point along the voltage axis
(y-axis) in Figure 3.4. The working point is chosen such that the V -Φ curve is around
its inflection point at the intercept with the flux axis (x-axis), ensuring maximum
sensitivity. The magnetic flux bias (Φb), applied as a current source, modulates the
flux through the feedback loop. This compensates for changes in flux due to the
input inductance, maintaining the SQUID at a consistent working point.

When a change in TES current occurs, it generates a corresponding change in
magnetic flux δΦ through the SQUID loop. This change in flux induces a voltage
across the SQUID, the resulting voltage is then amplified and integrated before
being fed back to the SQUID through the feedback loop. The output voltage in
FLL mode δVout is thus proportional to the feedback current δ If, multiplied by the
feedback resistance Rf. Due to the negative feedback mechanism, the feedback flux
change δΦf balances out the initial flux change δΦ caused by the TES current. This
relationship is expressed by:

δΦf =
δVout

RfM−1
f

≡ δΦ (3.22)

Combining Equations 3.20 and 3.22, the relationship between the TES current
change and the output voltage is:

δVout = δ ITES
RfM−1

f

M−1
in

(3.23)

By fine-tuning these parameters, the SQUID is able to accurately amplify the TES
current changes into voltage outputs, enabling high-precision current measurements
crucial for TES applications. The SQUIDs utilized in this research, known for
their precision and reliability, are the result of sophisticated design and fabrication
processes at Physikalisch-Technische Bundesanstalt (PTB) of Berlin, and are detailed
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in the work by Drung et al. [119]. The electronics to opertate the system, from the
TES current bias to the SQUID feedback loop is providede by Magnicon, a PTB
spinoff company [120].

3.4 Comprehensive Analysis of Photon Absorption
Dynamics in TES

With the principles of electrothermal feedback from Section 3.2 and the basics of
SQUID operation in FLL mode from Section 3.3 explained, I shift focus to their
practical application: the detection of a single photon.

The comprehensive circuit for TES operation and readout is shown in Figure
3.6. Experimentally, the TES is voltage biased with a current source parallel to a
shunt resistor, as illustrated in Panel (a). For effective voltage biasing of the TES,
the shunt resistance (Rsh) must be significantly lower than the TES resistance (RTES)
(Rsh ≪ RTES). Here, Rpar represents the parasitic resistance, which could arise from
wiring and connections. Thus, in the Thevenin equivalent with the voltage generator
(panel (b)), the load resistance (RL) is the sum of Rsh and Rpar.

Using the chapter by Irwin and Hilton in "Cryogenic Particle Detection" by
Ch. Enss [1] as a reference for this section, the TES thermal and electrical system
response is described by the two differential equations:

C
dT
dt

=−Pbath +PJ +Pinc (3.24)

L
dI
dt

=V − IRL − IR(T, I) (3.25)

Equation 3.24 governs the thermal circuit, as shown in Figure 3.2 (b), and
Equation 3.25 dictates the electrical behavior depicted in Figure 3.6 (a). These
equations contain nonlinear terms that can be linearized for small deviations from the
steady-state, denoted as R0, T0, and I0, where the conductance and heat capacity are
considered constant. For the power flow to the substrate, a power-law dependency is
assumed and expanded around T0 for small signals:
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Fig. 3.6 The complete TES and SQUID circuit (a) and its Thevenin equivalent (b), the bias
is applied using a current source (IBias) and a shunt resistor (Rsh) in parallel to the TES.
Inductance (L) couples the TES to the SQUID electronics, detailed in Figure 3.5.

.

Pbath = κ(T n −T n
bath)≈ Pbath0 +GδT (3.26)

where G = nκT n−1 and δT = T −T0. In steady state:

Pbath0 = Pe0 +P0 = I2
0 R0 +P0 (3.27)

where P0 is the steady-state signal power. Unlike the simplified model in Section
3.2, where the TES resistance was considered primarily temperature-dependent, I
now extend the analysis to account for the resistance’s dependence on both temper-
ature an current. The resistance of the TES in the small-signal limit is expanded
as:

R(T, I)≈ R0 +
∂R
∂T

∣∣∣∣
I0

δT +
∂R
∂ I

∣∣∣∣
T0

δ I (3.28)

Here I recall the temperature sensitivity α from Eq. 3.8 and I define current sensitivity
β :
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β ≡ I0

R0

∂R
∂ I

∣∣∣∣
T0

, (3.29)

this allow Equation 3.28 to be rewritten in terms of α and β :

R(T, I)≈ R0 +α
R0

T0
δT +β

R0

I0
δ I, (3.30)

and so expand the Joule power to first order around the steady-state values R0,
T0, and I0:

PJ = I2R ≈ I2
0 R0 +2I0R0δ I +α

PJ0

T0
δT +β

PJ0

I0
δ I. (3.31)

This enables to express the system’s differential equations as:

dδ I
dt

=−RL +R0(1+β )

L
δ I − L G

I0L
δT +

δV
L

, (3.32)

dδT
dt

=
I0R0(2+β )

C
δ I − 1−L

τth
δT +

δP
C

, (3.33)

where δ I, δP, and δV represent small deviations in current, power, and voltage
from their steady-state values I0, P0, and V0, respectively. In this experssion appear
again the loop gain L defined in Eq.3.12 in Section 3.2.

Following the solution approach presented in [1] and applying the Lindeman
method from [121], I present the time-dependent solutions for δ I(t) and δT (t). For
a TES response to a delta-function temperature impulse at t = 0, the solutions are:

δ I(t) =
(

τI

τ+
−1
)(

τI

τ−
−1
)

CδT
(2+β )I0R0τ2

I

(
e−

t
τ+ − e−

t
τ−
)

(
1

τ+
− 1

τ−

) , (3.34)

δT (t) =
((

1
τI

− 1
τ+

)
e−

t
τ− +

(
1
τI

− 1
τ−

)
e−

t
τ+

)
δT(

1
τ+

− 1
τ−

) . (3.35)
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These equations are valid for t ≥ 0. From these solutions, it can be identified that
the current response of the TES is proportional to

(
e−t/τ+ − e−t/τ−

)
, where τ+ and

τ− are the "rise time" and "fall time", respectively. The time constants are given by
[1]:

1
τ±

≡ 1
τel

+
1

2τI
± 1

2

√(
1

τel
− 1

2τI

)2

−4
R0

L
L (2+β )

τth
. (3.36)

In the expression above I have use the electrical time constant and the current-
biased constant defined as follow:

τel =
L

RL +R0(1+β )
, (3.37)

τI =
τth

1−L
. (3.38)

If the rise and fall time constants τ± are real, the solution of Equation 3.34 is
critically damped or overdamped. If they are complex, the response is underdamped;
if the real part is negative, the response is unstable.

When L is sufficiently small such that τ+ ≪ τ−, then the time constant can be
approximated to:

τ+ ≈ τel =
L

RL +R0(1+β )
, (3.39)

τ− ≈ τth
1+β + RL

R0

1+β + RL
R0

+
(

1− RL
R0

)
L

= τeff. (3.40)

In case of strong ETF, meaning that the TES is voltage bias (RL ≪ R0) and
Tbath ≪ T0 then the following simplification are possible :

Pbath =
G

nT n−1
0

(T n
0 −T n

bath)≈
GT0

n
→ L ≈ α

n
≫ β ,1 (3.41)
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and Eq. 3.40 is futher simplified to:

τeff ≈
τth

1+ α

n
= τetf (3.42)

Which is the time constant define in Equation 3.11 found in Section 3.2. The
solutions 3.34 can be rewritten as:

δ I(t) =
2α

(2+β )

Eγ

τthnI0R0

1− τel
τth

1− τel
τetf

(
e−

t
τel − e−

t
τetf

)
, (3.43)

and considering Eq. 3.23 then the output voltage from the amplifier will be :

δV (t)out =
RfM−1

f

M−1
in

2α

(2+β )

Eγ

τthnI0R0

1− τel
τth

1− τel
τetf

(
e−

t
τel − e−

t
τetf

)
, (3.44)

With the quantitative analysis of TES response to photon absorption complete,
now is possible to present a qualitative description of the photon detection process.
The stages illustrated in Figure 3.7 provide a visual representation that complements
the mathematical model. In (a), the TES is voltage-biased to a steady state on its
superconducting transition 0 < R0 < RN. The equilibrium between the electrical
power dissipated by the TES and the heat removed to the bath maintains the TES
into a steady state, as a consequence output from the SQUID electronics is constant.
This corresponds to the situation where the differential equation 3.24 and 3.25 can
be simplified with Pbath = PJ and V = I0RL + I0R0.

When a photon is absorbed (b), the TES experiences a rapid increase in tempera-
ture, causing its resistance to rise. Consequently, the current through the inductor L
decreases, while the current through Rsh increases. This process occurs on the time
scale dominated by the electrical time constant τel. Meanwhile, the change in current
is promptly detected by the SQUID electronics. The FLL counteracts the change
in flux within the SQUID by adaptively altering the feedback current. The output
voltage from the amplifier is then proportional to the energy released in the TES, as
shown in Eq. 3.44.

As this is happening, the cooling process of the TES begins. The reduced current
flowing through the TES results in decreased joule heating, allowing the TES to cool



52 Transition-Edge Sensors

-6

-4

-2

0

Am
pl

itu
de

 (a
.u

.)

t (a.u.)
0 tetf 2tetf 3tetf 4tetf 5tetf

0tel tetf5tel

-6

-4

-2

0

Am
pl

itu
de

 (a
.u

.)

t (a.u.)

(a)
Pel = Pbath

(b)
Pel « Pbath

Pinc

(c)
Pel < Pbath

(d)

Pel = Pbath

R
 (a

.u
)

T (a.u)

RN

RN

2
__

0
 TC  

 (T0+DT,R0+DR)  

R
 (a

.u
)

T (a.u)

RN

RN
2
__

0
 TC  

R
 (a

.u
)

T (a.u)

RN

RN

2
__

0
 TC  

 (T0,R0)  

Rf

Lf

L

RTES

Rsh

IB
Vout

Rf

Lf

L

Rsh

IB
Vout

FLLFLL

FLL FLL

-6

-4

-2

0

Am
pl

itu
de

 (a
.u

.)

t (a.u.)
0 tetf 2tetf 3tetf 4tetf 5tetf

0tel tetf5tel

-6

-4

-2

0

Am
pl

itu
de

 (a
.u

.)

t (a.u.)

-6

-4

-2

0

Am
pl

itu
de

 (a
.u

.)

t (a.u.)
0 tetf 2tetf 3tetf 4tetf 5tetf

0tel tetf5tel

-6

-4

-2

0

Am
pl

itu
de

 (a
.u

.)

t (a.u.)
-6

-4

-2

0

Am
pl

itu
de

 (a
.u

.)

t (a.u.)
0 tetf 2tetf 3tetf 4tetf 5tetf

0tel tetf5tel

-6

-4

-2

0

D

t (a.u.)

RTES

Rf

Lf

L

RTES

Rsh

IB
Vout

Rf

Lf

L

RTES

Rsh

IB
Vout

R
 (a

.u
)

T (a.u)

RN

RN

2
__

0
 TC  

 (T0,R0)  

Fig. 3.7 Schematic of the photon detection process in a TES. (a) TES is in a stable state with
no photon absorption, (b) depicts the absorption of a photon and the subsequent increase in
resistance, (c) TES cools and returns towards its baseline. (d) restabilization to the steady
state, completing the detection cycle.
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down with a time constant τetf in the case of strong ETF. The ETF mechanism enables
the system to self-regulate its temperature back to the initial condition. During this
period, the FLL electronics provide continuous dynamic feedback.

Finally, the TES returns to its initial equilibrium state (d) after approximately
∼ 5τetf, ready for subsequent photon detection events.

3.5 Theoretical TES figure of Merit

In this section, I aim to introduce the theoretical performance of a TES. The focus will
be on the key aspects of energy resolution and time response. Particular attention will
be given to how the last two parameters—energy resolution and recovery time—are
influenced by the working temperature T0 and the active area A of the device.

The thermal capacity C of a superconductor is critical for understanding these
relationships and can be approximated by the following expression [122]:

C = (2.43+ γT0 +ζ T 3
0 )t ·A ∝ T0 ·A (3.45)

Here, t represents the thickness of the detector, and the constants γ and ζ are
material-dependent parameters detailed further in [122].

Regarding thermal conductance, it was previously defined in Eq. 3.6. Addi-
tionally, the thermal coupling can be expressed using the electron-phonon coupling
constant σe-ph and the detector’s volume. Consequently, the conductance G can be
reformulated as:

G ≈ nσe-phT n−1
0 t ·A ∝ T n−1

0 ·A (3.46)

This framework allows to predict how modifications in T0 and A affect the TES’s
performance, underscoring the interconnectedness of material properties, detector
geometry, and operational conditions.

3.5.1 Energy Resolution

The energy resolution of a TES is a critical parameter that determines its effec-
tiveness in detecting low-energy photons and particle. This parameter is highly
sensitive to temperature, influencing heat capacity, thermal conductance, and various
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noise components. Optimizing the energy resolution involves understanding the
fundamental noise sources and their contributions.

An important figure of merit for a TES is the the noise-equivalent power, which
is the square root of the power spectral density of the power-referred noise [1]:

NEP(ω) =
√

SPtot(ω) (3.47)

The theoretical energy resolution is given by the integrate of the NEP :

∆Efwhm = 2
√

2ln(2)
(∫

∞

0

4
SPtot( f )

d f
)− 1

2

, (3.48)

where f = ω/2π is the frequency, and SPtot(ω) denotes the power spectral den-
sity of the total noise. The thermodynamic noise sources, include Johnson noise
(Nyquist noise) and thermal fluctuation noise (TFN). Additional noise sources, such
as quantum fluctuations and fluctuations in the superconducting order parameter, can
also contribute but are often negligible in TES applications.

Noise contributions is very well detailed in [1], here I will summarized the
expressions for the four major contributions: Johnson noise from the TES resistance,
Johnson noise from the load resistance, TFN due to thermodynamic fluctuations
associated with the thermal conductance G and the amplifier noise from the SQUID.

One important parameter that is derived in [1] by solving the differential equation
(3.32,3.33) is the power-to-current sensitivity sI(ω) :

sI(ω) =− 1
I0R0(2+β )

(
1− τ+/τI

1+ iωτ+

)(
1− τ−/τI

1+ iωτ−

)
, (3.49)

where ω = 2π f . The power-to-current sensitivity sI(ω) is used to express noise
components in spectral current density in units of A2/Hz. The Johnson noise for the
TES polarized at the working point (R0, I0) is:

SITES = 4kT0R0I2
0

ξ (I0)

L 2 (1+ω
2
τ

2
th)|sI(ω)|2, (3.50)
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where k is the Boltzmann constant, and ξ (I0) represents the spectral density
reflecting the current-dependent non-linearity. Similarly, the current noise due to
Johnson noise in the load resistor is expressed as:

SIL = 4kTLI2
LRL

(L −1)2

L 2 (1+ω
2
τ

2
I )|sI(ω)|2. (3.51)

The term due to thermal fluctuation noise in the conductance can be expressed
as:

SITFN = 4kT0G×F(T0,Tbath)|sI(ω)|2, (3.52)

where F(T0,Tbath) is a dimensionless function encapsulating the dependence
on the thermal conductance exponent and the nature of phonon scattering at the
boundaries between the TES and the bath. The value of F(T0,Tbath) typically ranges
between 0.5 and 1 [123], reflecting the spectrum of possible boundary scattering
behaviors from diffuse to specular reflections.

