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Introduction  

My Ph.D. thesis investigates the applicability of cryogenic detectors, originally being developed 

for astrophysics and cosmology missions, for Earth observation purposes. In particular, the aim of my 

Ph.D. thesis is to develop a superconducting detector based on transition-edge sensor (TES) technology, 

and to characterize its structural and superconducting behaviour in environments suitable for balloon-

borne instruments with a further possibility to evaluates the potential of these TES based detectors for 

satellite remote sensing and space based environmental observation applications.  

Superconducting detectors represent cutting-edge technology in energy dispersive spectroscopy 

with the ability to count individual photons from high energies (X-rays and gamma rays), visible and 

infrared (0.1 eV), and photon flux from THz to microwaves with Noise Equivalent Power better than 

aW/ãHz [3,53]. This would enable the construction of instruments for remote vibrational spectroscopy 

of molecules to detect trace gases, offering unparalleled sensitivity and resolution in molecular vibration 

analysis. Their applications in atmospheric science, trace gas detection, and space-based observations are 

transforming our ability to monitor and understand environmental and climatic processes. Despite the 

challenges associated with cryogenic operation, the advantages of superconducting detectors make them 

indispensable tools for advancing vibrational spectroscopy and its applications in environmental science 

and modern industry.  

In fact, present challenge for long-term, high-precision, large-scale, 3D atmospheric monitoring 

needs to combine heterogeneous modern technologies and especially for the detection. Such detectors 

have been designed for space missions to observe the universe and have performance one to several 

orders of magnitude higher than those currently in use. They are thermal devices that convert radiation 

into heat, which is why they have a broad spectrum of use: from soft X-rays, UV, IR, and even 
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microwaves. They have the ability to detect the energy of single photons up to far infrared (0.1eV) and 

powers (NEP) of about aWs1/2. 

Therefore, cryogenic instruments have been proposed and are being developed for X-ray 

astrophysics (ATHENA project-ESA/ASI) and physical cosmology of the cosmic microwave background 

radiation (LSPE project-ASI/INFN). The great sensitivity and resolution over a large part of the EM 

spectrum, can make a significant contribution to obtaining the 3D distribution of atmospheric pollution, 

to the search for emissions and the mechanisms of pollution. 

Challenges and Importance of Atmospheric Research 
The challenges in atmospheric research and climate science highlight the urgent need for 

advanced technologies to monitor and understand these complex phenomena [1]. For instance, 

the complexity of atmospheric chemistry, particularly in the troposphere, requires tools capable of 

detecting and analysing trace gases and aerosols with high precision. These components can have distinct 

effects on the climate, such as cooling or warming the atmosphere, depending on their properties and 

interactions [2]. To monitor these intricate processes, we need technology that can provide detailed, real-

time data. Ideally, superconducting detectors are suitable candidates for this task due to their unparalleled 

sensitivity and resolution [3]. By leveraging their ability to detect weak vibrational signals from trace 

gases, superconducting detectors can offer critical insights into atmospheric chemistry, helping to refine 

climate models and improve our understanding of long-term impacts. Moreover, the need for air quality 

monitoring to protect public health and the environment further highlights the importance of advanced 

detection technologies. New-generation detectors would therefore be needed, with the ability to identify 

and quantify pollutants with exceptional accuracy, enabling real-time monitoring of harmful substances. 

Superconducting detectors, which excel in resolution performance and the width of the observable EM 

spectrum, could be used to great advantage for this type of observation.  

While emerging superconductor technologies hold transformative promise for addressing 

complex challenges, their practical implementation is often hindered by significant obstacles. Technical 

barriers, such as achieving stability, reproducibility, and scalability, alongside specialized operational 

requirements (e.g., extreme environmental conditions) must be systematically addressed. Only through 

systematic development of robust, scalable frameworks can these technologies evolve from experimental 

prototypes into reliable, real-world solutions. This, demands advancing interdisciplinary research, 
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integrating insights from engineering, materials science, and production protocols optimization, to 

overcome barriers to stability, and reproducibility.  

My PhD work is thus focused on bridging this critical gap by developing a superconducting 

detector system that prioritizes stability, reliability, and ensures reproducibility. Through a systematic 

approach based on materials science, electrical and mechanical studies, and cryogenic design, I have 

worked on delivering demonstration model of a detector that can be advanced into practical, field-ready 

devices. This work has contributed to turn groundbreaking science into practical tools that solve real-

world problems. 

The main arguments of my work are presented in the following order: 

1. In Chapter 1, I have discussed about background and scientific concept of earthôs atmosphere and 

linking spectroscopic approach to study greenhouse gases with the motivations for this PhD project. 

2. Chapter 2 consists of the working principles of the cryogenic detectors, the theory of Transition 

Edge Sensor (TES) microcalorimeters, along a brief literature review. 

3. In Chapter 3 is discussed the detailed process of the detector fabrication, analysing problems, 

solutions and their impact on the final detector. 

4. Chapter 4 contains the thermos electric and mechanical investigations done for characterization 

of as prepared detector from an application point of view including the finite element modal of the 

structural modal SM 1 and glue evaluation for integrating these detectors for space applications. 

5. In Chapter 5, the current work is summarized and directions to the future work are briefly 

discussed. 
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Figure 1: Space born ñThe Greenhouse gases Observing SATelliteò (GOSAT) satellites have been 

launched jointly by the Ministry of the Environment of Japan (MOEJ), the Japan Aerospace 

Exploration Agency (JAXA), and the National Institute for Environmental Studies (NIES). The 

GOSAT platform is equipped with a Fourier Transform Spectrometer (FTS) that observes carbon 

dioxide (CO2) and methane (CH4), the two most important anthropogenic greenhouse gases (GHGs), 

with CH4 also serving as a precursor of tropospheric ozone [4] 
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Chapter 1 

Earthôs Atmosphere and Atmospheric 

spectroscopy  

During the last five decades the technology to monitor earthôs atmosphere has greatly evolved. 

The space based advanced spectroscopic monitoring has enabled us to map the current climate patterns 

across the planet [1].  

The initial study of earthôs atmosphere was limited to weather forecasting until 1960s mostly 

relying on meteorological satellites. By 1970s new avenues of atmospheric investigations opened up by 

the launch of Nimbus program followed by Backscatter Ultraviolet Spectrometer (BUV), Infrared 

Interferometer Spectrometer (IRIS), and Satellite Infrared Spectrometer (SIRS) pioneering 

measurements of ozone columns and water vapor profiles [5]. Today, advanced instruments enable 

monitoring of species critical for air and water quality, weather and climate patterns. The earthôs 

atmosphere needs to be monitored for any changes occurring due to the dynamic nature of its gaseous 

composition with an aim to understand the long-term implications of weather patterns and particularly 

the global warming phenomenon. Hence, it is of keen importance to explore and develop the detector 

technologies that are capable of detecting the ongoing changes as well as identifying the pollutants that 

are catalysing the changes in earthôs atmosphere.  
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From a technological standpoint such detectors are desired that can detect the composition of these 

atmospheric gases including critical pollutants with high sensitivity and at a greater resolution spanning 

across wide range of electromagnetic spectrum to fully understand and help develop mitigating strategies 

to maintain the balance in earthôs atmosphere [6]. To gain control over climate change and reverse the 

imbalance of pollutant gases, integration of advanced spectroscopic techniques with real-time 

monitoring technologies is essential. This combination enables precise detection, quantification, and help 

devise the mitigation of atmospheric pollutants in future. Written next is the background knowledge of 

earthôs atmosphere and its climatic dynamics to understand the technological compatibility to study it 

from a spectroscopic approach. 

1.1 Earthôs atmosphere 

Our planet, Earth, is the only known planet capable of supporting a diverse bio life. This is 

attributed to its ideal distance from the sun, protection from harmful solar activity by its magnetic field, 

and a well-balanced atmosphere containing essential elements like water and oxygen necessary for 

biological existence. The continuation of life on Earth relies heavily on the stable and organized operation 

of several crucial factors, particularly its atmosphere. Much of life on Earth depends on the atmospheric 

conditions within the first dozen kilometres above the planetôs surface [7, 54]. Therefore, studying and 

monitoring the atmosphere is vital to understand its impact on life and ensure a sustainable future for our 

planet. 

As mentioned, the Earthôs atmosphere is a complex, dynamic system comprising multiple layers, 

each with unique properties, compositions, and functioning. It is essential for sustaining life, regulating 

the planetôs temperature, and shielding it from damaging solar radiation. To grasp the technological 

aspects of atmospheric study, itôs important first to understand the atmosphereôs structure. The 

atmosphere is categorized into five primary layers based on molecular makeup and temperature 

variations: the troposphere, stratosphere, mesosphere, thermosphere, and exosphere.  

i. Troposphere:   

The troposphere is the atmosphereôs lowest layer, reaching from the Earthôs surface up to an altitude of 

about 8 to 15 kilometres (5 to 9 miles). Itôs the densest layer, holding around 75-80% of the atmosphereôs 

total mass. Within the troposphere, temperature falls as altitude increases, decreasing by roughly 6.5ÁC 
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for every kilometre (3.5ÁF per 1,000 feet). This layer is where the majority of weather events, including 

rain, snow, storms, and clouds, take place. Convection currents also operate here, driving air movement 

and creating turbulence and wind patterns. The Earthôs surface, which absorbs solar energy, is the primary 

source of heat for the troposphere. The tropopause marks the upper limit of the troposphere, separating 

it from the layer above, the stratosphere. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure.1.1 The five main layers of earthôs atmosphere 

 

---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- 

Weather vs. Climate 

Weather refers to short-term atmospheric conditions typically few hours to couple of weeks, such as temperature, precipitation, 

and wind. It is highly variable and localized. 

Climate refers to a long-term patterns and averages of weather over decades to centuries. Climate change involves shifts in 

these long-term patterns, such as rising global temperatures or changing precipitation trends. 

Common Misconception: People often conflate weather and climate. For example, a cold winter in one region (weather) does 

not negate the reality of global warming (climate). Climate change is about long-term trends, not short-term fluctuations. 
------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------ 
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ii. Stratosphere:   

Located above the troposphere, the stratosphere extends from approximately 8ï15 kilometres up to about 

50 kilometres in altitude. In contrast to the troposphere, temperature in the stratosphere rises with altitude. 

This is because the ozone layer resides here, absorbing ultraviolet (UV) radiation from the sun. This UV 

absorption not only warms the stratosphere but critically protects life on Earth by filtering out harmful 

radiation. The stratosphere is characterized by its stability and lack of turbulence, making it the preferred 

altitude for commercial air travel. The stratopause defines the upper boundary of the stratosphere, 

bordering the mesosphere. 

iii. Mesosphere:   

The mesosphere stretches from about 50 kilometres to 85 kilometres above the Earth. Temperature in 

this layer decrease with the altitude, reaching the coldest points in the atmosphere, sometimes as low as 

-90ÁC (-130ÁF). Itôs within the mesosphere that meteors typically burn up upon atmospheric entry, 

creating the streaks of light known as ñshooting starsò. Although the air is thin, the mesosphere features 

strong winds and atmospheric waves. Direct study of this layer is challenging as itôs too high for aircraft 

and too low for orbiting satellites. The mesopause marks its upper boundary, separating it from the 

thermosphere. 

iv. Thermosphere:   

Extending from about 85 kilometres to 600 kilometres altitude, the thermosphere is characterized by 

temperatures that increase significantly with height, potentially reaching 2,000ÁC (3,632ÁF) or higher. 

Despite these high temperatures, the air density is extremely low, meaning it wouldnôt feel hot. The 

thermosphere houses the ionosphere, a region filled with charged particles. This region reflects radio 

waves, enabling long-distance communication, and is where auroras (the Northern and Southern Lights) 

are generated when solar particles interact with Earthôs magnetic field. Satellites, including the 

International Space Station (ISS), orbit within the thermosphere. The thermos pause is the upper 

boundary, dividing it from the exosphere. 

v. Exosphere:   

The exosphere represents the outermost layer of Earthôs atmosphere, starting around 600 kilometres (372 

miles) and extending upwards to 10,000 kilometres (6,200 miles) or more. In this layer, the atmosphere 

gradually thins out and merges with outer space. The air is incredibly thin, composed mainly of hydrogen 
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and helium molecules. Satellites and spacecraft operate here, and atmospheric molecules can escape 

Earthôs gravity into space due to the weak pull. The exosphere acts as the final frontier between Earthôs 

atmosphere and the vacuum of space, influencing the planetôs interaction with the wider cosmos. 

Key atmospheric features include the ozone layer in the stratosphere, which absorbs harmful UV 

radiation [55]; the ionosphere (part of the thermosphere and upper mesosphere), which reflects radio 

waves for communication [56]; the greenhouse effect, occurring mainly in the troposphere, where gases 

like carbon dioxide trap heat to regulate Earthôs temperature; and auroras in the thermosphere, caused by 

solar particles interacting with the magnetic field [9].  

Understanding the functions of these atmospheric layers and the exchanges between them is 

crucial for knowing where to gather specific atmospheric data. From a research perspective, knowing the 

dynamics and chemistry of each layer is essential, as technological compatibility depends heavily on the 

layerôs composition (e.g., vibrational spectroscopy struggles where diatomic molecules like N2, H2, O2 

are present due to their minimal dipole moments and resulting weak vibrational spectra). Written next is 

a brief overview of Earthôs atmospheric dynamics to build an understanding of technological applications 

and compatibility. 