Finally, the noise introduced by the SQUID amplifier, often referred to as current-
referred amplifier noise SIamp(ω), must be considered. It contributes to the total noise
in a manner inversely proportional to the square of the power-to-current responsivity:

Samp(ω) =
SIamp(ω)

| sI(ω) |2
. (3.53)

The power spectral density of the total noise SPtot(ω) is therefore:

SPtot(ω) =
1

| sI(ω) |2
(SITES +SIL +SITFN +SIamp). (3.54)

In the important limit where the amplifier noise SIamp is negligible, L ≫ 1, strong
ETF (Tbath ≪ TC), ξ (I0) = 1+2β , and F(T0,Tbath) = 1, the integration of these noise
contributions in Eq. 3.48 gives:

∆Efwhm ≈ 2
√

2ln(2)

√
4kT 2

0
C
α

√
n(1+2β )

2
, (3.55)
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The electronic heat capacity is pivotal in determining device behavior, as de-
scribed in Eq. 3.55. A high heat capacity leads to negligible temperature changes
during an event, making it challenging to distinguish these changes from the device’s
thermal fluctuations. Conversely, a low heat capacity may cause the temperature to
rise excessively during an event, exceeding the superconducting transition’s width
and causing device saturation. The maximum energy saturation, defined as [124]:

Esat ≡C∆T ≈ CT0

α
, (3.56)

represents the peak energy that the electrothermal feedback (ETF) mode can
dissipate in conditions of strong electrothermal feedback. Consequently, Eq. 3.55
simplifies to:

∆Efwhm ≈ 2.355

√
4kT0Esat

√
n
2
, (3.57)

Considering Eq. 3.45, the energy resolution is expressed as proportional to the
square root of the device’s area and a power of the operating temperature:

∆Efwhm ∝ T
3
2

0 ·A
1
2 . (3.58)

This relationship highlights the significant influence of the operating temperature,
T0, on determining the energy resolution of the device. For example, lowering T0

from 0.3 K to 0.1 K can improve the intrinsic resolution by a factor of two. This
improvement demonstrates the critical role of the working point temperature in
enhancing device performance. Furthermore, the dependence on the square root of
the area implies that for a square-shaped TES, the energy resolution has a linear
dependency on the length of the side, underscoring the geometric influence on
performance.
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3.5.2 Timing Properties

Recovery Time and Maximum Detection Rate

The maximum detection rate (MDR) of a TES is directly influenced by its recovery
time. According to [40], the "recovery time of a single-photon detector is the total
amount of time required after a detection event for the detection efficiency to return
to its nominal steady-state". When a photon is absorbed, the TES signal evolves over
time as:

δ I ∝

(
e−

t
τ+ − e−

t
τ−
)

(3.59)

Under conditions of strong electrothermal feedback (ETF), these time constants
can be approximated as:

τ+ ≈ τel =
L

RL +R0(1+β )
,

τ− ≈ τetf ≈
n
α

C
G
,

Since TES detectors do not have dead time or reset time, signals can be detected
even when the TES has not fully recovered. However, as discussed already in section
2.3.5 the recovery time is the time it takes for the current pulse to return to zero,
which can be approximated as 5τetf. In the case of periodic signals (such as a pulsed
laser or a single-photon emitter stimulated at a fixed frequency), the MCR of a TES
can be defined as:

MCR =
1

5τetf
(3.60)

Therefore, to operate the TES at a high detection rate, it is crucial to minimize
the time constant τetf. However, the stability of the detector must also be considered.
According to [117], stability is ensured if:

τetf

τel
> 5.8 (3.61)
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This impose that both time constant must be minimize. The electrical time
constant, τel, is primarily influenced by the input inductance, which can be as low
as 3 nH [119]. This enables typical electrical time constants to range from 10 ns to
100 ns [95, 22].

For the fall time τetf, using Eqs. 3.45 and 3.46, the dependence on temperature
and area is given by:

τetf ≈
n
α

C
G

∝ T−(n−2)
0 A0 (3.62)

This means that, contrary to the energy resolution, the maximum detection rate
improves if the TES is operated at a higher temperature. Therefore, one way to
improve the MDC is to work at higher temperatures, though this comes at the cost
of reduced energy resolution. Since the dependency of the active area cancels out,
reducing the area could compensate for this, but one must then consider the issue of
coupling efficiency.

Another way to reduce τetf is to directly improve the conductance by enhancing
the TES design. An example of this approach is shown in [116], where the use of
gold pads on top of their tungsten TES enhanced the conductance and thus the time
constant, while keeping the operating temperature and energy resolution relatively
constant.

Jitter

The timing jitter, or timing uncertainty, for a pulse signal crossing a threshold is
determined by the noise and the slope of the signal at the threshold crossing point.
For TES signals, the timing jitter can be expressed as [23]:

∆tσ =
σ

dV
dt

∣∣
t

≈ σ

Vmax
τ+, (3.63)

where Vmax is the maximum amplitude of the signal and σ represents its standard
deviation. This approximation holds for a linear rise of the pulse. The standard
deviation is proportional to the energy resolution, and the rise time constant can be
approximated with the electrical time constant τel.

The standard deviation of the maximum amplitude depends on the power noise
and is proportional to the energy resolution. Therefore, the timing jitter is given by:
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∆tσ ∝
T

3
2

0 ·A 1
2 ·L

Vmax
. (3.64)

In summary, the theoretical performance metrics of TES detectors highlight
the critical trade-off between energy resolution and timing properties, emphasizing
the significant impact of operating temperature and active area on optimizing these
detectors for high-precision physics experiments. In the next chapter, I will provide
a detailed overview of the experimental apparatus and methodologies used to charac-
terize and study TESs, showcasing the practical implementations of the theoretical
concepts discussed.



Chapter 4

Experimental setup

This chapter describes the various experimental setups used throughout my PhD
thesis. The majority of my research activities were carried out at the Innovative
Cryogenic Detectors Laboratory in the Istituto Nazionale di Ricerca Metrologica
(INRiM), the National Metrology Institute of Italy. INRiM has extensive facilities
and expertise in the fabrication and testing of TESs, which were fundamental to
the successful outcome of my PhD work. The setups detailed in this chapter were
integral to the experiments and results presented in subsequent chapters.

The chapter begins with a description of the low-temperature setups essential for
the operation of TES, given their superconducting nature. Specifically, we focus on
the cryogenic systems used at INRiM, including the Pulse-Tube Driven Adiabatic
Demagnetization Refrigerator (ADR) cryostat. This is followed by an explanation of
the TES readout system using dc-SQUIDs and the fiber alignment setup for sample
preparation.

Additionally, the chapter includes details on the low-temperature setup at the
Physikalisch-Technische Bundesanstalt (PTB) in Braunschweig, where I conducted
part of my research. This setup is used to measure the SDE of TES devices. Finally,
the chapter covers the characterization of the DCR and the low-energy electron
source setup using carbon nanotubes (CNTs).

INRiM’s advanced facilities and expertise in superconducting technology pro-
vided the foundation for the experimental work presented in this thesis. The fabrica-
tion of TES devices at INRiM, particularly those made from Titanium-Gold (TiAu)
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bilayers, allowed for precise control over the superconducting properties essential
for my research.

4.1 INRiM Low-Temperature setup

As discussed in earlier sections, TESs should be operated at temperatures lower than
their critical temperatures. Since TESs operate in the sub-Kelvin range, an environ-
ment capable of reaching such low temperatures is essential. The low-temperature
setup described here employs two cooling methods: a pulse tube refrigerator and an
Adiabatic Demagnetization Refrigerator (ADR). The pulse tube refrigerator brings
the ADR temperature below 3 K, and the ADR further cools a section of the cryostat
to below 100 mK.

As a reference for this section, we will describe the cryostat used in the INRiM
laboratory, which is the Pulse-Tube Driven ADR Cryostat Model 103-RC Rainier
from HPD [125]. However, some of the measurements that will be presented were
performed using a different cryostat with similar technology: an ADR cryostat from
Entropy (see section 4.4).

The Cryostat Model 103-RC Rainier from HPD is a cryogen-free, pulse-tube-
driven cryostat that employs ADR to reach temperatures below 100 mK. The cryostat
stages operate at approximately 60 K, 3 K, 500 mK, and 30 mK. The model includes
a Cryomech pulse-tube refrigerator (PTR), which provides cooling for the 60 K and
3 K stages. The PTR consists of a compressor package, remote motor, cold head,
bellows, and helium flex lines. It is a closed-loop system that offers reliable cooling
without using any liquid cryogens.

The ADR generates the coldest stage temperatures (500 mK and 30 mK). It
is made by a superconducting 4 T magnet, a Gadolinium Gallium Garnet (GGG)
paramagnetic salt pill, a Ferric Ammonium Alum (FAA) paramagnetic salt pill,
a Hiperco 50 magnetic shield, Kevlar suspension system, and a coold finger for
the experiment. The ADR cools through the adiabatic demagnetization of the
paramagnetic salt pills. The Kevlar suspension isolates the salt pills from warmer
stage temperatures. The ADR is connected to the 3 K stage via a heat switch that
allows the pills to be isolated when the switch is open.
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The cryostat frame, shown in Figure 4.1, consists of three stage plates (room
temperature, 60 K, and 3 K) connected by thermally isolating supports. Each
plate includes a series of pass-throughs for experimental and thermometer wiring.
Radiation shields connected to the 60 K and 3 K plates block blackbody radiation
from reaching the low-temperature experimental volume. The PTR is attached to
the cryostat frame with bellows and copper jumper cables to reduce vibrations and
allow for differential thermal contraction. A vacuum jacket attaches to the 300 K
plate and encloses the cryostat. An additional magnetic shield made of Amumetal
4K (A4K) [126] is mounted inside the 3 K radiation shields to minimize the effect of
external magnetic fields on the 500 mK and 30 mK stages. The cryostat temperature
is monitored with a thermometer for each temperature stage. The 30 mK stage
thermometer is a Ruthenium Oxide Thermal Sensor with an accuracy of ±5mK from
30 mK to 150 mK [127]. Besides the thermometers and the operational system, the
cabling mounted in the system for experimental purposes allows for the transmission
of electrical signals through two different connectors with 12 twisted pairs each. One
connector is dedicated to R vs T measurements of the superconducting film. This
cabling passes through a series of RC and RF filters to improve thermalization by
reducing noise-related heating. The second connector with 12 twisted pairs is used
to operate the SQUIDs with the Magnicon XXF-1 electronics, described in Section
4.2.

At the 300 K stage, a vacuum feedthrough is used to bring optical fibers inside
the cryostat. Each temperature stage includes a small pipe to guide the fibers down
to the 30 mK stage.

This cryostat model also allows for rapid cooldown using liquid nitrogen flowing
through heat exchangers to accelerate the cooldown from room temperature, pro-
viding shorter turnaround times for experiments. In the INRiM setup, a standard
pulse tube cooldown takes about 48 hours to go from 300 K to 3 K, while the rapid
cooldown system shortens the cooldown to 3 K to about 20 hours.

The rapid cool system consists of an integrated liquid nitrogen line that enters the
cryostat through a vacuum port in the 300 K plate, travels through a heat exchanger
on the 60 K plate, through another heat exchanger on the 3 K plate, and then exits the
cryostat through another port in the 300 K plate. During cooldown, liquid nitrogen
flows continuously through this heat exchange system to quickly cool both the 60
K and 3 K plates directly. The liquid nitrogen is flowed in its dedicated line from
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Pulse-Tube Refrigerator

300 K Plate

60 K Jumper Cables

60 K Plate

3 K Plate

ADR 30 mK cold finger

3 K Jumper Cables

G10 Spports

Vacuum Jacket

3 K Shield

60 K Shield

Hitch Plate Assembly

ADR 500 mK cold finger

Fig. 4.1 Schematic and picture of the HPD cryostat [125]. The chassis is made to support the
two stage pulse-tube cryocooler and ADR, to reduce the thermal load on the ADR, and to
provide a structure to mount and heat sink wiring and other components. The cryostat frame
has three stage plates: 300 K, 60 K, and 3 K. The 60 K and 3 K stages are cooled by the
1st stage and 2nd stage of the pulse-tube, respectively. Low thermal conductivity supports
connect the stage plates. High thermal conductivity radiation shields attach to, and hang
from, the 60 K and 3 K stages creating a series of volumes to reduce the heat load on the
ADR stages. A vacuum jacket hangs from the 300 K plate creating the vacuum envelope



64 Experimental setup

300 K to 80 K, which takes approximately 3 hours and 30 minutes, after which the
temperature continues to decrease with the pulse tube alone. Warming up the system
takes approximately 48 hours.

In the next section, we will describe the ADR system, which enables the operation
of the TESs below 100 mK.

4.1.1 Adiabatic Demagnetization Refrigerator (ADR)

The Adiabatic Demagnetization Refrigerator was historically the first method that
enabled reaching temperatures below 1 K. Proposed in 1926 by P. Debye and W. F.
Giauque, it was practically realized by W. F. Giauque and D. P. MacDougall in 1933.
Modern ADRs can reach temperatures around 2 mK. Despite being a "one-shot"
cryostat and requiring a strong magnetic field during the cooling process, ADRs are
advantageous as nowadays they can be operated without cryogenic liquids and can
operate in zero gravity conditions [122].

The ADR, shown in Figure 4.2, generates the two coldest stages of the cryostat
through the adiabatic demagnetization of paramagnetic salt pills. It contains two
paramagnetic salt pills: a GGG pill generating a 500 mK stage and a FAA pill
generating a 30 mK stage. The pills are situated in the bore of a cylindrical 4 T su-
perconducting magnet that provides the magnetic field necessary for ADR operation.
The magnet lies within a Hiperco 50 magnetic shield to prevent most of the magnetic
field from escaping to the rest of the cryostat. A gold-plated copper thermal shield
reduces the radiative load on the Hiperco 50 shield and magnet. The salt pills are
semi-rigidly held in place and thermally isolated from other stages with a Kevlar
thread suspension system.

Let us consider a solid containing paramagnetic ions with an electronic magnetic
moment µ . Suppose that, within a certain temperature range, the interaction energy
εm between the magnetic moments and an external magnetic field is small compared
with kT. At temperatures relevant for ADR refrigeration, the magnetic entropy
(a few J/mole) is much larger than other system entropies. Cooling the salt to a
certain temperature brings the interaction among magnetic moments to the order
of kT, resulting in spontaneous magnetic alignment. An external magnetic field
partially aligns the magnetic moments along its direction, reducing entropy at a fixed
temperature.
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Figure 4.3 illustrates the magnetic cycle. The process starts from point A. The
first step involves isothermally magnetizing the pill from zero field to 4 T, ending at
point B. The heat produced along the path AB is delivered to the 3 K plate cooled by
the cryocooler. In the second step, the pill is thermally isolated from the 3 K stage
by opening the heat switch. The crystal is then adiabatically demagnetized (line
BC). During this process, some heat is absorbed from the surrounding ballast mass,

FAA Pill

GGG Pill

Puck

500 mK Cold 
Finger30 mK Cold 

Finger

Heat Switch 
Fingers

Magnet

Thermometer

Magnetic 
Shield

Thermal 
Shield

Puck Cover

TES and SQUID box 

Fig. 4.2 Schematic of the Adiabatic Demagnetization Refrigerator (ADR) and photograph
of the setup. The schematic and the photograph on top right shows the ADR system before
mounting the rest of the experimental apparatus. The photograph on the bottom shows the
square (20 cm × 20 cm) OFHC copper plate, which is connected to the FAA pill through the
30 mK cold rod. The devices are mounted on this plate. The photograph also shows a copper
box where two SQUIDs are mounted on the back and two TESs can be mounted on the front.
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Fig. 4.3 Magnetic cycle for adiabatic demagnetization refrigeration, The vertical axis is
Entropy, in a unitless form created by dividing the specific entropy by the gas constant R.
(A-B) Isothermal magnetization of the paramagnetic salt pill from zero to 4 T, releasing
heat to the 3 K stage. (B-C) Adiabatic demagnetization, where the pill absorbs heat from
the surrounding ballast mass, represented by the area shaded in blue. (C-D) Optional
temperature stabilization through magnetic field regulation, allowing the ADR to maintain
a stable temperature. The area shaded in red represents the cooling power during natural
warm-up, while the area shaded in green represents the “bonus” entropy gained by regulated
warm-up.

represented by the area shaded in blue. After reaching a minimum temperature, the
system can either gradually warm up naturally along the entropy curve (B = 0) or can
be stabilized at a higher temperature, like point D, by regulating the magnetic field. In
this way, the ADR can maintain a stable temperature until the applied magnetic field
reaches zero. During natural warm-up, the pill’s cooling power is represented by the
area shaded in red. During regulated warm-up, the cooling power is given by the red
area plus the green area. The green area is the “bonus” entropy gained by regulating
the temperature instead of letting the system warm up naturally. Practically speaking,
the magnetic cycle needs to be repeated every time the operating temperature of the
experiment is to be reached again.