1.2 Dynamic Processes in the Atmosphere 

The atmosphereôs chemistry is highly dynamic, involving intricate, interconnected reactions that 

affect climate change, air quality, and the health of ecosystems. Observations confirm that the atmosphere 

is in constant motion, driven primarily by solar energy and the Earthôs rotation, leading to various 

dynamic processes [8,57]. Collectively, these processes highlight the complexity and interdependence of 

atmospheric dynamics, which are essential for regulating the planetôs climate and enabling life. 

As discussed above, Earthôs atmosphere is a complex, dynamic system vital for maintaining life-

supporting conditions. A key condition is a suitable temperature range for biological functions. 

Temperatures falling below 0ÁC can cause life to freeze, while temperatures exceeding 50ÁC can be 

lethal. Maintaining this temperature balance depends on the atmospheric composition, primarily a 

mixture of various gases and particulate matter creating a dynamic environment. 

The main components are: 
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Nitrogen (N2): 78% - Provides stability and dilutes oxygen. 

Oxygen (O2): 21% - Crucial for respiration and combustion. 

Argon (Ar): 0.93% - An inert gas contributing to atmospheric volume.  

Carbon Dioxide (CO2): 0.04% - A key greenhouse gas, vital for photosynthesis and temperature 

regulation. 

Trace Gases: Includes helium, methane, ozone, and water vapor (levels vary with location and altitude). 

Water Vapor (H2O): Highly variable (0ï4%) - Plays a significant role in weather, cloud formation, and 

the greenhouse effect. 

Aerosols: Tiny solid or liquid particles (like dust, pollen) influencing climate and weather. 

Itôs notable that the primary components, nitrogen and oxygen (making up about 99% of the 

volume), play a minimal role in temperature regulation. In contrast, trace elements like carbon are 

fundamental in absorbing solar energy and contributing to atmospheric warming via greenhouse effect. 

1.3 The Greenhouse Effect and the climate change  

The greenhouse effect is a natural and essential process for life on Earth. Gases such as carbon 

dioxide (CO2), methane (CH4), and water vapor (H2O) trap heat within the troposphere, helping to 

maintain an average global temperature of around 288 K. Without this natural effect, Earthôs average 

temperature would drop to about 256 K, rendering the planet largely uninhabitable [9]. The primary 

mechanism involves the absorption of infrared radiation by specific atmospheric gases, mainly water 

vapor (H2O), carbon dioxide (CO2), and ozone (O3). These gases prevent some infrared radiation from 

escaping into space, thereby warming the planet within a certain range. Water vapor is the most 

significant contributor to this primary effect, responsible for roughly 30 K of the total 34 K temperature 

increase attributed to the greenhouse effect [58]. CO2 accounts for about 3 K, with other gases like CH4 

and N2O contributing around 1 K. 

The issue arises when human activities, such as burning fossil fuels, deforestation, and various 

industrial processes, release excessive amounts of greenhouse gases into the atmosphere, leading to an 

enhanced greenhouse effect [10]. This amplification of the natural process drives global warming and 

climate change. While the natural greenhouse effect is beneficial, the human-caused (anthropogenic) 

enhancement presents considerable risks. This additional warming, termed the secondary greenhouse 
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effect, is primarily due to increased levels of CO2, CH4, and other greenhouse gases since the industrial 

revolution (around 1750). The enhanced greenhouse effect, driven by higher concentrations of potent 

gases, also adversely affects ozone levels in the stratosphere [11]. 

Itôs important to distinguish between the greenhouse effect and ozone depletion; they are distinct 

environmental issues occurring in different atmospheric layers with different mechanisms and 

consequences. The greenhouse effect happens in the troposphere (0ï15 km altitude), where trapped heat 

leads to global warming. Ozone depletion occurs higher up, in the stratosphere (15ï50 km altitude), 

where chemicals like chlorofluorocarbons (CFCs) break down ozone (O3) molecules. This reduces the 

ozone layerôs capacity to block harmful ultraviolet (UV) radiation, increasing risks like skin cancer and 

ecosystem damage. Although distinct, these two phenomena are indirectly linked, particularly through 

chemicals like CFCs. Released CFCs rise to the stratosphere and destroy ozone. Simultaneously, CFCs 

act as potent greenhouse gases in the tropo- sphere, contributing to global warming. So, while one process 

involves heat retention and the other involves loss of UV protection, CFCs contribute to both. 

Furthermore, the enhanced greenhouse effect can indirectly impact ozone levels. Climate change can 

alter atmospheric circulation and temperatures, potentially influencing the rate of ozone depletion or 

recovery. International efforts like the Montreal Protocol, aimed at reducing CFC emissions, have 

successfully addressed ozone depletion and, to some extent, mitigated climate change, underscoring the 

interconnectedness of these environmental challenges [12]. 

The physical and chemical properties that make certain gases effective at trapping heat are key to 

understanding their climatic influence. A crucial factor is infrared absorption; greenhouse gases must 

absorb infrared radiation in the 5ï25 Õm wavelength range to effectively trap heat. This absorption 

excites the vibrational modes of the gas molecules. Major greenhouse gases like CO2, CH4, and nitrous 

oxide (N2O) have strong absorption bands in this range. CO2, for example, absorbs strongly at 15 Õm, 

near the peak of Earthôs black body emission, making it very effective at trapping heat [13]. 

Another vital property is the atmospheric lifetime of these gases, determining their long-term 

warming impact. Gases with longer lifetimes, like CO2 and CH4, accumulate over time, leading to a 

greater cumulative climate effect. Their removal primarily occurs through chemical reactions (e.g., with 

hydroxyl radicals, OH) in the troposphere or photodissociation in the stratosphere. These removal 

processes vary by gas, affecting its persistence and overall climate contribution. The global warming 
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×  Ī 
Ī 

potential (GWP) is used to compare the warming impact of different greenhouse gases, over the time, 

relative to CO2 (GWP=1). GWP accounts for absorption strength, lifetime, and concentration. Methane 

(CH4), for instance, has a GWP of 28 over 100 years, meaning it traps 28 times more heat than CO2 over 

that period. This metric helps quantify the relative impact of various gases on global warming. 

1.4 Vibrational Spectroscopy and Its Application to Detect 

Trace Gases 

Vibrational spectroscopy is a key technique for studying how molecules vibrate. Covalent bonds, like 

those in H2O or CO2, can be visualized as springs that vibrate at specific frequencies [14]. A water 

molecule, for instance, exhibits three main vibrational modes: symmetric stretching, asymmetric 

stretching, and bending. These vibrations occur at discrete, quantized energy levels, and their frequencies 

are determined by the moleculeôs structure and its environment (e.g., temperature, pressure). For any non-

linear molecule, the number of vibrational modes is calculated as: 

Number of vibrational modes=3Nī6                            equation 1.1 

where N = total number of atoms in the molecule. 

Water (H2O, N=3) has 3(3)-6 = 3 vibrational modes as shown in figure 1.2. Larger molecules like CO2 

have more modes, resulting in more complex spectra. External factors like temperature or interactions 

with other molecules can slightly alter these vibrational frequencies. This technique is highly versatile 

because any molecule with covalent bonds will vibrate, making it suitable for studying atmospheric gases 

like H2O, CO2, and CH4. However, ionic compounds (like NaCl), which lack covalent bonds, do not 

produce vibrational spectra. 

 

Figure 1.2: Water (H O) has three normal vibrational modes 
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1.5 Molecular Vibrational Spectroscopy 

Vibrational spectroscopy fundamentally studies molecular vibrations, primarily through the 

absorption of infrared (IR) radiation [14]. By measuring how molecules absorb or emit IR radiation, we 

can identify the unique spectralò fingerprintsò of molecular vibrations, making this a valuable technique 

for molecular analysis. 

For gases, the process involves exciting the covalent bonds (acting like springs) within molecules. 

These bonds vibrate in specific ways (stretching, bending) at characteristic frequencies. In CO2, for 

example, symmetric stretch, asymmetric stretch, and bending vibrations occur at distinct IR frequencies. 

When IR radiation passes through the gas, molecules absorb photons matching these frequencies, causing 

their bonds to vibrate more energetically.  

The Beer-Lambert law is often used to quantify gas concentrations. It states that light absorbance 

is directly proportional to the concentration of the absorbing substance and the path length the light 

travels through the sample. Analysing the absorption spectrum allows researchers to identify specific 

gases (like CH4 or H2O) and determine their concentrations. 

Vibrational spectra arise when molecules absorb specific EM radiation wavelengths, causing 

transitions between vibrational energy levels. The absorbed wavelengths match the bond vibrational 

frequencies, creating a unique spectral signature for each molecule. Both Mid Infrared and Near Infrared 

spectroscopy is extensively used in atmospheric science to monitor greenhouse gases, pollutants, and 

other trace gases, supplying essential data for climate research and air quality assessment. 

Before diving into superconducting detector devices and photon conduction, understanding the 

fundamental physics of electromagnetic radiation involved in the functioning of such devices is crucial. 

The basics of photon energy and its detection mechanisms are discussed next. 

1.6 Energy of photons  

While the visible spectrum (400ï700 nm) is only a small portion of the electromagnetic (EM) 

spectrum, the non-visible regions (infrared, microwave, UV, X-rays, etc.) also consist of photons. Each 
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photon carries an energy proportional to its frequency (ɜ) or inversely proportional to its wavelength (ɚ), 

described by Planckôs equation: E = hɜ = hc/ɚ 

Here, E is photon energy, h is Planckôs constant (6.626x10ī34J.s), and c is the speed of light. This 

relationship means shorter wavelengths (like gamma rays) have higher energy, while longer wavelengths 

(like radio waves) have lower energy. 

In applications such as photovoltaics, spectroscopy, or medical imaging, a photonôs energy 

dictates how it interacts with matterðwhether it excites electrons (photoelectric effect) or causes 

molecular vibrations. For example, visible light photons (1.6ï3.4 eV) can power photosynthesis, whereas 

high-energy X-ray photons (keV to MeV) can penetrate materials for diagnostic imaging or 

crystallography. Therefore, understanding photon energy is fundamental across engineering, physics, and 

environmental science. 

 

 

Figure 1.3. Typical EM radiation spectrum with energy of one photon expressed as one photon volt 

indicated by the bar on top.  
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Until recently, much research focused on the visible EM spectrum, particularly the infrared and 

mid infrared regions. Modern detectors capable of operating beyond these typical ranges now allow 

exploration of the non-visible parts of the EM spectrum. Integrating superconductor detector 

technologies that can read faint signals in the infrared and Far UV regions enables the simultaneous 

detection of vital molecular vibrations, which was not feasible with older detectors [17]. Non-visible EM 

radiation is crucial in spectroscopy, atmospheric chemistry, and climate science. Table 1.1 compares 

photons in non-visible EM regions and respective atmospheric applications. 

 

 

Table. 1.1:  Typical EM regions and corresponding atmospheric studies 

EM Region 
Wavelength 

Range 
Photon Energy Atmospheric Studies 

Ultraviolet 

(UV) 
10ï400 nm High-energy (3ï124 eV) Detects O , NO  (via absorption)  

Infrared (IR) 700 nm ï 1 mm Mid-energy (0.001ï1.7 eV) 
Tracks greenhouse gases (CO , CH , 

H O) via vibrational transitions. 

Microwave 1 mm ï 1 m Low-energy (1.2 ÕeVï1.2 meV) 

Measures rotational transitions of 

polar molecules (CO, H O, O ) in 

weather/climate models. 

Terahertz 

(THz) 
0.1ï1 mm 0.4ï40 meV 

Detects interstellar molecules, and 

atmospheric molecules like H2O 

(absorption above ~0.5 THz) & O2. 

Radio Waves > 1 m Ultra-low energy (< ÕeV) 
Used in NMR (nuclear spin flips) and 

radio astronomy. 
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1.7 Photon detection and requirements in spectroscopy 

Vibrational spectroscopy techniques, such as infrared (IR) and mid infrared (M-IR) spectroscopy, 

are a widely applied tool for studying molecular vibrations. These methods rely on detecting photons that 

interact with molecular vibrational modes, effectively detecting molecular fingerprints. By analysing 

these photons, which carry precise vibrational information, molecular structures as well as chemical 

bonding, and dynamic intermolecular interactions can be studied [18]. As a powerful analytical tool, 

vibrational spectroscopy provides detailed, non-destructive characterization of materials physics and 

chemistry. 

Described below are the fundamental properties of an ideal photon detection and general 

requirements for modern experiments relying on vibrational spectroscopy 

1-Sensitivity 

The sensitivity of a detector is determined by its signal-to-noise ratio (SNR), defined as the ratio 

of the signal power to the noise power. A fundamental related quantity is the noise equivalent power 

(NEP), which represents the incident optical power (P, in Watts) required to produce an output signal 

equal to the detector's noise level (SNR = 1) in a 1 Hz bandwidth (BW = 1/(2tint), where tint is the 

integration time). 

                                        ὔὉὖ                                                           Equation 2.1 

Where, Vn is noise voltage spectral density expressed in V/H1/2, and R is the measure of responsivity 

expressed in V/W. Specific detectivity, D*, is another frequently used measure of the sensitivity: 

                                         $ᶻ
ȢЎ
                                                        Equation 2.2 

where A is the Detector's active area (cmĮ) and æf is bandwidth in Hz. 