For this system, a typical magnetic cycle takes about 2 hours. After one week at
full regime with one cycle per day, the cryostat is capable of maintaining a stable
temperature of 40 mK for approximately 20 hours.



4.2 INRiM TES read-out setup with dc-SQUID 67

4.2 INRiM TES read-out setup with dc-SQUID

The operation of a TES relies on electrothermal feedback, and its readout is done
via a dc-SQUID transimpedence amplifier. In Chapter 3, these two aspects were
thoroughly discussed. Here, we will explain how they are integrated into the low-
temperature setup discussed above. Figure 4.4 displays the schematic of the TES-
SQUID circuit (top) and the schematic of the installation in the cryostat (bottom).

All measurements presented in this thesis were obtained using SQUID chips
provided by the Physikalisch-Technische Bundesanstalt (PTB), as described by
Drung et al. in [119]. Each 3 mm × 3 mm chip contains two SQUID circuits, each
capable of reading out one TES device. Each circuit comprises a SQUID array of 16
SQUIDs, an input coil, a feedback coil, and four resistors.

On one end, the chip is connected via wiring up to the 300 K stage, where it
interfaces with the Magnicon XXF-1 electronics [120]. The electronics allow biasing
the SQUID (Ib and Vb in the top circuit, ±V in the bottom), the TES circuit (IBias

in the top circuit, +R,−INR in the bottom), and the feedback circuit (Φb in the top
circuit, ±F in the bottom). The other end of the chip connects the TES to the input
coil. A series of built-in resistances in the SQUID chip allows selection of the shunt
resistance value (Rsh).

The connections are facilitated through a sample holder where TES chips are
mounted and wire-bonded to a PCB. This PCB then connects to the copper box
shown in Figure 4.2, where the SQUID chips are housed. Although SQUIDs can
operate from 3 K, the ones in use are suitable to be operated also at 30 mK, in such
a way that they can be mounted on the ADR cold finger in order to to minimize
parasitic resistance and stray inductance using shorter wiring connections.

To further improve performance, the SQUID and TES chips could be mounted
nearby, allowing for direct wire bonding between them. This setup minimizes both
stray inductance and parasitic resistance, as described in Section 4.4 for the PTB
setup. However, in the INRiM setup, the connection is mediated via a PCB to
enable the replacement of TES chips without dismounting the SQUID chip from the
cryostat. SQUIDs are highly sensitive to electrostatic discharge, which can occur
during transportation, wire bonding, and mounting. By separating the TES from the
SQUID chip, the risk of damaging the SQUID during these processes is minimized.
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The characteristics values of INRiM TES read-out setup are listed in table 4.1,
the valued refer a single SQUID chip with two circuits labeled Channel 1 and
Channel 2.

Together with the XXF-1 electronics, Magnicon provides software for controlling
the bias sources (Ib, IB, Φb) and other electronic parameters such as the feedback
resistance (Rf) and the option to operate in Flux Locked Loop (FLL) mode. As dis-
cussed in Section 3.3.1, operating the SQUID in FLL mode ensures stable operation
over a wide dynamic range. The optimal working parameters for FLL mode, such
as Ib and Vb, were studied at 30 mK prior to this thesis and remained unchanged
throughout the experiments. The output of the XXF-1 electronics (Vout), one per
channel, exits via a BNC cable, which is connected to either a Lecroy oscilloscope
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Fig. 4.4 (Top) Circuit diagram of the TES-SQUID setup. The TES is biased with a current
generator IB in parallel with a shunt resistance. Changes in the current through the TES
are read by the SQUID circuit. The SQUID is used in FLL mode, providing an output
proportional to the TES response. (Bottom) Schematic of the installation in the INRiM
low-temperature setup. The TES chip is wire-bonded to a PCB, which is then connected to
the copper box housing the SQUID chip. The TES and SQUID chips are mounted at the 30
mK stage.
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Table 4.1 Table of the properties of the two SQUID channel used in the INRiM low-
temperature setup

Parameter (30 mK) Channel 1 Channel 2
Lin ∼ 3 nH ∼ 3 nH

Lstray ∼ 7 nH ∼ 7 nH
Rsh 20 mΩ 20 mΩ

Rpar 10 mΩ 10 mΩ

M−1
in 24.61µAΦ

−1
0 24.66µAΦ

−1
0

M−1
f 66.31µAΦ

−1
0 66.11µAΦ

−1
0

Transimpedance amplification (Rf = 100kΩ) 269443 VA−1 268085 VA−1

model WaveRunner 620Zi or a digitizer from National Instruments model PXIe-5122
during the experiment.
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4.3 INRiM Fiber Alignment setup

The samples fabricated at INRiM are aligned with optical fibers in a setup that
consists of an inverted microscope with objective magnifications of 5×, 20×, and
100×, connected to an IR camera from New Imaging Technologies. As shown in
the left photograph in Figure 4.5, the TES chip is placed on a 100 µm thick glass
microscope slides, which can be positioned on top of the microscope objective.
Illuminating the TES chip from above with an incandescent light is sufficient to
exploit the IR components of the emission and obtain an image of the chip.

The chip substrate, made of silicon nitride, silicon oxide, and silicon, is trans-
parent to IR light, while the TES and wiring, made of metal, reflect most of the
IR light. This feature allows for good contrast between the bare substrate and the
substrate with metal deposition on top, providing clear visibility of the sample layout
as showon in the image in Figure 4.5. Once the TES area is centered and above the
objective, a fiber is clamped to a micro-motion controller above the chip. One end of
the fiber (typically 1 m long) is manually pre-aligned in front of the TES, while the
other end is spliced to another fiber connected to a commercial IR continuous-wave
laser. By turning on the laser and achieving good pre-alignment, a light spot from

Fiber

XYZ
micro-motion 

control

IR camera

50 µm

Fig. 4.5 Alignment setup featuring the inverted microscope, fiber alignment system, and IR
view. The fiber above the TES chip is aligned using XYZ micro-motion control and a live
image with an IR camera. Once the fiber is aligned is glued to the substrate with uv curable
resin.
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the fiber core will appear on the TES chip. With the micro-motion controller, it is
possible to move the spot so that it stays within the TES active area.

Once the alignment is complete, a drop of UV-curable resin glue (Norland 68)
[128] is used to attach the TES chip to the fiber. The glue is cured for 24 hours
at 50 °C. The alignment method presented here is similar to the one used in [14],
which demonstrated that high system detection efficiency can be achieved. Unlike
the self-alignment system described in [101], our method does not rely on the chip
shape, making it more flexible for various chip and sample holder designs. However,
this approach is less reproducible and depends on the experience of the person
performing the alignment.

Once the glue is cured, the TES and the fiber are mounted in the copper box
shown at the bottom of Figure 4.2. The TES chip is either glued with Varnish glue
or clamped to the copper plate. Thermalizing the fiber before the TES chip is crucial
and is achieved by taping it to the 30 mK plate approximately 10 cm away from
the TES chip. Thermalizing the fiber away from the TES reduces stress due to the
different thermal contraction coefficients of the fiber and the copper. From that
anchor point to the chip, copper tape is used to prevent radiation from the 3 K plate
from warming up the TES-fiber system.

This configuration is the result of a series of trials and errors. Poor thermalization
of the fiber caused heating effects on the TES, and creating an anchor too close to
the TES resulted in excessive stress, causing the fiber to detach from the chip.
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4.4 PTB Low-Temperature and System Detection Ef-
ficiency Setup

In this section, I describe the setup present at the laboratory of Physikalisch-
Technische Bundesanstalt (PTB) in Braunschweig. As part of my PhD activity,
I had the opportunity to spend four months as a guest researcher at PTB. Within the
SEQUME project mentioned in section 1.1.3, one of the activities I followed at PTB
was the setting up of a cryo-optical facility for single-photon source characterization
and measure the system detection efficiency (SDE) of TES devices.

The low-temperature setup at PTB is similar to the one described in section 4.1,
consisting of a cryostat driven by a pulse tube with an ADR to reach temperatures
below 1 K, all provided by the company Entropy. The coldest stage of the cryostat,
attached to the FAA salt pill, can reach around 100 mK, and magnetic shielding
is provided by a superconducting aluminium shield. At the cold stage, wiring
connections for SQUID control with XXF-1 electronics are present, as well as fiber
access points. The left image in Figure 4.6 show the open aluminium magnetic shield
box with two sample holders mounted on the FAA cold finger. The image with
the blue frame is a photograph under the microscope of two TES chips fabricated
at INRiM before wire bonding with the 3 mm × 3 mm SQUIDs chip, which is
in the middle. The two TES chips with optical fibers aligned and glued using the
method described in section 4.3 are visible at the bottom. The image with the red
frame shows a zoomed view of two TES chips fabricated at the National Institute of
Advanced Industrial Science (AIST) in Japan. The fiber alignment for these chips
is done using the alignment technique described in [101]. Both INRiM and AIST
TES chips are mounted closer to the SQUID chip compared to the setup described in
section 4.2 in order to minimize stray inductance. Recall from equation 3.37 that the
electrical time constant τel has an inverse dependence on inductance. By reducing
stray inductance, we contribute to lowering τel. A low τel is crucial for one of the
goals of the SEQUME project, which was discussed in section 1.1.3, aims to operate
TESs with detection rates above 2 MHz.

Another goal of the project is to set up a facility for single photon source charac-
terization with a system detection efficiency above 90%.
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AIST TES module

INRiM TES module

Fig. 4.6 Low-temperature setup at PTB featuring the open aluminum magnetic shield box,
two sample holders mounted on the FAA cold finger, and images of TES chips. The red box
highlights two samples from AIST. The chips are inside ceramic sleeves where a fiber can be
placed using the self-alignment method described in [101]. The blue box provides a close-up
of the INRiM TES with the fiber glued on top using the method described in Section 4.3.

4.4.1 Setup for System Detection Efficiency measurement

The setup used to measure the system detection efficiency is similar to the one
described in [129], following an approach similar to that described in [130]. It
consists of a light source, optical fibers, a monitor diode, and an optical attenuator.
In this setup with the measurement of the SDE we refers to the probability of photon
detection once the photon enters the fiber connector mounted on the vacuum shield of
the cryostat, thus accounting for losses in the fiber inside the cryostat, misalignment
losses between the fiber and TES, and the internal losses of the TES.

Figure 4.7 shows the schematic of the setup. A pulsed laser head emitting
around 1550 nm (precisely 1548 nm) with a pulse duration of less than 100 ps is
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Fig. 4.7 Schematic of the setup to measure the System Detection Efficiency featuring laser
source, a monitor optical paths, and attenuated path that goes to the TES inside the cyrostat.

connected to ps-laser driver. An external trigger from a waveform generator regulates
the emission rate. The output of the laser head is coupled to a standard telecom
single-mode fiber. This fiber is connected to a 50/50 fiber beam splitter; one output
of the splitter is monitored by an InGaAs photodiode calibrated at PTB against
a cryogenic radiometer. The photocurrent is measured by a picoammeter . The
second output is connected in series to two attenuators. The output from the second
attenuator connects to the input of the cryostat. The cryostat’s input consists of a
vacuum feedthrough fiber connector. From there, approximately 2 meters of fiber
pass through the various stages of the cryostat until reaching the TES. The SDE
is calculated starting from that connection, therefore it includes the losses in the
vacuum feedthrough, the losses in the fiber, and the alignment of the fiber with
the TES. A fine characterization of this setup allows converting the photocurrent
measured by the picoammeter into the number of photons per pulse expected at the
input of the cryostat with a relative uncertainty of ∼ 1%. The ratio between the
number of photons per pulse measured by the TES and this input photon number per
pulse represents the SDE.
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4.5 Low-Temperature Low-Energy Electron Source
Setup

In this section, we describe the setup used to study the TES response to low-energy
electrons. The simple and compact setup relies on the emission of electrons from
carbon nanotubes (CNTs) via field emission. With this setup, we are capable of
producing monochromatic electrons at low temperatures in the range from 50 to 300
eV.

Electron field emission was first discovered by Wood in 1897 [131]. Following
the discovery of CNTs by Iijima in 1991 [132], Chernozatonskii et al. demonstrated
in 1995 that CNTs can be used as electron sources via field emission [133].

The current density of electrons emitted by a CNT is described by the Fowler-
Nordheim formula [134]:

J = 1.54×10−6 (γE)2

Φ
exp

(
−6.79×107 Φ3/2

γE

)
(4.1)

where E is the electric field, γ is the enhancement factor, and Φ is the work function
of the material. Considering typical values of γ between 103 and 104, field emission
with CNTs can start with E < 103 V/mm. The CNTs used in this setup consist
of chips of vertically aligned CNTs and were synthesized in the INFN laboratory
‘TITAN’ at Sapienza University of Rome [135–138]. The nanotubes were grown
through chemical vapor deposition on a 500 µm silicon substrate, and are approx-
imately 120 µm in length, while covering a surface of roughly 3 mm × 3 mm, a
imagine made with a scanning electron microscope of this type of sample is visible
in Figure 4.8 (a).

A single setup for both the characterization of CNT emission at low temperatures
and electron counting with TES was designed, as shown in Figure 4.8(b). The setup
consists of three square copper plates stacked one on top of the other, using sapphire
(A2O3) substrates 500 µm thick and 0.5 cm × 0.5 cm in size as spacers, as shown
in Figure 4.8(c). One copper plate serves as the base and can be screwed to the
cryostat. The other two plates are used as the anode and cathode for measurement
when only the CNTs are mounted, and no TES chip is used. The sapphire spacers
ensure a fixed distance, thermal conductivity, and electrical isolation. The CNTs
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Fig. 4.8 Setup for the characterization of CNT field emission. (a) SEM image of vertically
aligned CNTs. (b) Photograph of the MIC setup: three copper plates stacked on top of each
other where the CNT and the TES can be hosted. (c) The schematic shows a section of the
MIC setup with the circuit elements for the CNT emission characterization. When negative
voltage is applied to the CNT chip and the electric field exceeds the threshold, a current
is measured from the copper plate in front of the CNTs. (d) Emission current from CNTs
measured in the MIC at 3 K for three different samples.
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chip is glued inside a groove on one of the copper plates, making the tips of the
CNTs level with the copper plate. The distance between the two copper plates can
be varied depending on the number of sapphire spacers used.

The shape of this mounting resembles the traditional Italian dish called "Moz-
zarella in Carrozza," so from now on, we will refer to it as MiC.

As shown in the schematic in Figure 4.8(b), for the characterization of the current
emitted by the CNTs, one of the two plates is connected to a variable voltage source
while the other is connected to an ammeter. Both voltage and current measurements
are performed with the same instrument, the Keithley 6487. Since the silicon
substrate becomes an insulator at low temperatures, the electrical contact between
the CNTs and the copper plate is made via Al wire bonding.

This simple setup can be mounted on the 3 K plate as well as on the 30 mK plate.
Moreover, in the same setup, a TES chip can be mounted with wire connections to
the SQUID box for TES reading. An example of three different emission curves
from three different samples is shown in the plot in panel (d) of Figure 4.8. Different
samples have been tested, and the study at 3 K will be the subject of an upcoming
paper. From the 3 K characterization, we achieved emission from CNTs from 50 V
to 500 V.