By normalizing for both detector area and bandwidth, D* enables direct comparison between 

different detector technologies. As shown in Figure 1, achieving high sensitivity (low NEP or high D*) 

across wavelengths up to 25 mm (0.4-40 meV) is crucial for probing the complete range of fundamental 

molecular vibrational frequencies. This spectral range demands careful optimization of detection 

efficiency and noise reduction in spectroscopic systems. 
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2-System detection e ciency (SDE) 

The system detection efficiency (SDE) quantifies the overall probability that a photon emitted by 

a sample or light source will be successfully detected. It is determined by three key factors: internal 

efficiency, absorption efficiency, and coupling efficiency, expressed as SDE = internal efficiency Ĭ 

absorption efficiency Ĭ coupling efficiency. 

The internal efficiency (often called quantum efficiency) represents the likelihood that an 

absorbed photon will generate a measurable signal, such as liberating photoelectrons in a photodiode, 

exciting charge carriers in a semiconductor, or triggering a resistive transition in a superconducting 

detector. The absorption efficiency describes the probability that an incident photon is absorbed by the 

detectorôs active material, which depends on its design, thickness, and optical properties. Finally, 

the coupling efficiency accounts for the fraction of emitted photons that reach the detector, influenced by 

optical alignment, collection geometry (e.g., acceptance angle of lenses or fibres), and losses from 

reflections or scattering. 

While detectors in idealized setups (e.g., direct illumination with minimal optics) can achieve 

SDEs near 100%, real-world spectroscopic applications often exhibit lower efficiencies due to additional 

optical components like gratings, filters, or beam splitters. Thus, optimizing SDE requires careful 

consideration of all three factors, internal performance, absorption capability, and optical coupling, to 

maximize sensitivity in photon-starved experiments 

3-Noise 

A-Noise from Background and dark counts.  

In single-photon detection systems, it is crucial to differentiate between dark counts and 

background counts, as they originate from fundamentally distinct sources. Dark counts occur even in 

ideally shielded detectors and stem from intrinsic noise processes, such as thermal excitations in 

semiconductors (e.g., spontaneous electron-hole pair generation in avalanche photodiodes) or quantum 

tunnelling in superconducting nanowires. These events are unavoidable and define the detectorôs ultimate 

noise floor. In contrast, background counts result from imperfect isolation of the detection system, 

allowing external perturbations, such as stray light, blackbody radiation, or cosmic rays, to trigger 

spurious signals. This distinction also applies to analog photodetectors, where dark current is inherent 
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and background current comes from external sources. Minimizing both is critical: dark counts set the 

sensitivity limit, while background counts can often be reduced through better experimental design. 

Proper characterization of both is essential for accurate detection in fields like quantum optics, 

spectroscopy, and low-light imaging [19]. 

B-Noise from detector  

Detector noise includes both photon-independent and photon-dependent components. In 

semiconducting mid-infrared (mid-IR) detectors, dark current noise, arising from thermal carrier 

generation, is often the dominant source. These detectors require narrow bandgaps, comparable to the 

thermal energy at room temperature (e.g., kTå210 cmī1 at 300 K), making them particularly sensitive to 

thermal noise. To suppress this effect, they are typically cooled to cryogenic temperatures, which reduces 

the dark current and associated noise. 

In contrast, low-temperature superconducting detectors, operated at TḺTc (far below their critical 

temperature), exhibit negligible dark counts and hence very low intrinsic noise. Additional noise sources, 

such as from readout circuitry, external amplifiers, or internal amplification mechanisms, can also affect 

detector performance. However, in single-photon detectors, these contributions can often be avoided by 

counting discrete detection events instead of measuring continuous analog signals, effectively mitigating 

many sources of electronic noise. 

C-Photon (shot) noise 

Even in the case of negligible detector noise, photon shot noise (sometimes called counting noise) 

arises from the discrete nature of counting photons. For an expected average count rate dN/dt, the 

probability to obtain k counts during the time Dt is given by a Poisson distribution with mean N and 

standard deviation, N: 

ὖË ÃÏÕÎÔÓ
ὔὯὩὔ

ËȦ
                                       Equation 2.3 

Especially when the number of total counts becomes large, the Poisson distribution can be 

approximated by a normal distribution with the same mean and standard deviation. Hence, under most 

practical conditions the noise is associated with counting N photons is given by N. The total noise is 

determined by both signal and background counts. 
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For large counts (Nḻρ), Poisson distribution approximates a normal distribution with 

mean N and standard deviation  Ѝὔ. Thus, in most practical scenarios, noise associated with 

detecting N photons is given by Ѝὔ. The total noise depends on both the signal (Ns) and background 

(NBG) counts: 

                                          ὔέὭίὩ ὔ ὔ                                          Equation 2.4 

Accordingly, the SNR is given by: 

          ὛὔὙ                                           Equation 2.5 

Background photons, which result from thermal emission from objects within the field of view 

of the detector or even from the detector itself, often limit the SNR. In this background-limited noise is 

dominated by background counts and the SNR is given by NS/ЍὔBG. The ideal case (NBG~0) still involves 

shot noise arising from the detected signal and the SNR is given by ЍὔS. Note that photon noise can 

always be reduced with increased integration time tint; here, the SNR scales with Ѝὸint. 

The NEP of a shot noise-limited photon-counting detector at wavelength l is given by: 

ὔὉὖ                                        Equation 2.6 

here, R0 = N0/tint is the sum of the background and dark count rates. Thus, both background and 

dark counts must be minimized to detect small signal count rates on the order of 1 count s-1 or below, 

which can easily occur when studying vibrational relaxation on ps timescales as discussed later. Also 

note that the calculation of the NEP in equation (2.6) involves the SDE because the relevant power is that 

of the photons entering the detection system. High SDEs are thus desirable to reduce the NEP and 

increase the SNR. 

4-Timing jitter 

Jitter refers to the temporal uncertainty in detecting a photonôs arrival time, arising from 

fluctuations in the detectorôs electrical signal rise time. Detector jitter limits the experimentôs achievable 

time resolution, thus constraining the timescales of molecular processes that can be studied. While 
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vibrational radiative lifetimes are typically milliseconds; many vibrational energies transfer processes 

occur much faster, demanding low jitter, potentially down to picoseconds. 

5-Stability 

Detectors use signal amplification (gain), which can fluctuate during an experiment due to small 

variations in temperature, bias voltage, or current. Minimizing these gain fluctuations is critical for high-

sensitivity experiments requiring long integration times (hours), such as astronomical observations or 

single-molecule spectroscopy. 

6-Maximum count rate (MCR) 

After detecting a photon, most detectors have aò dead timeò before they can register another 

event. This limits the detectorôs maximum count rate (MCR). Exceeding the MCR causes saturation, 

where the detector output is no longer proportional to the incident photon flux. A low MCR can limit the 

achievable SNR for a given integration time or hinder operation when background count rates are high 

1.8 Challenges with Current Detectors: 

Current vibrational spectroscopy applications in physical chemistry are limited by detectors that 

have poor temporal resolution, low efficiency, and high background noise. Existing semiconductor 

materials impose fundamental limitations on detector capabilities due to their intrinsic properties and 

operating requirements. Traditionally, the field relied on semiconductor detectors with small bandgaps, 

creating a trade-off between optimal spectral response and noise at longer wavelengths [15]. However, a 

new generation of mid-infrared (mid-IR) detectors utilizing interactions between photons and 

superconducting materials operates on entirely different principles. 

While vibrational spectroscopy is powerful, conventional IR detectors (like mercury cadmium 

telluride, MCT) hinder its full potential. These detectors suffer from: 

¶ Fundamental limits: Imposed by material band structures, requiring new materials for broader 

spectral studies. 

¶ Slow temporal resolution: Limits the ability to track fast processes, such as ultrafast chemical 

reactions, in real-time. 
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¶ Low detection efficiency: Necessitates high light intensity or extended integration times. 

¶ High thermal noise: Particularly problematic at longer IR wavelengths (> 10 Õm), obscuring weak 

signals 

1.9 How Superconducting Detectors Transform the Field: 
Initially used for shorter wavelengths, superconducting detectors have recently demonstrated 

improved sensitivity in the mid-IR range (up to 10 Õm), opening new avenues in molecular science [16]. 

These developments show promise for applications like infrared emission studies, analyzing exoplanet 

atmospheres, and single-molecule microscopy. 

¶ Emerging superconducting detectors overcome previous limitations by exploiting quantum 

phenomena in super- conductors. Their benefits include Single-photon sensitivity i.e. Capable of 

detecting extremely faint signals (e.g., from single molecules or distant exoplanets). 

¶ Ultrafast temporal resolution (picosecond scale): Allows capturing rapid vibrational dynamics. 

¶ Low noise: Operation at cryogenic temperatures minimizes thermal background noise. 

Superconducting detectors might soon match the sensitivity of UV/Vis single-photon detectors, a 

long-standing benchmark in physical chemistry. Their advancement could fill critical gaps in detection 

technology, revolutionizing experimental methods in the field. 
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Figure 1.4. Overview of the typical spectral range covered by a selection of photodetectors based on the 

photoelectric effect, semiconductors, and superconductors, as indicated by the coloured horizontal bars. 

The wavelength corresponding to the energy gap in low-temperature superconductors lies beyond the 

scale shown here. Transition-edge sensors (TESs) span the entire spectral range depicted, as indicated 

by the green bar. The region of interest, between 2.5 and 25ɛm (highlighted in grey), marks the 

spectral domain where most fundamental vibrational frequencies occur. Selected examples of group 

frequencies are also indicated. (PMT: photomultiplier tube; TES: transition-edge sensor; MKID: 

microwave kinetic inductance detector) [17] 
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Chapter 2  

Superconducting detectors for 

vibrational spectroscopy 

Superconductivity occurs when lattice vibrations (phonons) mediate an effective attractive 

interaction between electrons that overcomes their natural Coulomb repulsion. In conventional 

superconductors, this process begins when a moving electron slightly distorts the surrounding crystal 

lattice, creating a localized region of positive charge. This distortion can attract another electron with 

opposite momentum and spin, forming a correlated electron pair known as a Cooper pair [20]. These 

pairs behave as composite bosons with zero net spin, allowing them to undergo Bose-Einstein 

condensation into a macroscopic quantum state below a critical temperature (Tc). The superconducting 

phase is maintained only when three key thresholds are not exceeded: the critical current density (Jc), 

critical temperature (Tc), and critical magnetic field (Hc). This condensed state exhibits perfect 

diamagnetism (the Meissner effect) and zero electrical resistance, with the stability of the Cooper pairs 

being essential for maintaining superconductivity. The phenomenon can be disrupted if any of the critical 

parameters (current, temperature, or magnetic field) exceed their threshold values, causing the system to 

revert to a normal resistive state. The Bardeen-Cooper-Schrieffer (BCS) theory provides a basis for 
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estimating the energy required to break a Cooper pair in a superconductor [20]. According to this theory, 

the energy gap is given by 2ȹ å 3.25kBTc, where Tc is the critical temperature and kB is the Boltzmann 

constant. For example, a photon with a wavelength of 1.1 mm (corresponding to approximately 1.1 meV) 

carries enough energy to potentially disrupt superconductivity in materials with a critical temperature 

around 4 K. Mid-infrared photons, which are 100 to 1000 times more energetic than typical short-

wavelength (far-infrared or microwave) photons, can have a significantly greater impact  on 

superconducting states. This increased energy makes them particularly relevant in the context of detector 

interactions and superconducting qubit decoherence applications. 

A second important factor in superconducting detector performance is the extremely low intrinsic 

noise of low-temperature superconducting materials. These materials naturally exhibit very low dark 

count rates, which contributes to an artificially reduced noise floor in detectors. This characteristic is 

highly beneficial for applications requiring high sensitivity, such as photon counting and quantum 

information processing. 

There has been significant recent activity in the development of the following three types of detectors: 

1. Superconducting Nanowire Single-Photon Detectors (SNSPDs): Known for their application 

in laser-induced infrared fluorescence, SNSPDs show strong potential for broader spectroscopic 

and quantum optics applications. 

2. Microwave Kinetic Inductance Detectors (MKIDs): Known for their inherent scalability and 

excellent multiplexing capabilities, making them well-suited for large detector arrays. 

3. Transition Edge Sensors (TESs): Known for their exceptional high energy resolution, TESs are 

widely used in applications requiring precise photon energy measurements. 

2.1 Superconducting nanowire single-photon detectors 

(SNSPDs) 

SNSPDs offer an effective way to implement time-correlated single-photon counting, particularly 

in the UV to mid-infrared (MI) spectrum. Amorphous superconductor-based SNSPDs have demonstrated 

system detection efficiencies of up to 98% at 1.55 Õm, with dark count rates as low as one count per day, 



ΟΞ 
 
 

negligible readout noise, and count rates exceeding 10  counts/s per pixel [21]. The typical temporal 

resolution is around 100 ps, although in exceptional cases, resolutions as low as a few picoseconds have 

been achieved [22]. Polycrystalline SNSPDs have shown improvements in both count rates and timing 

jitter, while amorphous SNSPDs are still in earlier stages of development. Despite their current sensitivity 

being limited to wavelengths shorter than 10 Õm, this constraint is expected to be overcome in the near 

future. Given their current performance, amorphous SNSPDs are already nearing the specifications 

required for state-of-the-art infrared emission experiments. 