The integration of the CNT with the TES device will be further discussed in
Section 5.2.
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4.6 Fabrication Facility at INRiM

The working principle of TES is based on the superconducting transition of a metallic
film. The fabrication of superconducting metallic films is a complex process that
requires a cleanroom environment and an Ultra-High Vacuum (UHV) deposition
system. As shown in Table 2.2, various materials have been used as superconducting
films for TESs, each necessitating specific deposition techniques and careful handling.
During my PhD, I did not actively participate in the fabrication of the TES devices I
used, so I will only outline the main aspects of the fabrication process here.

At the QR Lab in INRiM, the available deposition system and extensive experi-
ence focus on the fabrication of Titanium-Gold (TiAu) TES [139]. Titanium serves
as the superconducting material, while gold acts as a normal metal. A TiAu bilayer
is used to exploit the proximity effect and tune the critical temperature of titanium
[140]. Pure titanium has a critical temperature of approximately 510 mK [141]; by
depositing a layer of gold on top of titanium, this value can be tuned down to a point
where the superconducting state is no longer reached [28].

The deposition of TiAu TES at the INRiM facility is performed in a UHV
chamber by thermal evaporation, at a pressure lower than 5×10−9 mbar, on silicon
substrates covered with 140 nm of thermal silicon oxide and 500 nm of LPCVD
silicon nitride. Before introducing the substrate into the deposition system from the
load-lock, its surface is ion milled to remove contaminants. After the deposition of
titanium, a waiting time of less than 10 seconds is used before the deposition of gold
to minimize oxidation on the titanium surface [139].

The TES requires wiring to connect to the SQUID readout. Superconducting
wiring with a higher TC than the TES bilayer is used. Niobium (Nb) and aluminium
(Al) are two materials with bulk critical temperatures of 9.2 K and 1.2 K, respectively.
The Nb or Al films are deposited in a UHV DC magnetron sputtering system at a
base pressure of 10−8 mbar. Before deposition, in situ cleaning of the substrate by
sputter-etching removes contaminants from its surface. Sputtering is performed at an
argon pressure of 5×10−3 mbar.



Chapter 5

Results

This chapter presents the key findings and advancements made in the development
and characterization of TES at INRiM and PTB Braunschweig. The research focuses
on enhancing the performance of TES in different aspects such as energy resolution,
electron detection, dark counts rate, and system detection efficiency.

The first section, Energy Resolution, details the progress at INRiM in improving
the energy resolution of TES devices. These efforts are crucial for the PTOLEMY
project, which aims to detect relic neutrinos by achieving an electron energy resolu-
tion as low as 0.11 eV. We investigate two TES samples with different active areas,
Lito20 (20 µm × 20 µm) and Lito50 (50 µm × 50 µm), and provide a comprehensive
analysis of their performances.

The second section, Detection of Low-Energy Electrons, describes the first
single-electron counting in the sub-100 eV range with an energy resolution of a
few eV for fully-absorbed electrons. TES devices were operated in a cryostat
setup with a cold electron source based on field emission from vertically-aligned
carbon nanotubes. This section highlights the direct comparison between photon and
electron energy resolutions, demonstrating the versatility and high resolution of TES
devices for low-energy particle detection.

The third section, Study of Dark Counts for Rare Event Searches, investigates
the dark count rates (DCR) of TES devices, which is crucial for applications in rare
event searches such as dark matter detection. This study, conducted in collabora-
tion with the Astroparticle Physics Group from New York University Abu Dhabi
(NYUAD), examines the sources of dark counts and their implications for TES
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performance. Various experimental setups and simulations were used to understand
the impact of cosmic rays and natural radioactivity on the TES dark counts.

The fourth section, System Detection Efficiency Measurement, presents the
results of the system detection efficiency (SDE) measurements conducted at PTB
Braunschweig. During a four-month research visit, significant progress was made
in setting up a cryo-optical facility and optimizing TES devices for high detection
efficiency at 1550 nm. The TES devices achieved an impressive 98% SDE, demon-
strating their potential for high-efficiency photon detection in quantum metrology.

The fifth section, Preliminary Results for Fast TES, presents the efforts to
achieve TES devices with short recovery times. Two approaches were followed:
working at higher temperatures and improving the thermal conductance of the TES.
The use of Al TES and gold pads on TiAu TES showed promising outcomes. Al TES
demonstrated potential for very short recovery times, but challenges in stability and
energy resolution need to be addressed. Au pads on TES helped improve thermal
conductance and recovery times, with ongoing research to optimize these designs
for better performance.

The results presented in this chapter highlight the advancements in TES tech-
nology and their applications in high-precision measurements. These developments
pave the way for further research and potential breakthroughs in detecting low-
energy electron, achieving high-efficiency photon detection, and exploring rare event
phenomena.
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5.1 Energy resolution

In this section, I present the significant progress made at INRiM in enhancing the
energy resolution of transition-edge sensors (TES). This work is crucial for the
PTOLEMY project, which aims to detect relic neutrinos for the first time. The goal
for TES in this context is to achieve an electron full width half max (fwhm) energy
resolution as low as 0.11 eV [26]. Our current objectives focus on two main aspects:
optimizing the energy resolution of TES while maintaining the largest possible active
area and demonstrating the capability of TES detectors to detect electrons, which
will be detailed in Section 5.2.

Here, I present results from two TES devices with different areas: one with
20 µm × 20 µm and another with 50 µm × 50 µm. While optical TES devices
with energy resolutions of 0.11 eV or better have already been fabricated [17, 18],
they typically have smaller active areas of 8 µm × 8 µm and 10 µm × 10 µm,
respectively.

A larger TES area is advantageous for the PTOLEMY project because it simplifies
the development of TES arrays. For instance, to cover the same area, only one 50
µm × 50 µm TES is needed compared to 25 10 µm × 10 µm TES devices. This
significantly reduces the complexity and increases the feasibility of deploying large-
scale TES arrays.

As discussed in Section 3.5.1, the energy resolution of a TES scales with the
critical temperature and active area as T 3/2

C A1/2. Thus, our strategy involves lowering
the critical temperature to compensate for the larger active area [28]. This section
summarizes the results obtained from two samples: ’Lito20’ with an area of 20 µm
× 20 µm and ’Lito50’ with an area of 50 µm × 50 µm. Both Lito20 and Lito50
do not have any anti-reflection coatings because, in the context of the PTOLEMY
project, enhancing photon absorption is unnecessary. Moreover, any dielectric on
top of the TES would prevent electron detection. Therefore, the TES devices we are
developing are composed solely of the TiAu bilayer.

5.1.1 Lito20 TES

We fully characterized a TiAu TES with an area of 20 µm × 20 µm made by
depositing 30 nm of Au on top of 12 nm of Ti, as discussed in Section 4.6. The first
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Fig. 5.1 Electrical characterization of the Lito20 TES. Panel (a): R vs T curve with a constant
current of 1 µA. Panel (b): Complete ITES vs IBias curve at 67 mK.

step involved measuring the superconductive transition using a 4-wire circuit with an
AC-resistance bridge at a constant current of 1 µA. The data of the superconducting
transition are displayed in Figure 5.1(a). We measured a TC = 92 mK and a ∆TC = 2
mK, where ∆TC is defined as the temperature range between the TES being at 90%
and 10% of its RN.

The second step in the characterization involved installing the TES in the SQUID
setup described in Section 4.2. Before this step the TES was coupled with a single
mode fiber (SMF) with a core diameter of 9 µm using the alignment system described
in section 4.3. With the TES in the SQUID setup, we were able to proceed with the
electrical characterization. We acquired a full ITES vs. IBias curve for both negative
and positive bias currents at 67 mK, as shown in Figure 5.1(b). The curve was
obtained using the current source (IBias) provided by the Magnicon electronics [120]
with a triangular AC signal between -50 µA and +50 µA at a frequency of ∼ 20 Hz.
The values of ITES were calculated from the output of the SQUID electronics with the
transimpedance amplification reported in Table 4.1. From this curve, it is evident that
the response is symmetric, suggesting that the residual magnetic field perpendicular
to the TES area is negligible. Given this, we continued the characterization by
measuring the curve at different bath temperatures, but only for the normal branch
with positive current to avoid the saturation of the FLL electronics. These curves,
shown in Figure 5.2 (a), allow the calculation of the power dissipated by the TES to
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the thermal bath at different bath temperatures for a fixed working point. An example
of the power curve is shown in Figure 5.2 (b). The black dots are the experimental
data measured for R0 = 20% RN. The red curve represents the fit results using the
power dissipation model to the substrate described in Section 3.2, equation 3.4:

I2
0 R0 = PJ = κ(T n

C −T n
bath) (5.1)

From the fit, we obtained κ = (1.7± 0.4)× 10−9 W/Kn and n = 4.6± 0.1, corre-
sponding to a thermal conductance G = nκT n−1

C = 9.6±0.5 pW/K.

Photon Number Resolution Capability

To measure the energy resolution and verify the photon number resolution capability
of the Lito20 TES, we coupled light from a monochromatic pulsed laser emitting at
1540±10 nm into the fiber. The laser pulses had a duration of approximately 70 ps
and were emitted at a repetition rate of 1 kHz, which is sufficiently low to allow the
TES to fully recover between pulses. Before entering the cryostat, the light passed
through an attenuated path to reduce the power to a few fW, ensuring only a few
photons per pulse.
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Fig. 5.3 Photon number resolution characterization. The blue traces represent 1000 wave-
forms recorded with the oscilloscope in persistence mode, showing quantized amplitude
levels corresponding to different numbers of absorbed photons. The flat line at 0 V corre-
sponds to no photon absorption by the TES, while the thicker pulses with minima around
-0.05 V, -0.1 V, and so on, correspond to the absorption of one, two, and three photons,
respectively. The orange plot shows the histogram of counts for the minimum value of
each recorded waveform over 50,000 waveforms. The histogram reveals four Gaussian
peaks corresponding to i = 0,1,2,3 photons. The amplitude of these peaks follows Poisson
statistics, and the fwhm is proportional to the energy resolution of the device.

The TES was operated with the bath temperature stabilized at 40 mK or lower,
and it was biased at its transition to a working point (R0, I0). The SQUID was used
in FLL mode, with its output connected to an oscilloscope. The oscilloscope was
triggered by the TTL output of the laser. When the laser output is enabled, each
oscilloscope trigger corresponds to a pulse reaching the TES. Since the photons
arrive at the TES within 70 ps of each pulse, we can assume the absorption of
n-photons is simultaneous, as the arrival time separating photons from the same
pulse is much shorter than the shortest characteristic time of the TES.

The probability distribution for a number of photons i in a pulse, given an
expected mean number µ , is described by the Poisson distribution:

P(i,µ) =
µ i

i!
e−µ (5.2)

The energy absorbed by the TES from each laser pulse is directly proportional to
the number of photons in the pulse. Since photons are discrete quanta of energy, the
amplitudes of the signal output from the SQUID amplifier should also be discrete,
reflecting the number of absorbed photons. The blue traces in Figure 5.3 represent
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Fig. 5.4 Histogram of amplitude signals form the TES generated by a 1540 nm pulsed laser
without filtering. the red line is the fit from equation 5.3, the mean photon is µ = 0.5.

1000 waveforms recorded by the oscilloscope in persistence mode. The quantized
maximum amplitude of the waveforms is visible in the darker ragion of the plot
where most of the waveforms overlap. The flat line at 0 V corresponds to waveforms
recorded when no photons were absorbed by the TES. The darker peak with a
minimum around -0.05 V corresponds to the absorption of one photon. The peak
with a minimum around -0.1 V corresponds to the absorption of two photons, and so
on. The orange plot in the same figure shows the histogram pulse amplitude using
the minimum of each waveform recorded by the oscilloscope for 50,000 waveforms.
The histogram reveals four Gaussian peaks corresponding to i = 0,1,2,3 photons.
The amplitude of the peaks follows Poisson statistics, and the fwhm is proportional
to the energy resolution of the device. To measure the energy resolution, we fit the
histogram with a function that is a sum of Gaussians with amplitudes depending on
Poisson statistics:

Count(V ) = A
e−µ

√
2π

3

∑
i=0

µ i

i!
e
−(V−xi)

2

2σ2
i (5.3)

where µ is the expected number of photons according to Poisson statistics, i is the
number of photons, xi is the center of the Gaussian peak for the i-th photon, and σi

is its standard deviation. Since only four Gaussian peaks are visible, the summation
goes from i = 0 to i = 3. An example of this fit is shown in Figure 5.4.

The data were taken with the TES at R0 = 0.15RN and no filter applied. From
the fit parameters, we calculate the energy resolution at the energy of the i-th photon
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Fig. 5.5 Energy resolution of Lito20 at 0.8 eV as a function of the working point R0.

number as:
∆Efwhm(at E =

hc
λ

i) = 2
√

2ln2
hc
λ

σi

(xi+1 − xi)
(5.4)

For this case, at the energy corresponding to 1 photon (i = 1), E = hc
λ
· i = 0.805 eV

with the fit parameters:

x1 = 0.05266±0.00004 V,

x2 = 0.0959±0.0001 V,

σ1 = 0.00428±0.00004 V,

The energy resolution is calculated to be:

∆Efwhm(at E = 0.8 eV) = 0.188±0.002 eV

The uncertainty on this value is calculated as discussed in [18].

As discussed in Section 3.5.1, the energy resolution depends on the chosen
working point. The black dot in Figure 5.5 shows the change in energy resolution
for varying working points when no filter was applied. The energy resolution can
be improved by filtering the waveform; for this sample, the most effective filter
was found to be a low-pass filter at 200 kHz built into the oscilloscope. The red
point in Figure 5.5 represents the energy resolution measured after applying the



5.1 Energy resolution 87

low-pass filter. The improvement is around 35% for low R0 but can be as much
as 65% for higher R0. The blue dot in the graph represents the expected energy
resolution calculated from the noise measurement. This calculation, detailed in
the next section, involves measuring the complex impedance of the TES to extract
important parameters such as α , β , and the loop gain L .

Impedance and Noise Measurements

The technique of measuring the complex impedance to extract TES parameters is
well established [142–145, 17, 146, 147]. The complex impedance can be expressed
as [1]:

ZTES(ω) = R0(1+β )+
R0L

1−L

2+β

1+ iω τth
1−L

(5.5)

The measurement is performed by injecting a small amplitude signal with a
lock-in amplifier up to 250 kHz and reading the output through the SQUID amplifier.
The analysis method involves first measuring the complex impedance in both the
superconducting and normal states to extract the transfer function, similar to the
approach described in [146].

Considering the circuit in Figure 3.6, the Thevenin equivalent voltage across the
bias circuit is given by:

Vth(ω) = (ZTES +RL + iωL)ITES (5.6)

where RL is the load resistor and L is the inductance in series with the TES. Since it
is difficult to build an equivalent circuit from the input of the lock-in to isolate Vth, a
transfer function is used:

Vth(ω) = F(ω)Vin(ω) (5.7)

where F(ω) is the transfer function and Vin(ω) is the input voltage from the lock-in
amplifier. Assuming that the transfer function is independent of the working point,
we use the superconducting and normal states of the TES to extract RL and L [147]:

VS

VN
=

RN +RL + iωL
RL + iωL

(5.8)
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Fig. 5.6 Complex impedance measurement results up to 250 kHz: The dots represent the
measured data for different TES working points, and the lines represent the fits using
Equation 5.5.

where VS and VN are the outputs read from the lock-in amplifier in the superconduct-
ing and normal states, respectively. The transfer function is therefore:

F(ω) =
(RN +RL + iωL)IN

Vin
(5.9)

where IN is the current flowing in the TES in the normal state. The results of
the measurement are shown in Figure 5.6. The dots represent the measured data for
different TES working points, while the lines represent the fits using Equation 5.5.