2.2 Microwave Kinetic Inductance Detectors (MKIDs) 

Kinetic inductance describes the inertial response of superconducting electrons (Cooper pairs) to 

high-frequency electric fields. It is inversely proportional to the Cooper pair density and can be tuned by 

modifying the geometry of the nanowire, particularly its length-to-width ratio in a meandered design. 

A Microwave Kinetic Inductance Detector (MKID) is formed when such a superconducting 

nanowire, typically made of materials like titanium nitride (TiN) or aluminium (Al), is embedded in a 

microwave LC resonator circuit [23]. Since the resonant frequency of the circuit depends on both 

inductance (L) and capacitance (C), any change in the Cooper pair density, such as through photon 

absorption, alters the kinetic inductance. This causes a measurable shift in the resonant frequency and 

phase, which serves as the detection signal. The primary advantage of MKIDs lies in their natural 

multiplexing capability. Each pixel can be designed to have a unique resonant frequency, allowing many 

detectors to be capacitively coupled to a single microwave readout line. By sweeping the frequency on 

the readout line, one can sequentially interrogate each pixel, enabling large-scale arrays with minimal 

wiring. 

This feature is especially beneficial in cryogenic systems, where every additional readout line 

contributes to the thermal load. Arrays of over 1,000 pixels are now routinely deployed, particularly in 

ground-based astronomical instruments [23]. MKIDs have seen widespread use in astronomy, covering 

spectral ranges from the ultraviolet (UV) to near-infrared (NIR) and far-infrared (FIR). Like Transition 

Edge Sensors (TESs), MKIDs are energy-resolving detectors, though so far, single-photon sensitivity has 

been demonstrated only from the UV up to around 1550 nm, and not yet in the mid- to far-infrared. 



ΟΟ 
 
 

Some limitations of MKIDs include their requirement for ultra-low operating temperatures (typically 

below 100 mK), which poses challenges for space-based applications. They also exhibit a smaller 

dynamic count rate range (typically around 5 kHz per pixel), lower quantum efficiency, and require 

complex room-temperature readout electronics. 

2.3 Transition edge sensors (TESs)  

In recent years, superconducting transition-edge sensors (TESs) have gained significant attention 

as exceptionally sensitive detectors, capable of measuring single photons across a wide spectral range, 

from the near-infrared to gamma rays, and even detecting faint photon fluxes at millimetre wavelengths 

[24]. At their core, TES devices function as thermal sensors, detecting energy by monitoring subtle 

changes in the resistance of a superconducting film as it transitions between its superconducting and 

normal states. This unique property enables TES detectors to achieve extraordinary sensitivity and energy 

resolution. While small TES arrays have already proven effective in various applications, current research 

is focused on scaling up to kilo pixel arrays, paving the way for advanced uses in astronomy, particle 

physics, and materials science. 

The foundation of TES technology lies in the discovery of the superconducting phase transition 

by Heike Kamerlingh Onnes in 1911 [25], when he observed that mercury's electrical resistance dropped 

abruptly to zero at a temperature of 4.2 K. This discovery unveiled a class of materials capable of 

superconductivity at low temperatures. The sharpness of this transition makes superconductors ideal for 

use as ultra-sensitive thermometers. Indeed, the temperature sensitivity of a TES can be up to 100 times 

greater than that of conventional semiconductor thermistors, which had been the standard for cryogenic 

measurements [26]. A TES consists of a thin film of superconducting material held precisely at the 

transition point between superconducting and normal states. In this narrow temperature range, its 

resistance changes steeply with temperature, allowing it to function as either a bolometer (measuring 

continuous power input) or a calorimeter (measuring discrete energy events). This high sensitivity allows 

TES detectors to respond rapidly, handle significant thermal loads, and detect extremely small energy 

inputs, offering substantial advantages over traditional thermistor-based detectors. However, the 

steepness of the transition also introduces challenges such as instability and limited dynamic range, which 

require careful design and biasing to ensure optimal performance. 
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The early development of TES bolometer dates back to 1941 [28], when Andrews and colleagues 

demonstrated the first TES bolometer using a tantalum wire cooled to 3.2 K to detect infrared radiation. 

In 1949, they created the first TES calorimeter by measuring voltage pulses produced by alpha particles 

hitting a niobium nitride strip at 15 K. Despite these promising results, TES detectors remained 

underutilized for decades due to difficulties in matching their ultra-low noise levels with the available 

amplification technologies of the time. Early workarounds involved using AC biasing, transformer 

coupling, and long meandered superconducting paths to increase effective resistance. 

The field saw a major breakthrough with the introduction of superconducting quantum 

interference devices (SQUIDs) as current amplifiers. SQUIDs are inherently compatible with the low-

impedance characteristics of TES detectors and resolved many of the noise-matching issues that had 

previously limited performance. Moreover, SQUIDs support multiplexed readout, enabling the 

simultaneous operation of large TES arrays without excessive wiring, crucial for minimizing thermal 

loads in cryogenic systems. Today, large-scale TES arrays are routinely deployed in cutting-edge 

research, including cosmic microwave background studies, X-ray astronomy, and quantum materials 

investigations  

In summary, TES detectors harness the sharp superconducting phase transition to deliver 

unmatched sensitivity and precision in detecting small energy inputs. Their development has been 

propelled by advances in cryogenics, superconducting materials, and especially the integration of 

SQUID-based readout systems. As research continues to refine and scale TES technology, these detectors 

are poised to drive new discoveries and expand the frontiers of science and technology. 

2.3.1 Working principles 

The idea of using a superconducting thin film operated near its critical temperature as a detector 

date back to the 1940s, when it was proposed by Andrews et al. [29] for infrared radiation detection. The 

principle relies on the filmôs steep change in electrical resistance near the transition temperature, which 

enables it to detect energy deposited by incoming photons or particles as illustrated in figure 2.2.  
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Figure 2.2: Working principle of a Transition Edge Sensor: A Transition Edge Sensor (TES) detects 

small temperature changes caused by incident photons. It operates at the boundary between 

superconducting and normal states, where resistance changes sharply with increase in temperature. 

Absorption of energy slightly heats the TES, leading to a measurable change in resistance. 

A Transition Edge Sensor (TES) can be modelled as a thin film with a finite heat capacity C, 

thermally linked to a reservoir at temperature Tbath, as illustrated in Figure 2.3. When energy is deposited 

onto the film, either from incident radiation or a particle interaction, it is converted into heat and 

dissipated to the reservoir with a characteristic time constant (Ű). 

Applying energy conservation yields the following equation that governs the temperature 

evolution of the film: 

0  0 4ȟ4 #      Equation 2.7 

Here: 

¶ Pext is the external power deposited by the incoming radiation or particle, 

¶ PR is the power dissipated to the reservoir, which can be approximated as linearly dependent on 

the temperature difference between the film T and the reservoir TR 

Thus, the equation becomes: 

0  '4 4 #            Equation 2.8 
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Here: 

¶ G is the thermal conductance of the link and is assumed constant (first-order approximation). 

 

Figure 2.3: (left) Simplified thermodynamic model of a TES. (right) Thermal response [27] 

This differential equation has useful analytical solutions under two specific conditions: 

1. Constant Power Input Pext=P0 

The system reaches a steady state where the temperature increase is 

4  4             Equation 2.9 

2. Small Signal Modulation: 

For a time-varying external power ŭPext(t), the temperature response in the frequency domain is 

ɿ4ʖ  
ẗ

 
     Equation 2.10 

where Ű =   is the thermal time constant. 

For an instantaneous energy deposit E0, the initial temperature rise is: 

ȹT=                               Equation 2.11 

This is followed by an exponential decay of the temperature with time constant: 

Ű =                           Equation 2.12 
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This thermal relaxation behaviour can be exploited to operate the TES either as a bolometer, 

measuring continuous power input, or as a calorimeter, detecting discrete energy events. 

Thermal Properties 

The sensitivity of a Transition-Edge Sensor (TES) is strongly influenced by the thermal exchange 

mechanisms between its various components when energy or power is absorbed. The elements of a TES 

operate within the quasi-classical diffusive regime [30], meaning their physical dimensions are much 

larger than both the Fermi wavelength (ɚn) and the elastic mean free path (ɚ ) of electrons. Under these 

conditions, the electron energy distribution can be accurately described using the Fermi-Dirac function, 

and thermal transport can be modelled as classical energy diffusion [59]. In a TES, the thermistor is 

biased near its superconducting-to-normal transition temperature, so it exhibits the thermal properties of 

a normal metal. In this regime, thermalization of charge carriers is dominated by electronïelectron 

scattering, either through Coulomb interactions or scattering off impurities [31]. The electronïelectron 

thermalization length under these conditions typically reaches tens of micrometres [32], allowing us to 

assume a uniform electronic temperature Te across the entire thermistor. 

In contrast, the thermal conductance of a superconductor, Gth,S at temperatures TeḺTc (much 

lower than the critical temperature), is exponentially suppressed due to the presence of the 

superconducting energy gap [33]. Because Cooper pairs do not carry heat, and the population of unpaired 

(quasiparticle) electrons drops exponentially with decreasing temperature, the thermal conductance 

diminishes rapidly. In the linear response approximation, the superconducting thermal conductance can 

be expressed as [32]: 

' ȟ  ' ȟϽ
Ў

Å
Ў

   Equation 2.13 

where: 

¶ Ὃ ȟ is the normal-state thermal conductance. 

¶ ȹ0  is the superconducting energy gap. 

¶ kB is the Boltzmann constant. 

¶ Te is the electronic temperature. 
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One of the key thermalization channels for charge carriers in the thermistor is electronïphonon 

scattering. In a clean normal metal, the electronïphonon coupling can be described by [31]: 

0 ȟ  ɫ64 4   Equation 2.14 

where: 

¶ Ɇ is the electronïphonon coupling constant, 

¶ V is the volume of the film, 

¶ Tph is the phonon temperature, 

¶ n å 5, though it can be lower (e.g. n=4.6) in dirty metals, depending on the impurity concentration 

and type. 

In the superconducting state, electronïphonon thermalization is also exponentially suppressed due to 

the energy gap. The power exchanged via electronïphonon interaction in the superconducting state, Pe-

ph,N is given by: 

0 ȟ θ  0 ȟϽÅ
Ў

       Equation 2.15 

This suppression aligns with the behaviour of thermal conductivity in superconductors and is due 

to the reduced density of single-particle excitations at low temperatures. Cooper pairs cannot exchange 

energy with the lattice via phonon scattering, as such processes are forbidden by energy and momentum 

conservation laws [30]. 

Calorimetric Operation 

Calorimetric operation refers to the case where the impinging power can be ideally modelled as: 

0Ô  ɿÔ  Ô                                 Equation 2.16ױ%

This represents an instantaneous deposit of energy E0 at time t0. To analyse the system response, 

we consider a small fluctuation in the impinging power, expressed as a generic Fourier component: 

ɿ0ÅØÔ Ὡױ                                                     Equation 2.17 
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which is treated as one frequency component of a more general Pext(t). Solving in Fourier space, 

the equation becomes: 

ɿ0ÅØÔ
ὠς

Ὑς
Ä2

Ä4
 ɿ4 'ɿ4  ʅʖ#ɿ4       Equation 2.18 

Rearranging: 

ɿ0ÅØÔ ʅʖ# ' fl'ɿ4   Equation 2.19 

ɿ0ÅØÔ'ρ flɿ4ρ  
†ὩὪὪ 
   Equation 2.20 

where: 

¶ fl is the loop gain. 

¶ Ű = C/G is the thermal time constant. 

¶ Űeff = Ű / 1+ fl is the effective time constant under electrothermal feedback (ETF). 

The Electrothermal Feedback (ETF) effect can be exploited by biasing the TES with a constant 

voltage and measuring the current with an amplifier. A temperature change alters the TES resistance, 

affecting the power dissipation and creating thermal feedback that can be either positive or negative 

depending on the bias conditions. This feedback introduces loop gain, which reduces the effective 

thermal time constant and speeds up the systemôs response. 

From Ohmôs Law and the TES temperature dependence: 
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'
ɿ4                   Equation 2.21 

The responsivity S, defined as the change in current per unit change in input power ŭPext , is given 

by: 

3
)

 Ȣ
fl

ρ fl
Ȣ

ρ

ρ
         Equation 2.22 

This is the frequency-dependent transfer function of a TES under negative electrothermal 

feedback, and it allows prediction of the system response to any time-varying optical input by 

decomposing it into Fourier components. 



ΠΜ 
 
 

Special Cases: 

1. Low-frequency (slow) signals: 

When ɤḺ   and fl ḻ1, the responsivity simplifies to: 

3 θ                                Equation 2.23 

This result is consistent with the discussion of TES bolometric operation, where the detector response 

depends mainly on the bias voltage. 

2. Impulse response: 

For an instantaneous energy deposit E0, the current response follows a single-pole exponential decay: 

)4  
fl

ρ fl
ϽὩ

ὸ
†ὩὪὪ            Equation 2.24 

In the limit of strong ETF flḻρȡ 

)4  Ὡ
ὸ
†ὩὪὪ    Equation 2.25 

Since the resulting TES current is typically very small (usually between 100 nA and 3 ÕA), signal 

amplification is required. The most common solution is a Superconducting Quantum Interference Device 

(SQUID), which acts as an ultra-sensitive, low-noise current amplifier. A SQUID amplifier behaves like 

an ideal transimpedance amplifier: it has near-zero input impedance and high output impedance, allowing 

it to couple almost all the TES current into its input. It then converts this current into a measurable voltage 

signal, enabling impedance-insensitive digital readout via a Digital-to-Analog Converter (DAC). 