From the fits, we obtained the current sensitivity β , the loop gain L = α
R0I2

0
GT0

from which we can extract α , and the thermal time constant τth =
C
G from which we

obtain C. The calculated values of α and β are visible in 5.7(a) while the measured
and calculated values of the effective time constant τeff are shown in Figure 5.7(b).
The calculated values of τeff are obtained using the formula:

τeff =
C
G

1+β + RL
R0

1+β + RL
R0

+(1− RL
R0
)L

(5.10)

while the measured data were obtained by fitting the single photon pulse with
the following function from Equation 3.44:
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(b): Measured and calculated values of the effective time constant τeff as a function of the
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Vout(t) = A
(

e−
t

τel − e−
t

τeff

)
(5.11)

The measured and calculated values of τeff differ by up to 20% at lower R0. While
this discrepancy suggests that the model used for the impedance measurement might
not fully capture the behavior of this device, the deviation is within a reasonable range.
Therefore, it remains valuable to proceed with the analysis. Recalling Equation 3.48
from Section 3.5.1, the energy resolution can be estimated from the NEP as [1]:

∆Efwhm = 2
√

2ln2
(∫

∞

0

4
SPtot( f )

d f
)− 1

2

= 2
√

2ln2
(∫

∞

0

4|sI( f )|2

SItot( f )
d f
)− 1

2

(5.12)

where the power-to-current sensitivity |sI(ω)| in the limit of τel ≪ τeff is given
by [143]:

|sI(ω)|= L

I0R0

√
(1+β +L )2 +ω2τ2

th(1+β )2
(5.13)

By measuring the current noise from the TES at the same working point as the
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Fig. 5.8 Current noise spectra for the Lito20 TES at the same working point as the impedance
measurement.

impedance measurement, we can calculate the expected energy resolution of the
device. The current noise spectra is shown in Figure 5.8, where the points represent
the raw data and the lines represent the smoothed data. The calculated energy
resolution is shown in Figure 5.5 with the blue dots. From this data, we expect an
energy resolution in the range of:

0.07 eV (R0 = 0.27RN)< ∆Efwhm < 0.12 eV (R0 = 0.86RN)

Lito 20 best Energy resolution

Given the potential to achieve an energy resolution on the order of 0.07 eV, we
conducted further measurements to optimize the working point, ground loop, and
minimize noise sources. Ultimately, the best energy resolution we were able to
obtain with the Lito20 TES was:

∆Efwhm(at E = 0.8 eV) = 0.114±0.001 eV

The TES was biased at the 20% of its RN, and the waveform filtered with the
200 kHz low-pass filter from the built into the oscilloscope. The histogram in Figure
5.9 (a) demonstrates this excellent energy resolution. At the same working point
we measured the time constant of the TES, figure 5.9 (b) shows the average of the
waveforms from one photon absorption (black dots), the red line is the fit equation
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Fig. 5.9 Panel (a): Best energy resolution measured with the Lito 20. The laser wavelength
was 1540 nm, and the energy resolution calculated was 0.114 eV for a single photon (0.8
eV), with a mean value (µ) of 0.47. Data was collected from 50,000 waveforms. Panel (b):
Average waveform of a single photon pulse (black dots) fitted with a double exponential
decay (red line). The fit yielded τel = 80 ns and τeff = 12.5 µs.

5.11 , the resulting time constant are:

τel = 80±4 ns

τeff = 12.5±0.1 µs

5.1.2 Lito50 TES

Here, I present the results on the energy resolution of a 50 µm × 50 µm TiAu TES
named Lito50. Like Lito20, it consists of a deposition of 30 nm of Au on top of 12
nm of Ti. However, the critical temperature of this device was different, around 50
mK. The deposition of TiAu on the Lito50 chip was done the day before the chip
with Lito20. We attribute this difference in TC to the better quality of the vacuum
during the Lito20 deposition, resulting in an overall better quality of Ti and Au.
Additionally, this sample did not maintain the transition at the same temperature
over time. Figure 5.10 (a) shows the R vs T curve of the sample at two different
cooldowns. In the first cooldown (black curve), the transition was at 52 mK, while
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Fig. 5.10 (a) R vs T curve of Lito50 at two different cooldowns. The black curve represents
the first cooldown, and the blue curve represents the second cooldown. (b) ITES vs IBias curve
at a bath temperature of 30 mK during the second cooldown.

in the second cooldown (blue curve), the transition was 10 mK lower, at 40.5 mK.
This shift in the transition can be attributed to oxidation of the Ti or interdiffusion of
the Au into the Ti [148].

Despite the observed changes over time, the very low transition temperature
made this sample very promising for its energy resolution. However, the limitations
of the ADR, with a minimum temperature around 30 mK, prevented operation in
a strong ETF regime. Nevertheless, it was still possible to operate and partially
characterize the device. The ITES vs IBias curve measured in the second cooldown
at a bath temperature of 30 mK is shown in Figure 5.10 (b). The TES was biased
at 10% of its RN and characterized with the same 1540 nm pulsed laser as in the
previous section. The histogram of counts is shown in Figure 5.11 (a), along with
the fitted curve. The best energy resolution was obtained filtering the raw waverfom
with a winer filter as described in [149].

The energy resolution is calculated to be:

∆Efwhm(at E = 0.8 eV) = 0.158±0.001 eV

This value of energy resolution for a TES with this active area is unprecedented,
considering also that the TES is operated near its critical temperature. The energy
resolution of the device could be even better. Unfortunately, the degradation of the
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Fig. 5.11 Panel (a): Best energy resolution measured with the Lito50. The laser wavelength
was 1540 nm, and the energy resolution calculated was 0.158 eV for a single photon (0.8 eV),
with a mean value (µ) of 0.5. Data was collected from 50,000 waveforms and then filtered
with a Wiener filter. Panel (b): Average waveform of a single photon pulse (black dots) fitted
with a double exponential decay (red line). The fit yielded τel = 82 ns and τeff = 47.3 µs.

device was rapid and did not allow for more detailed characterization. At the same
working point we measured the time constant of the TES, figure 5.11 (b) shows the
average of the waveforms from one photon absorption (black dots), the red line is
the fit equation 5.11 , the resulting time constant are:

τel = 82±2 ns

τeff = 47.3±0.1 µs

5.1.3 Conclusion

This section highlights the latest advancements in enhancing the energy resolution
of Transition-Edge Sensors (TES) at INRiM, focusing specifically on two samples,
Lito20 and Lito50. These efforts are part of the PTOLEMY project, which aims to
detect relic neutrinos by achieving an electron energy resolution as low as 0.11 eV.

The Lito20 TES, with an area of 20 µm × 20 µm, demonstrated exceptional
performance in line with the PTOLEMY project’s goals. The device underwent
comprehensive characterization, including measurements of its superconductive
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transition and power dissipation. The photon number resolution capability was
confirmed using a monochromatic pulsed laser at 1540 nm, resulting in an energy
resolution of 0.114±0.001 eV at 0.8 eV. These findings were further corroborated by
complex impedance and noise measurements, ensuring the reliability of the expected
energy resolution.

The Lito50 TES, with an area of 50 µm × 50 µm, also showed remarkable
results. Despite experiencing degradation over time and variations in its critical
temperature, it achieved an energy resolution of 0.158±0.001 eV at 0.8 eV. This is
a groundbreaking achievement for a TES with such a large active area, indicating
the potential for even greater performance if the degradation issues can be mitigated.

Overall, the outcomes from these TES devices signify a significant advance-
ment in developing high-resolution detectors for the PTOLEMY project and other
applications requiring precise energy measurements of low-energy particles. The
next critical step is to demonstrate that this level of energy resolution can also be
attained for electron detection. In the subsequent section, I will discuss the results
of the initial characterization of TES devices used for electron detection, revealing
that in the 100 eV energy range, the energy resolution for photons and electrons is
equivalent.



5.2 Detection of Low-Energy Electrons 95

5.2 Detection of Low-Energy Electrons

TES devices are widely used for single-photon detection, but they can, in princi-
ple,"also be used for electron detection. However, research on the use of TES devices
for electron detection is currently very limited, except for a recently published result
[111]. Low-energy electrons have been detected with other detection schemes, such
as micro-channel plates [150], which suffer from poor energy resolution and geomet-
rical inefficiencies due to their non-unitary fill factor. Silicon detectors, including
avalanche photo-diodes [151] and silicon drift detectors [152], are characterized by
the presence of a dead layer at the detector entrance, where low-energy electrons are
absorbed before generating a signal."

In contrast,"TES devices offer a detection scheme without dead layers and with a
unitary fill factor, potentially providing high efficiency and excellent intrinsic energy
resolution for low-energy electrons. This capability is of great interest for a wide
range of experiments, such as the PTOLEMY project [153, 26, 27], which aims to
search for the cosmic neutrino background by analyzing the endpoint of the beta
decay of tritium with unprecedented electron energy resolution."

In this section, I present the first single-electron counting in the sub-100 eV
range with an energy resolution of a few eV. The TES detectors were operated on
the 30 mK stage of the cryostat described in Section 4.1. The electrons are produced
by field emission from vertically-aligned, multi-wall carbon nanotubes (CNTs), as
described in Section 4.5. This "cold-cathode source" solution overcomes the issues
associated with interfacing standard hot-filament-based electron sources with TES
devices operating at cryogenic temperatures, thus allowing the source to be placed
directly inside the cryostat close to the TES. The measurements were carried out at
the INRiM laboratory in collaboration with Dr. Francesco Pandolfi and colleagues
from INFN Rome and Sapienza University of Rome within the PTOLEMY project.
At the time of writing, the results presented in this section are under peer review, and
a preprint can be found in [110].

5.2.1 TES Chip Design for Electron Detection

The TES device used has an area of 100 µm × 100 µm, and is a TiAu bilayer device,
composed of a 15 nm layer of titanium covered by a 30 nm layer of gold, fabricated
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Fig. 5.12 TES layout for electron detection. (a): Schematic view of the TES device and its
shielding layer (y-axis is to scale, x-axis is not to scale). (b): 3D model of the TES chip.

as described in Section 4.6. The TES has a critical temperature TC = 84 mK. This
TES design was adapted for electron detection by adding a shielding layer, which is
necessary because the electron source has a significantly larger area (approximately
3 mm × 3 mm) compared to the TES active area (100 µm × 100 µm). The shielding
layer is produced by thermal evaporation, depositing an insulating layer consisting
of 300 nm of amorphous silicon oxide (SiOx) [154], followed by a thin (5 nm) layer
of titanium, and finally a 50 nm layer of gold. The thin titanium layer is necessary
for optimal adhesion of gold to the SiOx. A schematic cross-section of the layers
composing the TES and the shield is shown in panel (a) of Figure 5.12, while panel
(b) presents a schematic 3D model of the setup.

5.2.2 Optical Characterization

The TES was characterized with 406 nm photons. The optical characterization was
performed using free space alignment. The fiber was placed in front of the TES,
passing through a hole in the top copper plate of the MiC setup described in Section
4.5, as shown in the left panel of Figure 5.13. The results of this characterization,
within the energy range relevant to this work, are displayed in the right panel of
Figure 5.13: the peaks corresponding to photon numbers Nγ = 31, 32, 33, and 34
are clearly distinguishable and have been fitted with a sum of Gaussian functions,
the energy resolution for photons is in the 2.5-3 eV range. During the optical
characterization, a negative voltage was applied to the plate in front of the TES to
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Fig. 5.13 Left panel: Schematic of the MiC setup used for optical characterization, with the
fiber aligned in front of the TES. Right panel: Results of the TES optical characterization with
λγ = 406 nm photons. The histogram of the pulse amplitudes shows peaks corresponding to
photon numbers Nγ = 31, 32, 33, and 34, which are distinguishable and fitted with a sum of
Gaussian functions (red line). The energy resolution for photons is in the 2.5-3 eV range.

test the effect of the electric field on TES performance. No significant difference was
observed.

5.2.3 Single Electron Counting

Following the optical characterization, the TES and CNTs were arranged on the MiC
setup. The two copper plates facing each other, were separated by 0.5 mm sapphire
spacers, ensuring electrical insulation and good thermal conductance. The top copper
plate, hosting the CNTs, was connected to a power supply and provided with a
negative voltage Vcnt to produce field-emission electrons. The bottom plate was in
thermal contact with the cryostat and electrically grounded through it. The distance
between the tips of the CNTs and the TES surface was ∼ 0.5 mm. A schematic view
of the setup is shown in Figure 5.14.

In field emission electrons tunnel through the potential barrier, and are therefore
emitted at a potential φcnt below the vacuum level, where φcnt is the work function
of the CNTs [155]. Additionally, the difference between the work functions of the
CNTs and the TES will create an effective field which will further correct the kinetic
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Fig. 5.14 MiC setup with the CNTs in the top copper plate,the tips are positioned 500 µm
from the TES mounted on the bottom plate. The voltage to the CNTs is supplied by the
Keithley 6487. The picoammeter port of the same instrument is wired to the metallic shield
surrounding the TES.
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Fig. 5.15 Current Icnt emitted by the nanotube source (black curve, left vertical scale) as a
function of the negative voltage Vcnt applied to it, while reading the TES and the shield in
anode configuration. This is compared to the rate of counts (red markers, right vertical scale)
recorded by the TES in counting configuration. The error bars for the black curve represent
the standard deviation of 20 current acquisitions at each Vcnt, while for the red markers, they
are propagated from

√
Counts. The inset shows a typical TES pulse shape for Vcnt = 100 V

with a recovery time of approximately 100 µs.
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energy of the electrons Ee. In formulas:

Ee = eVcnt −φcnt +(φcnt −φtes) = eVcnt −φtes (5.14)

where e is the elementary charge. The TES work function was measured with ultra-
violet photoemission spectroscopy in Roma Tre University’s LASEC lab, obtaining
φtes = 4.38±0.03 eV. Moreover, the source is monochromatic, as the energy spread
of the field-emitted electrons is negligible with the values of temperature and electric
field of our setup [156].

The electron emission from the CNTs was read out in two configurations. In
the ’anode’ configuration, the TES was short-circuited to the metallic shield layer,
and both were used as a large-area metallic plate connected to the Keithley 6487
picoammeter to measure the current Icnt emitted by the nanotubes. As shown in
Figure 5.14, the shield is connected to the picoammeter before going to ground.

In the ’counting’ configuration, the TES was biased at working point R0 = 0.35RN

and read out with the DC-SQUID transimpedance amplifier. In this condition, the
TES is sensitive to single electron events.

The results from the anode configuration are illustrated by the black curve in
Figure 5.15, showing the current Icnt emitted by the nanotubes as a function of
Vcnt. The current Icnt exhibits an exponential increase, consistent with the Fowler-
Nordheim theory of field emission [134]. Superimposed on this plot with red markers
is the count rate recorded by the TES in counting mode. The count rate also increases
exponentially with Vcnt, mirroring the behavior of Icnt. This correlation confirms
that the signals detected by the TES are indeed due to electron emissions. The inset
in Figure 5.15 shows a typical TES signal for Vcnt = 100 V, characterized by an
electrical time constant τel ≈ 200 ns, and a recovery time τeff ≈ 10 µs.

5.2.4 Effect on the local temperature near the TES

A feature of Fowler-Nordheim emission is that the electron current depends on the
electric field |E⃗|, which in our planar configuration is approximated by |E⃗|=Vcnt/d.
Moreover, the kinetic energy of these electrons is also determined by Vcnt, as shown
in Equation (5.14). Therefore, in our setup, the signal rate and energy are not
independent parameters, as they both depend on Vcnt.
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Fig. 5.16 Left Panel: ITES vs IBias curve for different Vcnt and Tbath. Right Panel: Power
needed to bring the TES to its working point (black markers, left vertical scale) and local
temperature around the TES device (red markers, right vertical scale) for different values of
Vcnt. The bath temperature is indicated by the red dashed line.