SQUID Signal Readout 

A SQUID (Superconducting Quantum Interference Device) consists of a superconducting loop, 

often called a SQUID washer, interrupted by one or two weak links. In the case of an RF-SQUID, the 

loop contains a single weak link, whereas a DC-SQUID contains two. These weak links can take the 

form of SuperconductorïInsulatorïSuperconductor (SIS) junctions, SuperconductorïNormal Metal-

Superconductor (SNS) junctions, or Dayem bridges, among others [35]. 



ΠΝ 
 
 

 

Figure 2.4: Schematics of a SQUID amplifier [34]Ш 

A schematic of a SQUID amplifier is shown in Figure 2.4. When a bias current Ib is applied to 

the SQUID, variations in the magnetic flux ū coupled to the washer result in a voltage swing across the 

junctions. This voltage is periodic with respect to flux ū, with a period equal to the magnetic flux 

quantum: 

ɮ  ςȢπφυ ὼ ρπ  ὡὦ              Equation 2.26 

The trans characteristic curve of a SQUID, i.e., the relationship between the magnetic flux ū and 

the voltage V across the junctions, is obtained. This Vïū curve is steepest when the applied flux satisfies: 

ɮ  ɮ                              Equation 2.27 

At this point, the SQUID's response to small changes in magnetic flux ŭūḺū0 is approximately 

linear, and the flux-to-voltage transfer coefficient Vū=ÖV/ÖV is maximized. To operate a SQUID as an 

amplifier, a working point is established near one of these flux values. This is achieved by: 

¶ Applying a static flux bias through a flux bias coil, and 

¶ Coupling the signal current, typically from a detector like a TES, into the SQUID via a closely 

coupled thin-film input coil. 

This principle is extended in SQUID array amplifiers, which consist of multiple SQUIDs connected 

in series and parallel to optimize the overall transfer characteristics and performance. These arrays 

provide higher gain, better noise performance, and greater dynamic range, making them suitable for high-

sensitivity applications like cryogenic detector readout [38]. 
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2.4 Detector arrays and cameras  

Combining the previously discussed types of infrared detectors into one- or two-dimensional 

arrays, commonly referred to as focal plane arrays (FPAs), enables position-dependent measurements. 

Where, it is possible to read out the signal from individual detector pixels separately. These arrays are 

widely used in infrared cameras for various applications, including astronomy, infrared microscopy, 

thermographic imaging, and trace element detection [36]. Another key application is in spectrographs, 

where FPAs allow the simultaneous detection of a range of wavelengths, offering an improved signal-to-

noise ratio (SNR) compared to scanning monochromators, which measure one wavelength at a time. 

A prominent example is the echelle spectrograph, which maps different wavelengths to different 

positions on the detector array and is commonly used in astronomical telescopes [37]. Detector arrays 

with single-photon sensitivity, when combined with echelle spectrographs, also present promising 

opportunities for physical chemistry experiments, potentially replacing scanning monochromators [52]. 

Additionally, combining multiple detector pixels [39], can effectively increase the detectorôs overall size, 

especially useful when the fabrication of highly efficient single pixels is limited by current manufacturing 

constraints. 

2.5 LSPE & ATHENA Projects 

Despite not being originally developed for astronomical purposes, Transition Edge Sensor (TES) 

microcalorimeters have found a wide range of applications in astronomy, from high-energy X-ray 

astronomy to cosmological studies at extremely low energies, such as the investigation of polarization 

modes of the Cosmic Microwave Background (CMB). Their broad spectral bandwidth and excellent 

energy resolution make TESs highly promising detectors for numerous applications. Moreover, TESs 

can be optimized for single-photon sensitivity across a wide spectral range and can also function as 

bolometers (when coupled with lenses, feedhorns, or antennas) for low-energy detection. In next section, 

two of the most prominent astronomical applications of TES technology to which our lab has contributed 

extensively and further research is being carried out. 
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2.5.1 LSPE  

The Large-Scale Polarization Explorer (LSPE) is a proposed balloon-borne experiment aimed at 

measuring CMB anisotropies on large angular scales [40]. The LSPE is a balloon-borne mission, 

scheduled for launch in 2026, the project is funded by INFN and ASI, with a circumpolar flight planned 

in partnership with NASA. LSPE includes two instruments: 

¶ SWIPE (Short Wavelength Instrument for the Polarization Explorer), a Stokes polarimeter 

featuring a cold half-wave plate modulator and two focal planes equipped with 330 multi-mode 

Spiderweb TES bolometers operating at 140, 220, and 240 GHz [41]. 

¶ STRIP (Survey Tenerife Polarimeter), designed for accurate measurements of low-frequency 

polarized radiation at 44 and 90 GHz, dominated by Galactic synchrotron emission. It uses a 

detection system based on orthomode transducers (OMTs) and high-electron-mobility transistor 

(HEMT) amplifiers [42]. 

 

Figure 2.5:  TES bolometer developed at LTD labs Genova  

The TES bolometers used in SWIPE, see figure: 2.5 are made of Ti/Au, with a critical temperature 

of 500 mK and a saturation power of 10 pW. They are engineered to achieve a Noise Equivalent Power 
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(NEP) below 1 Ĭ 10 ĭ  W/ãHz, ensuring that the measurement sensitivity is limited only by photon noise. 

The spiderweb absorber is 8 mm in diameter and is made of 1 um thick SiN membrane with gold film 

on top. The TES is the small rectangle shining on the lower side of the circular absorber. The large area 

TES bolometer with spiderweb absorber mounted on the microwave backshort of the EM cavity coupled 

to telescope beam with horns, as shown in figure: 2.6 

 

Figure 2.6: Winston feed-horn prototype for use in SWIPE. On the left the cavity for the bolometer, on 

the right is the top of the waveguide that will be pointed towards the beam-splitter 

2.5.2 Athena X-IFU 

The Advanced Telescope for High-Energy Astrophysics (Athena) is a forthcoming space-based 

X-ray observatory being developed by the European Space Agency (ESA), designed to operate across 

the 0.2ï12 keV energy range [43]. Its primary scientific mission is to explore high-energy astrophysical 

phenomena. Key research areas include examining the physical and chemical characteristics of hot 

plasmas within galaxy clusters, studying the dynamics of accretion disks, jets, and winds around black 

holes, and conducting detailed observations of exoplanets, stars, supernovae, and the interstellar medium. 

Athena will offer an angular resolution of 5 arcseconds and will host two main instruments: the Wide 

Field Imager [44] and the X-ray Integral Field Unit (X-IFU) [45]. As one of the two primary instruments 

aboard the Athena X-ray observatory, the X-ray Integral Field Unit (X-IFU) is designed to deliver high-

resolution X-ray spectroscopy across the 0.2 to 12 keV energy range.  

Developed under the European Space Agency's (ESA) Athena mission, now redefined and 

scheduled for launch in the late-2030s, the X-IFU will operate as a cryogenic spectrometer, achieving a 

spectral resolution of approximately 4 eV at 7 keV. To maintain this high sensitivity, the X-IFU is 
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supported by the CryoAC (Cryogenic Anti-Coincidence detector), which helps suppress the impact of 

cosmic ray-induced background events on the Transition Edge Sensor (TES) array, as shown in figure: 

2.7, ensuring optimal performance in detecting faint astrophysical X-ray signals     

The development of the CryoAC involves a coordinated effort among key Italian institutions, 

each contributing specialized expertise. INAF leads the overall development, managing system-level 

tasks such as detector integration, characterization, and the design of the thermal and mechanical 

interface with the X-IFU focal plane assembly. It also plays a central role in shaping the scientific case, 

conducting simulations, and implementing background mitigation strategies. The University of Genoa 

(UniGe) contributes its expertise in microfabrication, superconducting technologies and low temperature 

characterizations focusing on the production of TES-based detector prototypes, optimization of 

fabrication processes, and performance validation through testing. CNR-IFN Rome is heavily involved 

in the development and modelling of the CryoAC readout electronics and system optimization and 

analysis of noise performance. Together, these institutions ensure the successful design, fabrication, and 

integration of a highly sensitive anticoincidence detector crucial to the X-IFU's scientific objectives. 

My research work lies in the domain of above-mentioned projects. During my PhD I performed 

all the experimental lab work at Low Temperature Detectors Labs, University of Genova (UniGe). Our 

lab has extensive experience in fabricating low temperature detector devices. The scope of studies we 

made span from structural investigation of layered metallic materials to study of low temperature 

behaviour of these multilayer metals that could be employed as detector devices for particular 

applications.  

Keeping in view the expertise gained by the Genova LTD team, a number of projects have been 

assigned to our lab for research and development purposes. It is worth mentioning couple of ongoing 

projects currently which are dedicated to the realization of superconducting TES technology with a focus 

on fabricating fully working devices that can be put into application. In recent years our lab has produced 

key scientific data for the development of previously introduced two projects ñThe Large-Scale 

Polarization Explorerò (LSPE) and óThe Advanced Telescope for High-Energy Astrophysicsò (Athena). 

The ongoing work on the development of a working detector dedicated to the X-ray IFU of the ATHENA 

mission has proved to be a stepping stone for further applications of this technology. While 

superconducting Transition-Edge Sensor (TES) detectors were initially developed for space-based 
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cosmic microwave background (CMB) observations, the technology is a promising candidate having 

equal potential for high-precision satellite monitoring of atmospheric pollutant gases. However, this 

application requires the development of stable, non-complex and reproducible detector device. Lorenzo 

Ferrari Barusso, former doctoral candidate at LTD labs worked on the development of the first 

Demonstration Model (DM) 1.0 for CryoAC (Cryogenic Anti-Coincidence detector) [46], as shown in 

figure 2.7. This work opened the way for the demonstration of this technology while revealing critical 

modifications needed in the fabrication of such devices, which present challenges in the full-scale 

operation of detector devices made as such.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.7: (top) CryoAC demonstration model (DM) 1.0, manufactured at LTD labs Genova [46], 

(down) Working principle of the CryoAC. 
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The key features of the as fabricated DM consisted of a square geometry with a 1 cmĮ absorber 

size, suspended by four 1-mm-long, 100 Õm wide silicon bridges etched from a single 1.66 cm Ĭ 1.66 

cm silicon chip, representing one pixel of the segmented array. The sensor array consists of 96 parallel-

connected transition-edge sensors (TES), each measuring 500 Ĭ 50 ÕmĮ, arranged with a 1 mm pitch. 

The 500 Õm thick silicon absorber also served as the substrate for the uniformly distributed TES network. 

Thermal anchoring to the cryostat was achieved via a gold-plated silicon rim, while four integrated 

platinum (Pt) heaters, one per suspension bridge, enabled precise thermal control. The design 

incorporated niobium/silicon oxide/niobium (Nb/SiOx/Nb) wiring straplines, engineered to minimize 

magnetic interference to below 1 ÕT at a 1 mm distance. This work made it possible to produce a stable 

and replicable working device both from the thermal and mechanical point of view. But for a wider range 

of applications outside laboratory, ranging from astronomical applications to terrestrial observations, it 

is inevitable to simplify the geometry of the absorber and further simplify the fabrication process in order 

to gain a precise control during fabrication and develop capability of reliable reproduction with minimum 

complexions.  Thus, a trade-off has been made to develop a single pixel absorber with alteration in other 

geometric parameters of the detector.  

2.6 Key Characteristics of the Demonstration Model DM 1.0 

The Demonstration Model DM 1.0 CryoAC was initially developed as a network of 96 TES 

connected in series, specifically optimized for athermal phonon detection. This design approach was 

driven by the critical need for extremely fast signal response times and highly efficient background 

rejection capabilities in the demanding environment of space-based X-ray astronomy. The detector's key 

features included an array of 96 individual TES units distributed across a 1 cm² suspended silicon 

absorber, maximizing the collection efficiency of athermal phonons generated by particle impacts. To 

accommodate this complex sensor array, the design incorporated superimposed Nb/SiO /Nb wiring, 

which enabled the necessary high-density line connections but simultaneously introduced significant 

fabrication complexity. The athermal phonon detection mechanism provided exceptional speed, with 

event tagging capabilities in the few tens of microsecond (µs), making it ideally suited for the rapid 

vetoing of cosmic ray events [46].  
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While the DM 1.0 successfully demonstrated the fundamental anticoincidence functionality 

required for the Athena X-IFU instrument, several important limitations became apparent during testing 

and evaluation. The manufacturing process proved particularly challenging, as the 96 TES array 

demanded extremely precise alignment and complex multi-layer wiring, significantly increasing 

production risks and potential failure points. Additionally, the proximity of multiple TES units introduced 

the possibility of thermal crosstalk, which could lead to signal interference and reduced detection 

accuracy, resulting in  the need of reduced number of TES. Perhaps most significantly, the advanced 

athermal phonon detection capability, while very good in terms of speed, represented a case of over-

engineering for the detector's actual requirements. Since the anticoincidence system's primary function 

is event vetoing rather than high-resolution energy measurement, the high speed and complexity of the 

athermal approach were not strictly necessary for mission success. These identified limitations, 

particularly the excessive manufacturing complexity relative to the actual performance requirements, 

prompted a comprehensive re-evaluation of the design philosophy. This critical assessment ultimately 

led to the development of the more streamlined and purpose-optimized DM 1.1 prototype, which sought 

to maintain essential functionality while dramatically improving reliability and manufacturability. 

2.7 Transitioning to Demonstration Model DM 1.1 

The Demonstration Model DM 1.1 redesign was fundamentally motivated by the imperative to 

achieve greater simplification, enhanced robustness, and strict compliance with mission constraints, all 

while preserving the detector's essential performance capabilities. A vital aspect of this redesign was the 

strategic shift from athermal to thermal detection principles. This transition involved replacing the 

complex 96-TES array of DM 1.0 with a single, larger TES unit (200 × 100 µm), dramatically reducing 

fabrication complexity by eliminating the need for intricate wiring networks. While thermal equilibrium 

response is inherently slower than athermal detection, extensive testing with the DM#127 prototype [46] 

confirmed that this approach provides more than adequate performance for anticoincidence vetoing 

purposes coupled with an efficient trigger algorithm [62]. Moreover, the reduction in component count 

significantly decreases potential failure modes, particularly crucial for ensuring reliable operation in the 

extreme cryogenic conditions of space. 
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Adopting to this simplified detection approach, the DM 1.1 incorporates several key mechanical 

and thermal enhancements. The silicon suspension bridges were widened to 300 µm, a design 

modification that substantially improves mechanical stability during the intense vibrations of launch 

while retaining the required thermal conductance of approximately 75 nW/K at 100 mK. The wiring 

architecture was similarly optimized, with parallel Nb wiring replacing the more complex superimposed 

Nb/SiO /Nb striplines of the previous design, resulting in both simplified fabrication processes and 

improved overall reliability. The TES has been positioned in the zone where it is expected the maximum 

homogeneity in the Ir film deposition. These collective improvements represent a thoughtful balance 

between performance optimization and practical engineering considerations, ensuring the detector meets 

its stringent mission requirements while maximizing reliability and manufacturability. 

2.8 Scientific and Operational Advantages of DM 1.1 

The transition to the DM 1.1 design significantly enhances mission reliability through several key 

improvements. By reducing the number of TES units and simplifying the wiring architecture, the detector 

substantially lowers the probability of manufacturing defects, thereby increasing overall system 

robustness. The implementation of wider silicon bridges provides crucial mechanical reinforcement, 

effectively mitigating risks of crack propagation during the extreme stresses of launch and ensuring 

greater survivability in the space environment. Importantly, these reliability enhancements do not come 

at the expense of critical performance metrics. Extensive Monte Carlo simulations have been performed 

using the Geant4 software to assess the X-IFU background level for different geometrical configurations 

[47]. Beyond its primary anticoincidence function, the DM 1.1 architecture offers valuable future 

flexibility. Its thermal response characteristics open possibilities for secondary use in hard X-ray 

spectroscopy within the 10-20 keV energy range, potentially expanding the instrument's scientific 

capabilities. The simplified design also presents opportunities for adaptation to future missions, such as 

Lynx or other advanced cryogenic detector systems, demonstrating the versatility and scalability of this 

optimized architecture. These combined advantages position the DM 1.1 concept as both a reliable 

solution for Athena's immediate needs and a flexible platform for future astrophysical instrumentation. 
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2.9 Present CryoAC Concept 

The DM 1.1 is a single-pixel demonstrator designed to validate the CryoAC concept. The flight 

model of the detector will feature a hexagonal layout segmented into four pixels. This geometry has been 

selected to align with the hexagonal configuration of the kilo-pixel array used in the main X-IFU detector, 

optimizing coverage within the instrumentôs field of view. In section 4.3, a detailed study on the finite 

element analysis (FEA) of hexagonal flight modal is reported. The current CryoAC 50 mK assembly 

design, shown in Figure 2.8, consists of a copper structure onto which the detector chip is glued and 

mounted using flexures, allowing for mechanical compliance and accommodating thermal contractions 

during cooldown. These flexures accommodate the differential thermal contraction of materials with 

varying coefficients of thermal expansion (CTE) as the system cools from room temperature to cryogenic 

conditions. Additionally, the assembly includes a printed circuit board (PCB) housing the Cold Front-

End Electronics (CFEE), which comprises SQUIDs (Superconducting Quantum Interference Devices), 

a temperature sensor, and a rigid-flex interconnect for electrical connections, all of which are 

mechanically secured to the structure. 

 

Figure 2.8: CryoAC 50 mK assembly concept. 
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Chapter 3  

Production and Structural 

Characterization of DM 1.1  

Discussed next is the manufacturing setup I utilized to work on fabricating the modified 

demonstration model DM 1.1 during my PhD thesis. This research activity was carried out at the Low 

Temperature Detectors Laboratory (LTD Labs) at University of Genova. The modified design of the 

detector required validation of fabrication process and optimization of key parameters for each step of 

the fabrication process to obtain a final functioning device to be tested for its electrical and mechanical 

characterization.      

3.1 Fabrication Process  
As discussed in previous chapter the changes made in the design of the DM 1.1 require vital changes 

in the fabrication process too. The single TES and elimination of superimposed niobium strip lines 

requires changes in the wiring step there by simplifying the fabrication process. A step-by-step schematic 

representation of the fabrication process is show in figure 3.1. The two panels in the figure 3.1 represents 

a) fabrication steps of DM 1.0 shown on left and b) fabrication steps of modified DM 1.1 shown on right. 

In the panel a) following steps are illustrated, utilized previously for fabrication of DM 1.0: 

1. Ir/Au bilayer deposition on a silicon substrate. The Ir film is deposited by Pulsed Laser Deposition 

(PLD) system and Au layer on top via eBeam deposition. 

2. Ir/Au TES patterning by positive photolithography and dry etching. 
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3. Pt heaters patterning by negative litho and eBeam deposition. 

4. Au thermal rim patterning by negative litho and eBeam deposition 

5. Nb wiring lower strip line patterning by negative photolithography & RF sputtering deposition 

6. Silicon Oxide insulating layer deposition by thermal evaporator 

7. Nb wiring upper strip line patterning by negative photolithography & RF sputtering deposition 

8. Si etching by DRIE Bosch process to suspend the absorber. 

In the Panel b) following steps are illustrated, utilized for fabrication of modified DM 1.1     

1. Ir/Au bilayer deposition on a silicon substrate. The Ir film is deposited by Pulsed Laser Deposition 

(PLD) system and Au layer on top via eBeam deposition. 

2. Ir/Au TES patterning by positive photolithography and dry etching. 

3. Pt heaters patterning by negative litho and eBeam deposition. 

4. Au thermal rim patterning by negative litho and eBeam deposition 

5. Nb wiring patterning in parallel configuration by negative photolithography & RF sputtering 

deposition 

6. Si etching by DRIE Bosch process to suspend the absorber. 

 

Figure 3.1: Comparison of fabrication process a) DM 1.0 b) DM 1.1.  The new DM 1.1 utilizes parallel 

niobium lines thus eliminating the need for carrying out step number 6 and 7 to deposit superimposed 

niobium strip lines as shown in the panel a). 
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In figure 3.2 is shown the interconnected vacuum cluster utilized for fabricating Ir/Au bilayer 

deposition, Pt heaters deposition and Ni wiring. It consists of central chamber, connected to several 

purpose-built sub chambers, equipped with a motorized remote-control arm to transfer the sample to sub 

chambers during the process. The sub chambers are isolated from central chamber via gate valves 

indicated as GV1 for vac lock chamber, GV2 for sputtering chamber, GV4 for PLD chamber and GV 6 

for eBeam chamber.  The vacuum is maintained via combination of rotary and turbo pumps. The vac lock 

chamber provides access port to import the sample into the vacuum system that can be moved around 

via motorized remote-control arm for further processing. 

 

Figure 3.2: Interconnected vacuum cluster for PLD, eBeam evaporation, and sputtering chamber after 

upgrade of LTD labs 

3.2 Fabrication Steps 
As discussed in previous chapter the changes made in the design of the DM 1.1 required vital changes 

in the fabrication process too. The elimination of superimposed niobium strip lines requires changes in 
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the wiring step there by simplifying the fabrication process. A step-by-step schematic representation of 

the fabrication process is show in figure 3.1.   

i. Silicon substrate preparation:  

The silicon substrate is a single crystal with (100) crystallographic orientation diced into squares of 

16.6 Ĭ 16.6 mm2 from high resistivity (ɟ > 10000 Ým) intrinsic Si wafers from Siegert Wafer. Dicing is 

performed by the Bruno Kessler Foundation (FBK, Trento, Italy) from a double side polished wafer. 

However, to remove any contaminants from the cutting, as the Ir film is very sensible to ferromagnetic 

contaminants, cleaning process is required to ensure good adhesion and unspoiled characteristics of the 

deposited films. Subsequently it is performed a standard pre cleaning procedure in order to remove 

organic and inorganic, including metal, contaminants.  

 

Figure 3.3: Comparison of the before (left) and after (right) cleaning of the silicon surface as observed 

under the microscope. 

The cleaning process consists of three washes in an ultrasonic bath: 1. Washing in de-ionized (DI) 

water with Extran AP acid detergent (10 minutes) 2. Washing in de-ionized water to rinse it of detergent 

residue 3. Washing in acetone (10 minutes) 4. Washing in ethanol (10 minutes) Next, the chip is rinsed 

with ethanol and shed with nitrogen. Then, left to dried in a controlled atmosphere.  

This process of pre-cleaning is preparatory for the following chemical process and eliminates the 

majority of unattached organics contaminants.  
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ii. Ir/Au film deposition by PLD and eBeam:  

The cleaned silicon chip is subjected to next processing for obtaining an Ir/Au bilayer TES sensor. 

The process starts by the deposition of iridium film by utilizing a pulsed laser deposition system followed 

by a deposition of gold layer on top via ebeam evaporation. When the bilayer is ready the TES of desired 

size is etched via sputter etching technique, patterned by utilizing positive photolithography. 

With the recent upgrade of deposition facility at LTD labs now are able to work in an interconnected 

system (figure 3.2) without introducing the sample to the uncontrolled environment, i.e. without breaking 

the vacuum, while moving between multiple purpose-built chambers of the cluster. 

The first layer of iridium is deposited on silicon chip via a pulsed laser deposition (PLD) system. The 

PLD is a physical vapour deposition technique in which a metal is vaporised and deposited on a substrate. 

During the deposition in such a process the temperature and pressure of the chamber play an important 

role. The as deposited films are compromised in terms of purity if the pressure inside deposition chamber 

is not low enough, ideally base pressure <10-6 Torr otherwise, introducing oxide impurities which affect 

the working of final device as experienced previously [46]. Our films are deposited under ultra-high 

vacuum. In this work we have achieved high purity Ir films under ultra-high vacuum ranging between 

100 to 200 nm thickness. Secondly the deposition mechanism of vaporised metal depends on the adhesion 

characteristic of the substrate and the metal being deposited. For the silicon substrate, the iridium films 

are best adhesive to the surface when the temperature is ideally between 325 ï 525 [60].  

Our high-power Nd:YAG (Neodymium-doped Yttrium Aluminium Garnet) infrared laser of 

wavelength 1064 nm. at 10 Hz repetition rate and pulse length of 10 ns and energy of 550 mJ form 

Spectra Physics, favours this condition by heating up the substrate when the process is initiated.  Thus, 

substrate becoming suitable for Ir layer adhesion. In our PLD system, shown in figure 3.4, the deposition 

of iridium thin films via pulsed laser ablation is carried out by irradiating an iridium target with a focused 

laser beam, which results in the localized vaporization of surface atoms due to energy transfer from 

excited electrons to the lattice, this forms a directional plume. This plume implants the atoms coming 

from the ablated target thus initiating the spatially distributed deposition on substrate. The resulting 

plasma plume spatial distribution depends on the laser wavelength, target refractive index, vacuum level, 

and laser focusing. In pulsed laser deposition (PLD), the spatial distribution of the ablated plasma plume 
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is based on a cosine-law emission pattern, where the intensity (I) of the plume at an angle (ɗ) relative to 

the target's normal (perpendicular) direction is given by: 

Ὅ— ὍὅὕὛ—                           equation 3.1 

Where: 

¶ I0 = Maximum intensity (along the normal direction, i.e. ɗ = 0Á). 

¶ ɗ = Angle from the normal. 

¶ n = Cosine exponent, determining the concentration of the plume. 

In principle higher vacuum and precise laser focusing increase the cosine exponent ñnò of the plume, 

concentrating the plume. This exponent is typically ranging from 5 to 6.  Effective film growth occurs 

when high-energy iridium atoms from the plume bombard the substrate, forming a collision zone with 

sputtered substrate particles. The high-energy plume atoms promote the formation of a stable and very 

robust iridium silicide interface when deposited on silicon [48]. 

 

 

 

 

 

 

 

Figure 3.4: PLD process, plasma plume during Ir deposition 

 We incorporated a mechanical system to rotate the iridium target with the help of a motor, thus 

the laser spot on the target scans it uniformly, instead of localized digging, which improves ablation 

efficiency and plasma plume distribution to ensure uniform deposition. This PLD process enables 

precise, contamination free iridium film growth with strong interfacial bonding, crucial for applications 

requiring high stability. 
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The as deposited bulk Iridium film presents a super conducting critical temperature Tc of 114 mK. 

This critical temperature can increase up to 200 mK under the influence of stresses induced in the film 

during the deposition process. To achieve a lower critical temperature around 100 mK, which favours the 

high sensitivity, a bilayer system can be engineered by exploiting proximity effect [61].    