The electrons are emitted from a relatively large area compared to the TES, and
the additional heating caused by the electrons hitting its nearby environment must
be considered. When the CNTs are off (Vcnt = 0) or at low Vcnt, the electron rate
and energy deposition are minimal, keeping the temperature around the TES at
the cryostat bath temperature (Tbath ∼ 41 mK). In this condition, the Joule power
required to bring the TES to its critical temperature TC is given by PJ = I2

TESR0 =

κ(T n
C −T n

bath). For this device, the exponential parameter is n = 4.78±0.07 and the
coupling constant κ = (10±1) ·10−7 WK−n. However, as Vcnt increases, the rate
of electrons and the associated energy deposition near the TES increase, raising the
local temperature above the bath temperature. As a result, the local temperature
Tlocal becomes higher than Tbath and closer to TC. Consequently, less Joule power is
needed to bring the TES to its working point. This effect is shown in Figure 5.16.
The left panel displays the ITES vs IBias curves for different CNT voltages (yellow to
purple), along with two curves (red and black) where the CNTs were off, and the
bath temperatures were 40 mK and 66 mK, respectively. The right panel highlights
the consequence of this shift: the black markers represent the power needed to bring
the TES to its nominal working point, and it can be seen that this power decreases
as Vcnt increases. The reduction in dissipated power is interpreted as an increase in
the local temperature near the TES, shown with red markers. When operating the
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Fig. 5.17 Typical spectrum of TES signal amplitudes obtained with Vcnt = 100 V.

electron source at Vcnt = 105 V, the local temperature exceeds 60 mK, compared
to the initial 41 mK before electron emission. This implies that results at different
Vcnt values are not strictly comparable, as the TES operates under slightly different
conditions.

5.2.5 Electron Spectrum and Energy Resolution

For each value of Vcnt, the amplitude of the TES signals were analyzed. A typical
spectrum, obtained for Vcnt = 100 V, is shown in Figure 5.17: it presents a high-
amplitude peak, corresponding to the full absorption of the electrons in the TES; a
marked tail to the left of the peak, due to partial absorption of electrons, most likely
due to electrons which fail to be stopped by the thin TES bilayer (45 nm); and a
low-amplitude peak, truncated by the trigger threshold of 166 mV, compatible with
electrons back-scattered out of the TES after exciting an internal mode in the Au
layer.

We fit the high-amplitude peaks of these distributions with an asymmetric Gaus-
sian function, described by its peak position xc and its left (σL) and right (σR) tails.
Fits example for Vcnt = 97, 101, 103, and 105 V are shown in Figure 5.18.
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Fig. 5.18 Fits example of the high-amplitude peak histograms with the asymmetric Gaussian
function for four different values of Vcnt.
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circular markers) as a function of the particle energy.
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Figure 5.19 shows the TES energy resolution for fully-absorbed electrons (red
circular markers) and photons (black square markers) as a function of the incoming
particle energy. The electron energy resolution is defined as ∆Efwhm = (2.355 ·
σR/xc) ·Ee. The parameter σR describes the uncertainty in the energy measurements
for the fully-absorbed electrons. While the left tail σL is dominated by electron
non-containment effects, the right tail σR is dominated by the energy resolution of the
device, plus negligible effects due to the non-monochromaticity of the source. The
photon energy resolution is obtained from the characterization shown in Figure 5.13.
As can be seen, there is no significant difference in TES energy resolution between
fully-absorbed electrons and photons in this energy range. The electron resolution,
in particular, is measured to be 1.8 < ∆Ee

fwhm < 4 eV for electrons in the 90 ≤ Ee ≤
101 eV energy range. This is a non-trivial result, as at such low energy these particles
have different interactions with matter, and suggests that the heat-based detection
mechanism in the TES is the same for electrons and photons.

5.2.6 Conclusion

To conclude, this section reports the detection of low-energy electrons with a
transition-edge sensor device. This achievement was made possible using a cold
electron source based on field emission from vertically-aligned carbon nanotubes.
We obtained an energy resolution between 1.8 and 4 eV for fully-absorbed electrons
in the 90− 101 eV energy range. Notably, this resolution is comparable to the
energy resolution of the same TES device for photons in the same energy range,
demonstrating for the first time a direct comparison between photon and electron
energy resolutions. This casts optimism on the PTOLEMY target of σe = 50 meV,
because this has already been achieved by these devices with photons (see Secion
3.5.1 and [18] ). Clearly, to develop a high-resolution low-energy electron detector,
significant work will be needed to understand the processes which broaden the left
side of the absorption peak, and find solutions to limit their impact. Nevertheless,
this work marks the beginning of high-resolution electron spectroscopy with TES
devices.
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5.3 Study of dark counts for rare event searches

It is estimated that approximately 85% of the matter in the universe consists of dark
matter, a yet-to-be-discovered particle beyond the Standard Model. Dark photons,
arising from extensions of the Standard Model, are one of the potential candidates
for dark matter. These particles could be detected through their interaction with
ordinary matter via a process known as kinetic mixing [32].

The aim of the QHaloS experiment, an upgrade of the MuDHI experiment [33],
is to search for dark matter, specifically dark photons, by converting them into
standard photons using a stack of alternating dielectric layers. The conservation of
momentum prevents a non-relativistic dark photon from converting directly into a
photon, which is inherently relativistic. However, if the medium is modified to break
translational invariance, this conversion becomes possible. This detection technique
is known as a "dielectric haloscope" [30]. Once a photon is generated, it can be
directed to a detector and since the rate of this conversion is expected to be low,
ideally the experiment should use a device capable of single-photon detection with
high quantum efficiency and low dark count rate (DCR). TESs are ideal candidates
for this role due to their low DCR, near unite quantum efficiency, and ability to
provide information on the energy of absorbed photons.

In this section, I present the study of the dark count of TES devices conducted at
the INRiM laboratory in collaboration with the Astroparticle Physics Group from
New York University Abu Dhabi (NYUAD), led by Francesco Arneodo and Laura
Manenti. These results are available in [16] and are currently under review for
publication in the journal Physical Review Applied.

5.3.1 Calibration

The TES device used in this study has an area of 20 µm × 20 µm. It consists of a 12
nm layer of titanium with a 30 nm layer of gold deposited on top, on a silicon nitride
substrate, as described in Section 4.6. The TES exhibits a critical temperature of
approximately 90 mK and is operated inside the ADR cryostat described in Section
4.1, maintaining a stable bath temperature of 43 mK.

Calibration of the TES device was carried out using attenuated laser diodes
emitting at 1540 nm, 850 nm, and 406 nm. These calibrations were performed with
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Fig. 5.20 Calibration of TES E using optically coupled, attenuated laser diodes. Left: Average
pulses for the first 3 photons at 1540 nm. Center: Histograms showing the count distribution
versus amplitude for each wavelength. The total number of counts in each histogram is
normalized to 100. A multi-Gaussian fit (solid line) is overlaid on the raw data (dotted line).
Peaks correspond to different photon multiplicities at each wavelength, with their mean
values aligning with the data points in the calibration plot. The TES response is linear from
0 to 5 eV, which matches the TES’s operational range. Beyond 5 eV, the response becomes
non-linear. For completeness, a second-degree polynomial fit to the full energy spectrum is
also shown.

free-space illumination, as the fiber was not glued in front of the TES to allow for
the sensors to be fully enclosed in a box later. The sensor is referred to as “TES E”.
In Fig. 5.20, the calibration curve is shown on the right, where we plot the measured
signal amplitude from the TES against the known energy of the impinging photon(s).
The left side of the figure displays the histograms of counts versus amplitude for
each laser wavelength used.

We took the absolute minimum value as the pulse amplitude from the unfiltered
waveforms, intentionally avoiding any filtering during the calibration process to
match the unfiltered oscilloscope conditions during data acquisition. This calibration
was crucial for attributing an energy value to a pulse amplitude and for providing a
reference for a typical photon-event pulse. I remained that the data acquisition was
performed with the TES fully enclosed in a copper box at the 30 mK stage of the
cryostat, with no optical fiber in front, in what we called dark mode (Figure 5.21).

Signals detected by a single-photon detector without any input optics are referred
to as "intrinsic detector dark counts" by Ref. [40]. However, even without optics,
the TES might generate signals due to external factors that can be identified and
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Fig. 5.21 Attached vertically to the 30 mK the TES mounted in a copper box connetect to the
SQUID. On the right is a microscope zoom-in of the area within the green printed circuit
board, with two TESs indicated by two red arrows, the top-right is the TES E. The TES can
be closed with a copper top screwed to the box.

excluded. During preliminary observations with the TES in dark mode, we observed
signals that could be categorized into three distinct types: photon-like, high-energy,
and electrical noise events. Although these pulses are visually distinguishable, we
have automated the categorization process using a pipeline developed in Python.

5.3.2 Classification

Our goal is to categorize each waveform from an experimental run in dark mode into
three primary categories:

• Photon-like events: These events are similar to the signals produced by the
TES when illuminated by a laser. They have amplitudes between 0 and 0.3
V, with rise and fall times consistent with those of photon signals, suggesting
they are likely generated by single photons in the optical-IR range.

• High-energy events: These are characterized by longer rise and fall times and
typically saturate the TES.

• Electrical noise events: These are identified by fast oscillations around the
baseline, fluctuating between negative and positive values.
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To classify each event in a dataset, we start by applying a second-order Butter-
worth filter with a frequency of 1/30 using the SciPy module [157]. We then compute
several variables for each waveform, such as maximum amplitude, area, full width
at half maximum, standard deviation, average positive and negative gradient, and
cross-correlation with a reference photon-like event. This process maps each TES
pulse recorded by the oscilloscope to a point in an n-dimensional space.

Next, we perform Principal Component Analysis (PCA) on the matrix of these
n-dimensional points [158]. PCA identifies the two axes that maximize the variance
among the points, allowing us to plot the pulses on these axes and typically observe
distinct clusters, facilitating the differentiation of photon-like, high-energy, and
electrical noise events.

We then apply K-means clustering to group pulses that are close together in the
n-dimensional space [159]. This combination of PCA and K-means clustering, along
with manual reanalysis of selected pulse subgroups if necessary, enables efficient
pulse shape discrimination on large datasets within approximately ten minutes.

The software was developed in Python at NYUAD and is available at Ref. [160].
A graphical user interface (GUI) aids the review process by allowing the selection of
a cluster center and displaying all associated waveforms for quick verification. An
example of K-means clustering is shown in the top panel of Figure 5.22, where we
identified nine types of events, with an example of each shown at the bottom.

Photon-like events, represented by the green points in group A in Figure 5.22,
were identified by rerunning the classification algorithm on clusters 8 and 9. These
signals are characterized by a sharp rise time (≤1 µs) and resemble those observed
when the TES is illuminated by the laser.

Signals in clusters 1–7 in Figure 5.22 exhibit long rise and fall times, suggesting
they result from significant energy depositions near the TES, likely from cosmic ray
particles or naturally occurring radioactive decays. We refer to these as "high-energy
events." This classification aligns with the observed long rise time, attributed to the
slow diffusion of energy from the surrounding area into the TES.

Electrical noise events (orange cluster B in Figure 5.22, obtained by reanalyzing
clusters 8 and 9) exhibit voltage spikes oscillating between positive and negative val-
ues and have a pulse area close to zero. We attribute these events to electromagnetic
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Fig. 5.22 Top panel: K-means clustering of signals from a background run after principal
component analysis. The inset zooms in on clusters 8 and 9, which were reanalyzed to
improve the separation of noise from photon-like events. Bottom panel: Sample signal
waveforms from each of the refined clusters.
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interference with the readout apparatus. Their detection even when the TES is fully
superconducting indicates the issue lies outside the TES.

Our primary objective is to measure the intrinsic DCR of the TES. The PCA
method effectively distinguishes photon-like events from high-energy events and
electrical noise. During the QHalos experiment, these latter two types of events can
be excluded, and the rate of photon-like events measured without the dielectric stack
will be considered the intrinsic DCR.

The secondary objective is to gain a deeper understanding of the origins of
these events and to explore potential correlations between photon-like and high-
energy events. To achieve this, we conducted a series of experimental runs involving
radioactive sources and coincidence measurements with cosmic rays.

5.3.3 Experimental Runs

The experimental run we conducted had the objective of measuring the intrinsic dark
count and investigating the correlation between high-energy events and photon-like
events.

The intrinsic photon-like DCR that we measured in the first run is on the order of
10−4 Hz, consistent with the findings of Ref. [15], the only preceding study of this
kind. Additionally, we questioned whether cosmic rays or natural radioactive decays,
interacting with either the TES or its substrate, could account for some of these
photon-like events, as suggested by the same authors. To explore this possibility and
gain a deeper understanding of high-energy events, which have not been extensively
studied in optical TESs before, we conducted four specific tests, detailed below.

It is important to note that all experimental runs were conducted with the TES in
dark mode.

Run 1: Background Test

The first run was a background test (Run 1) intended to measure the photon-like
DCR. Additionally, in the same run, we measured the high-energy DCR, which we
hypothesized to be caused by cosmic rays or natural radioactive decays interacting
with the TES substrate.
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Run 2 and Run 3: Radioactive Source Tests

In Run 2 and Run 3, we utilized two radioactive sources, 232Th and 22Na, respec-
tively. These sources were positioned against the exterior of the ADR and aligned
perpendicularly to the TES substrate to examine the TES’s response to high-energy
gamma events as shown in Figure 5.23 (a). For Run 2, we used a 232Th source
with an activity of approximately 10 kBq. In Run 3, we employed a 22Na source
with an activity of around 32 kBq. The emission spectrum of 22Na is notable for its
two prominent photoelectric peaks, one of which corresponds to the simultaneous
emission of two back-to-back 511 keV photons. This phenomenon occurs due to
electron-positron annihilation following a β+ decay. To capture these events, the
22Na source was placed between the ADR and a plastic scintillator connected to a
photomultiplier tube (PMT), referred to as a "saber." This configuration allowed us
to measure the double coincidences of the back-to-back gammas, detecting these
occurrences with both the saber and the TES.

Run 4: Cosmic Ray Coincidence Test

For the fourth test, we aimed to demonstrate that cosmic rays can induce high-energy
events in the TES. To achieve this, we implemented a cosmic ray coincidence system

(a) (b)

Fig. 5.23 Experimental setup showing (a) the positioning of radioactive sources 232Th and
22Na for high-energy gamma event detection, and (b) the cosmic ray coincidence system
with three scintillators arranged beneath the ADR.
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by placing three sabers side-by-side directly below the ADR, as shown in Figure
5.23(b). A simultaneous trigger of the TES and all three sabers indicated a cosmic
ray shower or muon bundle event. The sabers were operated at the same gain within
a 10% uncertainty, with the threshold set at 120 mV, corresponding to 250 keV.

The calibration of the sabers was performed at NYUAD using different radioac-
tive sources and more detailed can be found in [16].

The data acquisition was conducted in two modes: in Run 4A, which lasted about
19 hours, the oscilloscope was configured to trigger on the AND signal of the three
sabers, recording the TES signal simultaneously; in Run 4B, spanning around 14
hours, the trigger was set on the TES for signals greater than 0.8 eV, while recording
all three sabers’ outputs. Run 4A provided the ratio of quadruple coincidences
(events registered by both the TES and the three sabers) to triple coincidences (events
detected solely by the sabers), while Run 4B allowed us to estimate the ratio of
quadruple coincidences to the total number of high-energy events detected by the
TES.

5.3.4 Simulation Studies

Preliminary calculations indicated that the frequency of cosmic ray interactions
directly with the TES is too low to account for the observed high-energy events. The
estimated direct cosmic ray hits on a TES with an area of 20 µm × 20 µm would be
approximately 10−2 per day, while the larger 3 mm × 5 mm substrate would receive
around 104 hits per day. This suggests that high-energy events primarily originate
from energy depositions within the substrate.