The critical temperature (Tc) of a superconductor can be finely adjusted by exploiting the Holm-

Meissner proximity effect, which arises when a superconducting material is placed in contact with a 

normal metal, forming a bilayer system. When a superconductor is in contact with a normal metal, the 

electronic properties of both materials influence each other near the interface. This phenomenon occurs 

due to the differing electronic configurations of the two materials i.e. in the superconductor, electrons 

form Cooper pairs through the BCS mechanism (Bardeen-Cooper-Schrieffer theory) [49], while in the 

normal metal, electrons occupy states up to the Fermi level. At the interface between the two layers, the 

non-local nature of electrons prevents an abrupt transition between these states. Instead, Andreev 

reflection mediates the conversion of single electrons from the metal into Cooper pairs in the 

superconductor, and vice versa, effectively suppressing superconductivity near the boundary [50]. This 

scattering mechanism leads to a gradual decay of the superconducting order parameter, reducing the 

overall critical temperature of the hybrid system. 

By depositing a gold (Au) layer on top of an iridium (Ir) superconducting film, the proximity 

effect comes into play by lowering Tc to a desired value, such as 100 mK.  Here, the thickness of the 

normal metal layer play a crucial role in determining the extent of this suppression, allowing precise 

control over the superconducting transition by adjusting the relative thickness between two layers. We 

deposited a number of Ir/Au bilayers of varying thickness and arrived at 100 mK transition temperature 

with 150 nm iridium and 50 nm of gold deposited on top exploiting proximity effect.  

For gold thin-film deposition, the sample is transferred to interconnected eBeam chamber without 

breaking the vacuum. Our system contains an electron beam (e-Beam) high-vacuum chamber (base 

pressure <10-6 Torr), which utilizes thermionic emission from a resistively heated tungsten filament to 

generate electron beam. These electrons are accelerated by a 5ï6 kV electric field and bombarded on 

target material in crucible to evaporate it. The electron trajectory is precisely controlled via an 

electromagnetic deflection system, ensuring focused bombardment of the target material in the crucible. 
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Upon impact, the kinetic energy of the electrons is converted to thermal energy, leading to localized 

heating that exceeds the evaporation temperature of the source material (approximately 1337 K for gold).  

A critical aspect of this deposition process is the maintenance of a controlled evaporation rate to 

prevent droplet formation and ensure film continuity. Our system incorporates a quartz crystal 

microbalance with 0.1 ¡ resolution for real-time thickness monitoring, allowing precise regulation of the 

deposition rate below the 4 ¡/s threshold. This limitation is particularly important for gold deposition, 

as excessive evaporation rates can lead to undesirable droplet emission and increased surface roughness. 

A sample of as deposited Ir/Au bilayer is shown in figure 3.5. 

 

Figure 3.5: A sample of as deposited Ir/Au bilayer observed under microscope.   

A. Structural studies (Ir/Au) (XRD, FESEM) 

During the deposition of Ir/Au bilayer films we found interesting corelation between critical 

temperature Tc and microstructure of the films. For several samples, the Ir bare film critical temperature 

was measured at 130 mK deposited by pointing laser spot 5-6 mm off centre the iridium target while 

other samples showed transition around 1.6 times the bulk iridium temperature, deposited by pointing 
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laser spot 3-4 mm off centre the iridium target. To investigate the underlaying phenomenon causing the 

difference in the critical temperature of such films we reported extensive structural studies of these films 

[51]. The thickness of the as deposited film was checked by an interferometric optical profilometer, and 

with a Field Emission Scanning Electron Microscope (FESEM), combined with Focused ion beam (FIB) 

system. For this purpose, cross sections were obtained by ion milling with FIB a section view to 

investigate with FESEM with secondary electron. (CrossBeam 1540xb, Carl Zeiss AG, Oberkochen, 

Germany). The structural measurements, by X-ray Diffraction, were made with X-ray beam produced by 

copper cathode (Bruker D4 Endeavor) having wavelength ɚ=0.15046 nm from a Cu-KŬ 

source. Following gold metallization, variations in the critical temperature (Tc) were observed due to the 

proximity effect, resulting in two distinct sample clusters. The first cluster corresponds to the original 

bare iridium film, exhibiting a superconducting transition at 180 mK (termed the "high Tc family"), while 

the second cluster transitions at 130 mK (the "low Tc family"). Shown Figure 3.6 illustrates this 

classification by plotting Tc against the Ir/Au film ratio, with black squares marking high Tc samples and 

red dots representing low Tc samples. 

 

Figure 3.6: As identified proximity effect on two families, high Tc family indicated by black squares 

while low Tc family indicated by red dots  

Structural analysis via X-ray diffraction (XRD) revealed further insights. In Figure 3.7 is shown 

a typical XRD spectrum for the high Tc family (Ir/Au films on Si substrates), showing the Si (400) 
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substrate peak alongside Ir reflections from (111), (110), (311), and (222) planes, as well as Au (111) and 

Au (222) peaks. A distinct shift in the Ir (222) peak position with respect to silicon reference Si (400) 

peak is highlighted in Figure 3.8, comparing a high Tc sample (DM 111) with a low Tc sample (DM 27).  

 

 

 

 

 

 

 

 

Figure 3.7: Typical XRD spectra of as deposited Ir/Au films 

 

Figure 3.8: XRD representative shift on Ir (222) peak of high Tc (black) and low Tc (red) 

To investigate this behaviour, film quality and thickness were cross-verified using field-emission 

scanning electron microscopy (FESEM), as shown in figure 3.9. To mitigate measurement abnormality 
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induced from sample tilt, the Si (400) peak was used as a reference. Notably, all high Tc samples 

exhibited a systematic shift of Ir (111) and Ir (222) peaks toward lower diffraction angles, correlating 

with higher tensile strain. This reproducible shift, observed exclusively in films with an initial Tc of 180 

mK, is quantitatively compared in Figure 3.8, which plots the Ir (222) shift against the Si (400) reference 

peak. These structural differences underscore the link between lattice strain and superconducting 

properties in the two families.  

The iridium silicate formation is always present when Iridium is grown on Silicon by PLD. 

FESEM analysis was done, as shown in Figure 3.9, revealing thicker IrSi2 layers in high Tc samples (30 

nm) versus low Tc samples (19.8 nm). This thicker silicate layer exacerbates tensile strain, correlating 

with greater XRD peak shifts (Ir (111)/Ir (222)) and higher Tc. The findings establish a direct relationship 

between structural strain, IrSi2 thickness, and superconducting properties. 

 

Figure 3.9: FESEM for the evaluation of the IrSi thickness in a high Tc sample on the left and of low Tc 

sample 

The Williamson-Hall (WïH) method was used to evaluate the type of strain (compressive or 

tensile) in each sample and quantify the microstrain parameter (Ů). While this method assumes isotropic 

line broadening (uniform peak widening across crystallographic directions), material anisotropy may 

cause variations in peak widths. All Ir XRD peaks were fitted using a Gaussian-Lorentzian model via the 

FullPro XRD analysis software. The WïH equation: 
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ɓcosɗ=Kɚ/D+4Ůsinɗ                          equation 3.2 

relates crystallite size (D), microstrain (Ů), X-ray wavelength (ɚ=0.15046 nm Cu-KŬ source), 

and ɓ (FWHM at Bragg angle ɗ). By plotting ɓcosɗ against 4sinɗ, the slope of the linear fit directly 

yields Ů. 

Microstrain-Tc Correlation, High Tc samples (180 mK) showed higher average microstrain 

(Ů=0.0046) compared to low Tc samples (Ů=0.0036), linking increased strain to elevated Tc Tensile 

Strain: The positive slope of WïH plots confirmed tensile strain in all samples, likely due to lattice 

mismatch between the Ir film and the underlying IrSi2 layer formed during PLD growth on silicon. The 

Structural characterization by X-ray diffraction revealed a correlation between, compressive microstrain 

value, crystal size and Tc. The results are reproducible on several samples and with different XRD 

analyses such as Scherrer and WilliamsonïHall methods. It is clearly evident that larger XRD shift, grain 

size and microstrain correspond to a higher Iridium critical temperature.  

Samples Family Shift (Average) Average Grain Size 

(Ir(111), D (nm) 

Microstrain (Average) 

(ɛm/m) 

High Tc 0.06 27 0.0046 

Low Tc 0.01 24 0.0036 

Table 3.1. Correlation between XRD shift, grain size and microstrain of high Tc and low Tc family 

iii. Film patterning by positive photolithography and dry 

etching 

After the Ir/Au bilayer film is successively deposited, the next step is to pattern the film via a 

lithography method to pattern the TES sensor part and subsequently carry out a dry etching via sputtering 

to etch out the unwanted part of the film to obtain a single TES of size 100 x 200 micrometre. For this 

purpose, positive lithography is employed at this stage. I performed the exposure with a MJB4 mask 

aligner with 365-405 nm UV wavelength. In the later steps negative lithography is utilized, it is important 

to mention that the final working of the device is highly dependent on the quality of this process as the 
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critical parts of the TES device are fabricated by utilizing photo lithography. Hence, a precise control 

over it and understanding of the lithography mechanism is of prime importance. 

a) Photolithography 

Currently, photolithography is the most widely used technique for microfabrication especially 

silicon-based device manufacturing, enabling the precise patterning of intricate micro as well as nano 

scale features on silicon wafers. This involves a series of precisely controlled steps starting from resist 

coating, light exposure under a mask, chemical development, and final pattern transfer.  

The resolution of this patterning is fundamentally governed by the Rayleigh criterion 

R = kɚ/NA                         equation 3.3 

where shorter wavelengths (ɚ) and higher numerical apertures (NA) enable smaller features. 

Typically, the photolithography process begins with a carefully cleaned silicon wafer coated with 

an ultra-thin layer of light-sensitive photoresist, typically PMMA or advanced chemically amplified 

resists containing photoacid generators for enhanced precision. 

 To begin, the resist is spin-coated to a precise thickness (up to few ɛm) before gently baking it 

to remove solvents. In the exposure stage, ultraviolet (UV) light passes through a chrome patterned 

photomask, chemically altering the resist pattern with precision.  

After exposure, developer is used to develop the resist by washing away soluble areas, followed 

by hard baking the resist to stabilize it. The revealed pattern then guides subsequent processes, whether 

etching away unprotected material or depositing new layers, before finally stripping away the resist to 

unveil the as crafted microscopic structures. Every parameter from spin speeds to bake temperatures must 

be perfectly tuned to create the nanoscale features perfectly. 

Photolithography can be performed by two different routes i.e. positive photolithography or 

negative photolithography as illustrated in the In Figure 3.10.  
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Figure 3.10: Comparison of negative lithography (left) and positive lithography (right). 

b) Positive photolithography 

Positive photolithography is utilized to selectively remove exposed regions of light-sensitive 

photoresist. In positive photolithography, the areas of photoresist exposed to ultraviolet (UV) light 

become soluble in a developer solution, while unexposed regions remain intact. 

The process begins with substrate cleaning and coating of photoresist layer on the surface. During 

the process, UV light exposure transfers the chrome mask pattern onto the photoresist (such as positive-

tone PMMA), the exposed areas thus become soluble in the relevant developer solution. The standard 

process flow involves: (1) initial material deposition on the substrate, (2) spin-coating of photoresist, (3) 

processing through the lithography sequence, (4) dry etching to remove the unprotected area of material 

surface, and (5) final solvent wash to remove residual resist and reveal the carved-out features. Such a 
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photolithography process has been employed to etch large areas of exposed resist surfaces to carve 

material shapes on top of our substrate wafer. There are several critical lithography parameters which 

can affect the outcome, these parameters typically include resist spinning conditions, soft or hard baking 

parameters, UV exposure dose, and development time. Environmental conditions such as humidity and 

temperature also play a vital role in obtaining desired profile at the end of the process. 

All the lithography steps were optimized. For TES etching positive resist ma-P-1275 was used and 

an optimized spin recipe was used to deposit resist layer. After the resist is coated on the substrate it is 

left for 5 minutes to relax. After relaxation the sample is carefully moved on a hot plate set at temperature 

90  and hold for 10 minutes to bake and visually observed for any unwanted bubbling or other 

abnormality. The as prepared sample is exposed under a UV light source, the dosage was optimized for 

clean development afterwards as well.  