To investigate further and assess our hypothesis, GEANT4-based simulations
were conducted at NYUAD for the experimental setups of Run 2, Run 3, and Run 4,
using the substrate as the sensitive detector. Simulations modeled different sources,
including 232Th and 22Na, and cosmic ray interactions using the CRY package [161].
A detailed explanation of the simulation is reported in [16].

5.3.5 Results

The key finding from Run 1 is that the photon-like DCR is 3.6×10−4 Hz within the
energy range of 0.8 to 3.2 eV. Notably, at 1.5±0.2 eV—the energy range targeted by
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Fig. 5.24 Histogram displaying photon-like dark counts against amplitude (bottom x-axis)
and corresponding energy (top x-axis) during the background run. Over 31 hours, 40 photon-
like events were detected with a trigger threshold set at 0.8 eV. The rate per bin is shown on
the right y-axis in µHz. The bin width of 5 mV corresponds to the standard deviation of the
baseline noise.

the MuDHI dark photon dark matter haloscope detector [33]—the photon-like DCR
is 6×10−5 Hz. Figure 5.24 shows the photon-like DCR for the TES as a function of
photon energy and signal amplitude.

Contrary to initial expectations, the photon-like DCR in the 0.8 to 3.2 eV energy
range remained constant (within uncertainties) across all runs (see the square points
in Fig. 5.25), despite the introduction of radioactive sources in Run 2 and Run 3.
This consistency suggests that high-energy gammas do not contribute to the observed
photon-like event rate.

Despite including the Optical Physics package in our GEANT4 simulation, no
optical photons indicative of scintillation processes around the TESs were recorded.

One potential explanation for the observed photon-like DCR is the presence
of stray optical photons within the cryostat, possibly from external ambient light.
However, the likelihood of these photons entering through the optical fiber seems
minimal, as any ambient light entering the fiber would be absorbed by the 3 K stage
to which it is fixed with copper tape. Supporting this, previous research indicates that
the presence or absence of a fiber fed into the cryostat, but not directly coupled to the
TES, has no significant effect on the photon-like DCR (see Fig. 4.13 in Ref. [162]).
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Fig. 5.25 TES count rates under different experimental configurations, namely when no
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count rates, respectively.

Fig. 5.26 Plots showing all quadruple coincidence events from Runs 4A (8 events over 19
hours) and 4B (3 events over 14 hours). Each color represents a specific event detected
simultaneously across saber 1, 2, 3, and the TES, and is consistently used in all four
corresponding plots for that event. In Run 4A, the trigger was set on the AND signal of
the three sabers. Due to the TES’s longer and more variable rise time and delay relative to
the sabers, the saber pulses appear to overlap. In Run 4B, the time window is extended to
negative values to capture saber pulses that occur prior to the TES trigger.
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This suggests that the source of these photons remains unknown and requires further
investigation.

In Run 1, we also selected high-energy signals to calculate the high-energy
dark count rate. This rate is considered to be caused by cosmic ray interactions
with the TES substrate. When radioactive sources were introduced, there was a
significant increase in high-energy signals detected by the TES, particularly with
the 22Na source. As shown in Fig. 5.25, our simulations accurately replicated
these high-energy events, producing consistent results for both 232Th and 22Na runs.
The simulations suggest that energy is absorbed by the substrate and subsequently
transmitted to the TES, where it is detected. This mechanism is further supported by
the linear relationship between substrate area and DCR.

The photon-like rates could not be simulated due to their unknown origin. Back-
ground data come from Run 1, while 232Th and 22Na data come from Run 2 and Run
3. The simulated high-energy event rates are derived from Sim 4, Sim 2, and Sim 3,
corresponding to cosmic rays and environmental gamma rays (presumed to be the
predominant cause of high-energy background events), 232Th, and 22Na, respectively.
As the simulations lack a built-in time, various time scaling factors were employed to
convert simulation counts into rates. These factors include the triple coincidence rate
from Run 4A, the environmental gamma rate from the NaI measurement, and the
activities of thorium and sodium. The uncertainties associated with each measured
data point represent the 90% confidence interval from Poisson statistics. For cases
with 0 counts in Run 3, we used Feldman and Cousins [163] confidence intervals for
the error bar. For the simulated rates, errors stem from the propagation of uncertainty
in the time scaling factors.

Run 4 demonstrated that cosmic ray showers can generate high-energy events in
the TES, as confirmed by the quadruple coincidences observed between the sensor
and the three sabers below the ADR (see Fig. 5.26). The simulated ratio of triple-to-
quadruple coincidences, representing the fraction of cosmic ray events detected by
the saber system that also deposited energy in the TES, was higher than the observed
ratio in Run 4A. Conversely, the simulated ratio of high-energy TES hits to quadruple
coincidences was lower than observed in Run 4B. These discrepancies are likely due
to the low statistics of quadruple coincidences and the limitations of the cosmic ray
simulation. Table 5.1 provides the raw counts for triple and quadruple coincidences
from both simulations and experimental data.
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Table 5.1 The table compares the ratio of triple (t) to quadruple (q) coincidence events
between simulation (Sim) and experimental data (Exp) for Run 4A, as well as the ratio of
high-energy TES hits (h) to quadruple coincidences between simulation and experimental
data for Run 4B. In Run 4A, the simulation predicts a triple to quadruple ratio that is approx-
imately five times higher than what was observed experimentally. In Run 4B, the simulation
overestimates the ratio of high-energy TES hits to quadruple coincidences, predicting a value
1.7 times higher than the experimental measurement.

Sim Exp Ratio Sim/Exp

Run 4A t/q 107524/46 3818/8 5

Run 4B h/q 24906/46 963/3 1.7

5.3.6 Conclusion

We have characterized the DCR of a TiAu TES. Utilizing singular-value decomposi-
tion, principal component analysis (PCA), and K-means clustering, we effectively
filtered out noise and high-energy events to isolate photon-like signals. These photon-
like signals are particularly significant as they resemble the expected dark photon
signal in a dielectric haloscope. We achieved a photon-like DCR of 3.6×10−4 Hz
within the energy range of 0.8 to 3.2 eV. To achieve such a low DCR, it is crucial
to eliminate optical connections between the TES and the ambient environment.
However, the source of the residual photon-like events remains unexplained and
requires further investigation.

Regarding high-energy events, our experimental runs using 232Th and 22Na
sources, along with coincidence measurements between the TES and an external
cosmic ray detector, coupled with detailed GEANT4 simulations, have allowed us
to attribute these events to high-energy particle impacts in the TES substrate. This
marks the first time such a clear attribution has been possible, as previous studies
hypothesized that these high-energy events were due to radiation and cosmic ray
interactions with the substrate, but lacked experimental and simulation verification.
Additionally, natural radiation from materials in close proximity to the TES appears
to have a negligible impact on the TES’s high-energy DCR. Instead, the primary
contributors to this rate are cosmic ray particles and environmental gamma rays
hitting the substrate.
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5.4 System Detection Efficiency Measurement

In this section, I present the results of the system detection efficiency (SDE) mea-
surements conducted at PTB Braunschweig with Dr. Sebastian Raupach. During my
third year of PhD, I spent four months as a guest researcher at PTB, working in both
the Berlin and Braunschweig laboratories. In Berlin, under the supervision of Dr.
Jörn Beyer, I characterized SQUIDs and deepened my understanding of these devices.
In Braunschweig, I worked with Dr. Raupach to set up the cryo-optical facility for
operating TESs with high SDE. Our objective was to achieve a detection system with
high SDE at two different wavelengths, 930 nm and 1550 nm. Here, I discuss the
results obtained at 1550 nm, where we achieved an SDE of 98%. Measurements at
930 nm are still ongoing and preliminary, so they will not be included in this thesis.

The device used is a 12 µm × 12 µm TiAu TES, fabricated by depositing 20 nm
of Ti and 10 nm of Au at AIST in Japan by the group of Dr. Daiji Fukuda. The device
fabrication is described in [22]. It has a TC of 327 mK. The cavity is optimized for
1550 nm, and the fiber coupling is based on the self-aligned method similar to [101].
The fiber has a core of 3 µm to ensure good coupling with the TES active area, and
the other end of the fiber is spliced to a fiber adaptor that converts the 3 µm core to
a standard SMF fiber with 9 µm core with low losses. The TES is installed in an
ADR cryostat and operated at approximately 100 mK. More details of the setup are
reported in Section 4.4.

The schematic for the measurement of the SDE is shown in Figure 5.27. The
laser light is split into two paths: one for monitoring the power with a calibrated

Fig. 5.27 Schematic of the setup for SDE measurement.
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Fig. 5.28 Histogram of TES pulse amplitudes with the fitted Gaussian distribution. The
measured mean photon number is µTES = 0.992±0.003, the energy resolution at 0.8 eV is
∆Efwhm ∼= 0.46 eV

diode, and the other is attenuated down to a few photons per pulse with two optical
variable attenuator and sent to the cryostat.

Similar to the method described in Section 5.1.1, with the TES biased to its
transition, we saved the waveform triggered by the laser while simultaneously
reading the photocurrent generated by the diode. The histogram of the TES pulse
amplitude shown in Figure 5.28 was taken with both attenuators in series set to 32
dB. The data were fitted with the following equation:

Count(V ) = A
e−µTES
√

2π

5

∑
i=0

µ i
TES
i!

e
−(V−xi)

2

2σ2
i (5.15)

From the fit (red curve in Figure 5.28), we obtained the mean photon number per
pulse µTES = 0.992±0.003.

We define the SDE as the ratio between µTES and the number of photons expected
at the input of the cryostat µin:

SDE =
µTES

µin
(5.16)
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Where µin depends on Planck’s constant (h) and the speed of light (c), the diode
photocurrent (Iph), the laser repetition rate (ν), the attenuation factor (Λ), the ratio
between the monitored and attenuated paths (ρ), the laser emission wavelength (λ ),
and the diode sensitivity (S):

µin =
Iph ·ρ ·Λ ·λ

S ·ν ·h · c
(5.17)

All these quantities were characterized before the measurement and their uncer-
tainties evaluated. The diode was calibrated with by colleagues at PTB to a cryogenic
radiometer at the PTB facility.

The formula for the SDE is therefore:

SDE =
µTES ·S ·ν ·h · c

Iph ·ρ ·Λ ·λ
(5.18)

The combined uncertainty is:

u2(SDE) =
(

∂SDE
∂ µTES

u(µTES)

)2

+

(
∂SDE

∂ν
u(ν)

)2

+

(
∂SDE

∂S
u(S)

)2

+(
∂SDE
∂ Iph

u(Iph)

)2

+

(
∂SDE

∂ρ
u(ρ)

)2

+

(
∂SDE

∂Λ
u(Λ)

)2

+

(
∂SDE

∂λ
u(λ )

)2

The sensitivity coefficients are:

∂SDE
∂ µTES

=
S ·ν ·h · c

Iph ·ρ ·Λ ·λ
,

∂SDE
∂S

=
µTES ·ν ·h · c
Iph ·ρ ·Λ ·λ

,

∂SDE
∂ν

=
µTES ·S ·h · c
Iph ·ρ ·Λ ·λ

,
∂SDE
∂ Iph

=−µTES ·S ·ν ·h · c
I2
ph ·ρ ·Λ ·λ

,

∂SDE
∂ρ

=−µTES ·S ·ν ·h · c
Iph ·ρ2 ·Λ ·λ

,
∂SDE

∂Λ
=−µTES ·S ·ν ·h · c

Iph ·ρ ·Λ2 ·λ
,

∂SDE
∂λ

=−µTES ·S ·ν ·h · c
Iph ·ρ ·Λ ·λ 2 .
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Fig. 5.29 Panel (a): Poissonian curves obtained for different attenuations. Panel (b): µTES vs.
µin with a linear fit (red curve).

From the measurement shown in Figure 5.28 and the calibrated values, we
evaluated an SDE of:

SDE = 0.98±0.02

with a confidence level of 95%. The uncertainty budget is shown in Table 5.2. From
the budget, we can see that the major contribution to the uncertainty comes from the
sensitivity measured during the calibration of the photodiode. We further studied
the SDE at different mean photon numbers. In Figure 5.29, eight Poissonian curves
are shown, each corresponding to different attenuation levels. These curves plot
the probability related to the corresponding number of photons, derived from the
histogram of TES amplitudes similar to that in Figure 5.28 (a).

For each dataset, we calculated both the mean photon number read by the TES
(µTES) and the input photon number (µin) as described previously. Figure 5.29 (b)
shows µTES plotted against µin with a linear fit (red curve). The slope of the fit
represents the SDE over the range and was calculated to be SDEfit = 0.983±0.002,
with an intercept of q = −0.0031± 0.0006. This result confirms that the SDE is
constant over the 1-6 photon range.
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5.4.1 Conclusion

The results from the system detection efficiency (SDE) measurements conducted at
PTB Braunschweig demonstrate significant advancements in the operation of TES
devices with high SDE, crucial for the SEQUME project. During the four-month
period, we successfully set up a cryo-optical facility and achieved an SDE of 98% at
a wavelength of 1548 nm using a 12 µm × 12 µm TiAu TES. The device, fabricated
at AIST in Japan, showed excellent performance despite the challenging operational
conditions.

The thorough characterization of the TES, including the fiber coupling and the
cavity optimization for 1550 nm, ensured minimal losses and high efficiency along
all the fiber optical connection between the input of the cryostat untill the TES. The
methodology employed, involving the splitting of laser light into monitoring and
attenuated paths, allowed for precise measurements and accurate calibration against
a cryogenic radiometer.

The uncertainty budget analysis revealed that the major contribution to the
uncertainty in SDE comes from the uncertainty of the sensitivity of the photodiode.
Despite this, the combined standard uncertainty was maintained at an acceptable
level, confirming the reliability of the SDE measurement.

Further studies on the SDE at different mean photon numbers reaffirmed the
device’s high efficiency and robustness. The linear relationship between µTES and
µin demonstrated consistent performance across various attenuation levels.

Overall, the high SDE achieved with the TiAu TES device marks a significant
milestone in the SEQUME project and represent a state of the art result for this kind of
detector, paving the way for future advancements in high-efficiency photon detection
systems. This progress not only supports the SEQUME project’s goals, but also
contributes to the broader field of quantum metrology and precision measurement.



5.4 System Detection Efficiency Measurement 121

Ta
bl

e
5.

2
U

nc
er

ta
in

ty
B

ud
ge

tf
or

SD
E

C
al

cu
la

tio
n

So
ur

ce
Va

lu
e

U
ni

t
U

nc
er

ta
in

ty
Ty

pe
St

d
U

nc
er

ta
in

ty
D

is
tr

ib
ut

io
n

Se
ns

iti
vi

ty
C

oe
ffi

ci
en

ts
U

nc
er

ta
in

ty
C

on
tr

ib
ut

io
n

D
io

de
Se

ns
iti

vi
ty

(S
)

1.
12

A
/W

B
0.

01
N

or
m

0.
88

0.
00

88
µ

T
E

S
0.

99
10

-
A

0.
00

29
N

or
m

0.
99

0.
00

29
W

av
el

en
gt

h
(λ

)
15

48
×

10
−

9
m

B
2
×

10
−

9
R

ec
t

−
6.

36
×

10
5

−
0.

00
13

A
tte

nu
at

io
n

(Λ
)

3.
90

12
7
×

10
−

7
-

B
4.

6
×

10
−

10
N

or
m

−
2.

5
×

10
6

−
0.

00
12

R
at

io
(ρ

)
0.

21
77

8
-

B
0.

00
02

2
N

or
m

−
4.

52
−

0.
00

10
Ph

ot
oc

ur
re

nt
(I

ph
)

1.
70

11
8
×

10
−

7
A

A
1
×

10
−

10
N

or
m

−
5.

7
×

10
6

−
0.

00
05

8
C

om
bi

ne
d

St
an

da
rd

U
nc

er
ta

in
ty

0.
00

95
SD

E
0.

98
4

E
xp

an
de

d
U

nc
er

ta
in

ty
(9

5%
)

k=
1.

96
0.

01
9



122 Results

5.5 Preliminary Results for Fast TES

In this section, I will discuss the preliminary results obtained in achieving TESs
with short recovery times. As discussed in both Sections 2.3.5 and 3.5.2, two
approaches can be followed: one consists of working at higher temperatures as
shown by [113, 114, 22], and the other involves improving the conductance of the
TES as demonstrated by [116].

5.5.1 Enhancing Recovery Time with Al TES

Typical working temperatures of TESs in the literature are shown in Table 2.2, where
the highest critical temperature listed is 470 mK from [114] for a TES made by a
single layer of Ti. In that case, the areas of the devices were 1 µm × 1 µm or 2 µm
× 2 µm to compensate for the deterioration of the energy resolution due to high TC.

Here, I present results for a TES with a much higher TC made of aluminium.
The reasons for using Al are twofold: first, the TC of Ti-based TES is limited by
the fact that titanium has bulk critical temperature of approximately 510 mK [141],
while aluminium has a bulk critical temperature of 1.2 K. Second, Al has a lower
heat capacity compared to Ti, which could compensate for the degradation of energy
resolution due to higher TC [1].

The preliminary results were obtained on a 7 µm × 7 µm TES made by a 30 nm
layer of Al and wiring in Nb. As shown in Figure 5.30 (left), the superconductive
transition of the TES was measured with a TC of 1047 mK. Although the TES’s
energy resolution was not sufficient to discriminate single photons, a response was
observed, as shown in Figure 5.30 (right). The figure also displays oscillations,
indicating that the TES response is not stable.

As reported in [117], stability in TESs is achieved when τ−
τ+

> 5.8. When the TES
was polarized at 60% of its normal resistance, τ+ was estimated to be approximately
8 ns. Therefore, τ− could be less than 50 ns since the condition for stability is
not met. Notably, the recovery time could be very short, but without improving
the energy resolution and reducing the oscillation, this Al TES cannot be used for
single-photon detection.

One important aspect to improve is the quality of the contact between the Al
layer of the TES and the Nb wiring. During our investigations, we discovered that
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Fig. 5.30 Superconductive transition of a 7 µm × 7 µm Al TES (left). The superposition of
10,000 pulses is shown in gray, and the average is shown in black (right). This result was
obtained by illuminating the TES with a pulsed monochromatic laser at constant power with
emission at 1540 nm, and polarizing the TES at 60% of its normal resistance.

the performance of these devices was limited by the presence of a thin layer of
aluminium oxide between the TES film and the wiring. This layer adversely affected
the transition steepness and limited the critical current, resulting in poor energy
resolution. This issue is currently under investigation. We are studying the optimal
etching time before the deposition of the wiring, or alternatively, the possibility of
depositing the wiring first and the aluminium afterward, ensuring good etching of
Nb.

The preliminary results have provided valuable insights for the study of high
TC TES devices made with Al, indicating that improvements in stability and energy
resolution are required but that potentially the recovery time could be very short.

5.5.2 Enhancing Recovery Time with Au Pads

In this section, I present preliminary results on the effect of Au pads on the perfor-
mance of TES.

The Au pads refer to a layer of gold deposited after the deposition of the TES
and before the deposition of the wiring. These pads are positioned on the sides of
the TES that will not be covered by the wiring. A schematic of the layout is shown
in Figure 5.31.
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Fig. 5.31 Schematic layout of TES with Au pads. The horizontal dashed line is the reference
for the section on top, and the vertical dashed line is for the section on the left.

The results presented here are obtained with two 60 µm×60µm TES made of
15 nm of titanium and 30 nm of gold. Each pad consists of a 2 µm×60µm layer of
30 nm Au deposited on two opposite sides of the TES, with 1 µm overlapping the
TES and the other 1 µm directly on the substrate. On the two sides without pads, the
wiring is deposited. Even though this pad contributes to the total heat capacity of the
TES, the contribution is negligible. The volume of the gold pads relative to the total
volume of gold in the TES is less than 4%.

The goal of adding Au pads is twofold. The first objective is related to an ongoing
study on the aging of the TES. We are investigating the positive effect that these pads
could have on the degradation of TiAu TES. By covering the sides not covered by
the wiring, we aim to prevent the oxidation of the titanium due to the lateral surfaces
exposed to air. This study is a long-term investigation and will not be discussed
further here. The second objective is to enhance the thermal conductance and thereby
improve the recovery time of the TES, as demonstrated by [116].

The first TES, labeled "p1," has a TC of 123 mK. We measure the power dissipated
to the substrate as described in Section 5.1, from which we calculate a conductance
Gp1 = 654±5 pW/K. The measured data and with the fit are shown in Figure 5.32
We characterized the device optically with a 406 nm pulsed laser using a 9 µm core
fiber glued on the TES as described in Section 4.3. The response of the TES and
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Fig. 5.32 Joule power dissipated to the substrate at different bath temperature when the TES
p1 is polarize on the transition (back dots). The red line represents the fit of Eq. 5.1

its PNR is shown in Figure 5.33. Panel (a) shows 200 waveforms taken with the
laser repetition rate at 50 kHz. From the average of the waveforms of the one-photon
pulses, we extract the rise and fall time constants by fitting Equation 5.11:

τ
p1
+ = 81 ns

τ
p1
− = 244 ns

The recovery time of the device, therefore, is 5 · τ
p1
− ∼ 1.25µs. This implies

an MDR of approximately 800 kHz. We investigated the MDR by increasing the
laser repetition rate and measuring both the energy resolution and the mean photon
number. For repetition rates below 800 kHz, we expect the TES to maintain its
performance independent of the laser repetition rate. In contrast, at laser repetition
rates higher than the MDR, we anticipated a deterioration in energy resolution. An
example of TES response to a repetition rate higher than 800 kHz is shown in Figure
5.33 (b), where the laser rate was set at 1.5 MHz. From the figure, it is visible that the
TES does not fully recover between one pulse and another and signals are piling-up,
even if the PNR capability is still clearly recognisable. This has an effect on the
variability of the pulse amplitude, which has an effect on the energy resolution.
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Fig. 5.33 TES p1 response to 406 nm photons at different laser rates. Panel (a): 200 waveform
overlay and the fit function in red, laser rate at 50 kHz. Panel (b): TES response with laser
repetition rate at 1.5 MHz, 50,000 waveforms overlaid. Pile up of waveforms is visible.
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Fig. 5.34 Panel (a): Histograms of the TES response at different laser repetition rates. When
the rate is below 800 kHz, the peaks are well separated, while at higher rates up to 2 MHz,
the peaks become broader, indicating a deterioration in energy resolution. Panel (b): The plot
shows the energy resolution at 3.05 eV (left axis) and the mean photon number (blue dots
on the right axis) as a function of laser repetition rate. After 1 MHz, the energy resolution
significantly deteriorates, and the mean photon number increases, suggesting that the TES
does not fully recover between pulses at higher repetition rates.
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The experimental results on the photon counting at different repetitions rate
confirm this analysis and are reported in Figure 5.34, are consistent with this. In
panel (a), five histograms at different laser repetition rates are displayed. When the
rate is below 800 kHz, the peaks are well separated, while by increasing the rate
up to 2 MHz, the peaks become broader. This is reflected in the plot in panel (b);
the energy resolution at 3.05 eV, reported on the left axis, significantly deteriorates
for frequencies higher than 1 MHz. Additionally, we observe that the mean photon
number of the Poissonian statistics (blue dots on the right axis) increases from 1
MHz and beyond. This could be due to the fact that since the TES does not fully
recover before a new detection occurs, there is an offset and the amplitude of the
signals due to a new pulse is influenced by this. More investigations should be done
to see if the MDR could be extended to a higher value than 1

5τ
p1
−

, since we noticed

that even if the energy resolution deteriorates, it is still possible to discriminate single
photons up to 2 MHz. We should understand why the measured mean photon number
increases and if with a correct analysis that takes into account the piling up of the
pulses, it is possible to operate the TES at this higher repetition rate while being
confident that we are measuring the correct mean photon number.

The second TES described here, labeled "p2," has an almost identical critical
temperature (TC = 121 mK) to p1, but with only one Au pad, meaning that the total
volume of Au is halved and so we expected a lower thermal conductance. From the
measurement, we calculate a Gp2 = 413±5 pW/K, which is 37% smaller than Gp1.
The measured data and with the fit are shown in Figure 5.32

In this case, we measured a time constant of:

τ
p2
+ = 422 ns

τ
p2
− = 425 ns

Therefore, we expect to be limited to an MDR of ∼ 470 kHz. An example of the
TES response to the 406 nm laser with a repetition rate set to 500 kHz is shown in
Figure 5.36. From the image, we see that the device is still capable of PNR resolution.
This result, together with the ones of TES p1, are a good indication that by adding
these Au pads we are influencing the thermal conductance of the TiAu TES and
so improving their recovery time. Further investigation is needed to optimize the
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Fig. 5.35 Joule power dissipated to the substrate at different bath temperature when the TES
p2 is polarized on the transition (back dots). The red line represents the fit of Eq. 5.1

volume of Au and extend this application to smaller TES in order to improve the
energy resolution and discriminate photons in the IR.

Saturation Energy

Another important feature of such devices with this large active area is linked to their
saturation energy. Figure 5.37 shows an histogram of pulse amplitudes acquired
while increasing the incoming light intensity to TES p2. The histogram shows that
with the 406 nm laser we are capable of discriminating up to 25 photons per pulse,
meaning a saturation energy of the order of ∼ 75 eV. This high saturation energy
together with the possibility of operating the TES at a high repetition rate could be
of great interest for radiometry applications.If we consider a TES illuminated with
a repetition rate of 500 kHz receiving an average of 30 eV per pulse, the order of
magnitude of the optical power at the input of the TES is 2 pW. This is within the
range that standard detectors for radiometry are capable of measuring today [164].
A TES with an area suitable for a multimode fiber, typically with a core of 50 µm
and an improved SDE in the optical range, could be used to bridge the gap between
single-photon detectors and standard radiometry by performing a direct comparison.
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Fig. 5.36 TES p2 response to 406 nm laser at a repetition rate of 500 kHz. The pulses are
separated by 2 µs, with the 3/4 photon pulses starting to overlap with the next detection
event, demonstrating the device’s PNR capability.

This is an active area of research in radiometry and will be part of the EMPIR project
ScaleUP [165].

5.5.3 Conclusion

The preliminary results discussed in this section indicate significant potential for
achieving TES devices with short recovery times by utilizing both higher critical
temperature materials and/or enhanced thermal conductance. Specifically, the use of
aluminium for TES film and gold pads has shown promising outcomes.

For the Al TES, the higher critical temperature (TC = 1047 mK) achieved with
a 30 nm layer of Al has demonstrated a potential for very short recovery times.
However, challenges remain in improving energy resolution and ensuring stability,
as indicated by the observed oscillations. The presence of an aluminium oxide layer
between the TES film and the Nb wiring has been identified as a limiting factor.
Ongoing investigations aim to optimize the etching process or adjust the deposition
sequence to enhance the contact quality, thereby improving device performance.

The addition of Au pads to the TES made of Ti and Au layers has also been
explored. The Au pads aim to prevent the oxidation of titanium and enhance thermal
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Fig. 5.37 Histogram of pulse amplitudes acquired while increasing the incoming light
intensity to TES p2. The histogram shows discrimination of up to 20 photons per pulse,
corresponding to an energy of ∼ 60 eV, demonstrating the high saturation energy of the
device.

conductance. The TES labeled "p1" showed improved thermal conductance and a
high MDR of approximately 800 kHz. The second TES, labeled "p2", with a single
Au pad, demonstrated a lower thermal conductance and an MDR of around 470 kHz.
This comparison indicates that the volume of Au directly influences the thermal
conductance and recovery time.

Further research is necessary to optimize the Au pad volume and extend these
enhancements to smaller TES devices, which could improve energy resolution and
photon discrimination in the infrared range. Additionally, the high saturation energy
observed in these fast TESs, capable of discriminating up to 25 photons per pulse,
highlights the potential for radiometric application. A TES with an area suitable for
multimode fiber could bridge the gap between single-photon detectors and standard
radiometry, offering valuable insights for future developments.

In conclusion, while significant progress has been made, further improvements
in stability, energy resolution, and device optimization are required to fully realize
the potential of fast TES devices for various applications.



Chapter 6

Conclusion

In this thesis, I have focused on the development and enhancement of Transition-
Edge Sensors (TESs) for high-precision applications, particularly in neutrino physics,
dark matter research, quantum metrology, and radiometry. My research primarily
aimed to improve TES performance in the optical to near-infrared energy range.

One of the primary objectives of my research was to achieve excellent energy
resolution with TES devices without reducing the detector area, indeed keeping it
as large as possible to meet the stringent requirements of the PTOLEMY project.
The results with the Lito20 and Lito50 samples are promising. The Lito20 TES,
with an area of 20 µm × 20 µm, achieved an energy resolution of 0.114±0.001 eV
at 0.8 eV, meeting the PTOLEMY project’s performance requirements. Similarly,
the Lito50 TES achieved 0.158±0.001 eV at 0.8 eV. These advancements mark a
substantial step forward in developing high-resolution detectors for precise energy
measurements of low-energy particles. Future work should focus on developing TES
devices with low TC similar to the Lito50 TES but with improved stability over time.
Additionally, the next critical step would be to realize an array of TES capable of
high energy resolution.

Another crucial objective driven by the PTOLEMY project was to demonstrate
that TES devices could detect low-energy electrons with energy resolutions com-
parable to those for photons. Using a cold electron source based on field emission
from vertically-aligned carbon nanotubes, we demonstrated for the first time the
possibility to detect low energy electrons with an intrinsic energy resolution between
1.8 and 4 eV for fully-absorbed electrons in the 90−101 eV range. This resolution
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is similar to that achieved for photons in the same energy range, demonstrating that
TES devices can effectively detect both types of particles with high precision. This
direct comparison between photon and electron energy resolutions opens new possi-
bilities in electron detection, representing a significant milestone in the field. The
next step in this direction is to investigate the TES response at even lower electron
energies, around 10 eV. This would involve working on the electron source to achieve
controlled field emission at lower voltages. Moreover, it will be important to study
the detection efficiency of TES with electrons to fully understand and optimize their
performance in electron detection.

The third objective of my research was to investigate the dark count rate (DCR)
of TES detectors for their potential use in the dark matter search experiment QHaloS.
In the thesis, I presented the characterization of the dark count of a TiAu TES, for
which we measured a DCR of 3.6×10−4 Hz within the energy range of 0.8 eV to
3.2 eV. Moreover, through experimental runs involving radioactive sources, cosmic
ray coincidence setups, and GEANT4 simulations, we proved that cosmic rays and
environmental gamma rays are the primary contributors to high-energy DCR. We
also assessed that the rate of photon-like events is not correlated with the rate of
high-energy events. Further studies are needed to understand the origin of photon-
like events in completely shielded TES devices. The next step involves investigating
how to integrate TES detectors into the QHaloS experiment while achieving high
system detection efficiency.

In the SEQUME project, I made significant contributions to achieving a system
detection efficiency (SDE) of 98% at 1550 nm using a 12 µm × 12 µm TiAu TES
fabricated by AIST(Japan). This high efficiency was verified through characterization
and calibration, demonstrating the robustness and reliability of the TES device.
These results support the SEQUME project’s goals and contribute significantly to
the broader field of quantum metrology.

Preliminary results for faster TES recovery times are also promising. By using
higher critical temperature materials, such as aluminium, and enhancing thermal
conductance with gold pads, I was able to achieve shorter recovery times. The next
challenges involve improving energy resolution and ensuring stability for Al TES, as
well as further studying how to optimize the Au pads for faster TiAu TES.
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