 

Figure 3.11: Microscopic image of TES after etching process, alignment marks are visible distributed 

across chip 

The TES sensor fabrication process involves using positive photolithography to pattern the resist 

film, with a mask defining the geometry. Dry etching i.e. Reactive Ion Etching (RIE) with Argon ions is 

employed instead of chemical etching, as it provides more directional etching. The photoresist protects 

underlying structures i.e. TES and alignment marks during etching, and afterward, it is removed 

with acetone to obtain a clean TES structure. Key etching parameters include RF power, voltage bias, 
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and temperature which must be carefully controlled to avoid issues like steep etching angles (which can 

cause cracks in grown films) and resist degradation, which could compromise etching quality. Figure 

3.11 shows the as etched TES (shown enlarged in inset) after cleaning. The shape of TES is well defined, 

and edges are clean with no distortions or over etching which is achieved by optimized lithography 

process for this step.   

iv. Pt heaters patterning by negative lithography and eBeam 

deposition: 

The DM 1.1 incorporates four platinum heaters connected with a dedicated heater line. These on-

board heaters optimize detector performance by minimizing total power dissipation at cryogenic 

temperatures. These heaters can be utilized for calibration tests include determining the thermal 

conductance of the system and characterizing the detector's response in both its linear and saturation 

regimes. This capability ensures consistent and reliable detector performance throughout the mission, 

allowing for real-time adjustments and verification of critical parameters. To deposit Pt heaters on the 

substrate negative lithography is utilized to pattern negative resist film and eBeam deposition for 

depositing Pt heaters.  

c) Negative photolithography 

Negative photolithography, as opposed to positive lithography employs a photoresist that becomes 

insoluble when exposed to ultraviolet (UV) light, creating an inverse pattern compared to positive 

photolithography when developed. In this process, UV-exposed regions of the photoresist undergo cross-

linking and remain on the substrate after development, while unexposed areas dissolve in the developer 

solution resulting in a pattern which is typically utilized to deposit top layers or etch subsurface material 

of the wafer film to form geometries such as trenches or channels. Prolonging the development time 

enhances the clarity and definition of the sidewalls in the formed geometries, as the extended process 

allows for sharper edges and a more distinct separation between the areas where the material adheres and 

where the resist protects the surface. This controlled etching enables precise tuning of the sidewall 

profiles. However, excessive development can lead to over-etching of the resist, compromising its 

protective function. Therefore, maintaining strict control over the development time is crucial to 

achieving optimal results, ensuring well-defined features while preventing resist degradation. 
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Negative photo resist ma N-440 was used for negative photo lithography. After development the 

sample was transferred to eBeam chamber for deposition. To assist the adhesion of Pt on silicon substrate 

a 15 nm Titanium adhesion layer was deposited before 100 nm Pt deposition. Shown in the figure 3.12 

are four heaters deposited simultaneously as indicated.   

 

 

 

 

 

 

 

 

Figure 3.12: Image of the Pt heaters as observed under microscope after deposition 

ƻЮ  Au thermal rim patterning by negative lithography and 

eBeam deposition on rim:  

After heater deposition, in the next step gold thermalization rim is deposited by eBeam evaporation. 

The thermalizing frame is deposited using negative photolithography. Shown in figure 3.13 is the 

patterned resist film after development ready for gold deposition. The as deposited gold layer has a 

thickness of approximately 200 nm with an underlying 20 nm titanium stitching layer, first deposited to 

ensure strong gold adhesion, as gold exhibits poor direct bonding with silicon. After deposition the 

substrate is covered with gold and for liftoff it is submerged into acetone bath. After the liftoff the 

deposited rim with good adhesion is obtained as shown in figure 3.13. 
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Figure 3.13: (left) After development gold RIM litho, (right) cleaned gold rim after deposition  

vi. Nb wiring patterning by negative photolithography and 

RF sputtering deposition: 

For electrical connections of TES and Pt heaters, dedicated niobium (Nb) lines are deposited in 

parallel configuration. Establishing reliable electrical connections is critical for detector functionality, 

yet this step presents significant challenges. Niobium deposition under non optimal conditions has 

presented loss of super conductance, so it is of prime importance to finely tune all the parameters before 

final deposition of the niobium lines. For this purpose, first, a test film is deposited, and it is evaluated 

by measuring its superconducting transition in liquid helium. If the film fails, the deposition process is 

repeated, until optimum conditions are reached where the as deposited niobium shows good 

reproduceable transition. Niobium must adhere flawlessly to the substrate without imperfections, as even 

minor defects such as voids or discontinuities in the current paths can lead to open circuits and device 

failure. Thus, strict process control is essential to guarantee robust electrical performance. Shown in the 

figure 3.14 is sample after deposition of Ni wiring. 
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Figure 3.14: Nb wiring observed after deposition 

vii. Si etch by DRIE Bosch process:  

The last step in the fabrication process is to suspend the absorber area by means of deep etching the 

silicon substrate where suspended part is attached to the Au thermal ring by four bridges, forming the 

thermal connection i.e, thermal conductance "G" of the chip to the thermal bath. This is achieved through 

deep reactive ion etching (DRIE) at 300 K, which removes 500 Õm of silicon to isolate the absorber 

while preserving its mechanical and thermal linkage to the thermalizing frame. In order to remove the 

complexion in the production process a resist soft mask is favoured against an aluminium oxide hard 

mask. This is chosen for the reason that deposition of hard mask involves additional alloys with gold rim 

if the two are not properly insulated by depositing an additional silicon oxide layer. Also post etching 

removal of hard mask via chemical etching present significant handling risks due to the fragility of 

geometry at this stage. Hence, for this step a resist soft mask is utilized. The RIE process requires a sturdy 

and evenly distributed mask for clean wall etching as well as structural integrity. However, choosing a 

soft mask required optimization resist mask distributed evenly in order to withstand the RIE processing. 

Written next are some issues faced during the optimization of resist mask.   
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During the spin coating process, the photoresist dispensed to the silicon wafer undergoes distinct 

behaviour at the edges due to the interplay of centrifugal force, surface tension, and resist viscosity. When 

the wafer spins at high speeds, the resist spreads outward, forming a thin, uniform layer across most of 

the surface. However, as the resist reaches the waferôs edge, centrifugal force pushes it outward while 

surface tension causes it to accumulate slightly on the edge, forming a thickened ring known as an "edge 

bead". Once spinning slows or stops, the resist near the edge experiences a reflow effect, where surface 

tension pulls some of the excess material back inward, creating a smoother transition but often leaving a 

non-uniform thickness. 

 

.  

Figure 3.15: Sample after spinning showing thick edge bead inducing non uniform thickness of the 

layer and uneven development after exposure. (we used final DRIE mask for its geometric advantage 

covering edge areas)  
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This reflow is influenced by factors such as spin speed, resist viscosity, solvent evaporation rate, 

and the waferôs surface properties. While the phenomenon can help mitigate abrupt thickness variations, 

it often necessitates additional steps like edge bead removal (EBR) to ensure uniformity in high-precision 

lithography. We implemented manual brushing to remove the edge beads, but this approach was not very 

effective as the edges couldnôt be brushed uniformly. During optimization process I encountered several 

problems such as resist bubbling and resist surface cracking linked to these factors, as shown in figure 

3.16.   We focused to optimize the spinning receipt starting at a low rpm and gradually arriving at higher 

rpm gave the resist time to spread evenly and obtaining a uniform film of resist. Other factors such as 

humidity and temperature inside the facility can also be vital as resist is sensitive thus, we paid attention 

to regulate these factors too 

 

 

Figure 3.16: Examples of samples that experienced bubbling and post bake cracking 

 

.  
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Figure 3.17: Examples of an optimized spin coated sample after development  

To improve the quality of final development where sharp corners need to be fully cleaned, oxygen 

plasma is usually employed to get rid of residues remaining especially in the cornered regions of the 

pattern. In figure 3.18 is such an example where (left) presents the residue after development. The other 

but risky option is extending the development time to clear off residues in cornered areas, but risk is that 

the pattern can be over etched thus compromising the quality of final process. As an example, In figure 

3.18 (right) can be seen the clean corners after oxygen plasma cleaning. 

 

 

 

 

 

 

 

Figure 3.18: Examples of before (left) and after (right) plasma cleaning after developing the pattern.  
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In order to preserve the TES from possible oxidation the pattern and clear of residues left after 

development, we didnôt have employed oxygen plasma cleaning, at a cost of several repetitions of the 

lithography. The use of Oxygen plasma in our fabrication process should be reconsidered case by case, 

when TES film isnôt directly exposed to oxygen atmosphere. If left unclean these residues present serious 

challenges to etch clear side walls, in several cases we observed residues in the corners left behind after 

RIE processing due to the shadowing affect caused by the remaining residues. These residues of unetched 

Si can significantly affect the electrical and mechanical properties of final device. In figure 3.19 is shown 

examples of such cases where residues were observed after RIE processing because of small residues left 

behind after pattern development. 

 

 

.  

 

 

 

 

 

 

 

 

 

 

Figure 3.19: Unetched residues in corners observed after DRIE processing  
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Figure 3.20: DM 1.1 ready for DRIE processing 

The figure 3.20 presents an optimized layer of soft mask ready for DRIE processing. The reactive 

ion etching process employs the Bosch technique, as shown in figure 3.21, a cyclic sequence of SF6-

based plasma etching and C4F8 passivation. During the etching phase, SF6 plasma isotropically removes 

silicon, while the passivation phase deposits a fluorocarbon polymer layer on the trench walls and base. 

Subsequent SF6 plasma cycles, enhanced by inductively coupled plasma (ICP), preferentially sputter the 

polymer from the trench base, enabling anisotropic vertical etching.  

 

Figure 3.21: Schematics of a DRIE Process  
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Typically, this cycle repeats until full silicon wafer penetration is achieved. However, several 

challenges emerge as the etching depth increases, such as notching caused by differential etching rates 

at material interface of the wafer and carrier and the selectivity at depts reaching 500 Õm. The sample is 

subjected to lithography patterning from top side and glued on the sapphire carrier. It is of keen 

importance to degas the glue at this stage as any remaining air bubbles underneath the sample can exert 

pressure and induce cracking during DRIE processing. The high viscosity oil ñSANTOVAC 5ò is used 

as a gluing agent which becomes less viscous at temperature above 60 . The carrier is put on a hot 

plate and 4Õl glue is transferred to the gluing spot via injection needle. The sample is put on top of glue 

and degassed under vacuum for couple of minutes. Visual inspection was made to ensure no bubbles and 

evenly spread glue under the surface of wafer. The wafer is introduced to DRIE processing machine at 

room temperature and transferred to process chamber. The cryogenic plate in the chamber was set to 

reduce temperature to 0  in in steps of 5  per 5 minutes i.e. 20 , 15 , 10 , 5  and finally 

arriving at 0  where the DRIE process is initiated.  

 

Figure 3.22: DM 1.1 observed from back side under microscope (left), DM 1.1 observed from top 

under microscope, after DRIE process. 

A Bosch receipt was optimized, this process optimization addressed wall roughness and thermal 

distortion. The introduction of oxygen (O2) gas during passivation improved polymer layer adhesion, 
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reducing lateral etching. Additionally, dividing the Bosch cycles into shorter intervals minimized 

chamber heating, preserving trench geometry. After wafer is etched, it is cleaned in acetone bath and 

introduced to deionized water ultrasonic bath for ten seconds clipped to a tweezer. The etched parts fall 

off and the wafer is withdrawn from ultrasonic bath and dried using a nitrogen flush. At this stage the 

suspended absorber is obtained, and detector is ready. Figure 3.22 shows DM 1.1 observed from top and 

back side under microscope after DRIE processing. The finalized detector structure features a suspended 

absorber connected by four silicon bridges (60 Õm width) with near-vertical sidewalls (89ï91Á). This 

design satisfies the dual requirements of mechanical stability and thermal isolation.  
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Chapter 4 

Electrical and Mechanical 

Characterization of DM 1.1 

4.1 LTD labs measurement setup  

In the Genoa LTD lab, there are three dilution cryostats, including the Kelvinox 25 from Oxford 

Instruments, which is primarily used for studying superconducting transitions. A dilution cryostat 

operates based on the properties of a helium-3 and helium-4 mixture. Below 0.87 K, the mixture separates 

into two distinct liquid phases: a lighter phase rich in helium-3, and a heavier phase richer in helium-4. 

This separation occurs in the mixing chamber, which is at the heart of the cooling process. As shown in 

Figure 4.1, the cryostat includes a U-shaped pipe containing the helium mixture. A pumping system 

lowers the pressure on the diluted phase, causing helium-3 to evaporate. To maintain concentration 

equilibrium, helium-3 flows from the concentrated phase into the dilute phase, absorbing heat and 

producing cooling. The cooling power is described by the equation:  

Q→ = (95TĮ  ī 11TĮ)       equation 4.1 

where T  is the temperature of the mixing chamber, T  is the temperature of the last heat 

exchanger before the mixing chamber, and  is the flow rate of helium-3. 
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Figure 4.1: Liquid 3Heī4He phase diagram as function of the 3He concentration 

To run the cryostat, a liquid helium-4 bath at 4.2 K is used. This bath is isolated from room 

temperature using an Outer Vacuum Chamber (OVC) to minimize heat leaks. Inside it, the Inner Vacuum 

Chamber (IVC) houses the dilution unit with its three main cooling stages. Initially, a heat exchange gas 

(often helium-3) is added to the IVC to improve thermal contact during the initial cool-down. Though 

the system is designed for helium-4 exchange gas, helium-3 is preferred in experiments involving 

bolometers or microcalorimeters to avoid interference from superfluid helium films. 

Once the system reaches 4 K, the exchange gas is pumped out, and cooling below 4 K begins. 

The helium-3/helium-4 gas mixture is liquefied through filters at 77 K and 4 K, then pre-cooled in the 1 

K pot stage using heat exchangers. The cold liquid mixture then flows into the mixing chamber, where 

phase separation occurs and the dilution process starts, generating the systemôs lowest temperatures. 

A copper cold finger, referred to as the "block", is mounted on the mixing chamber to stabilize 

temperature fluctuations and allow precise control of the sample temperature, as shown in figure 4.2. 

Samples are thermally coupled to the block using a thin bonding layer (typically GE7031 varnish, 10ï

100 µm thick) and are mechanically fixed in place with a spring or screws to ensure good thermal contact. 

In the Kelvinox 25, which lacks a thermal shield between the 4 K walls and the sample space, it is 
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especially important to shield samples from external radiation. Temperature control is achieved using a 

Germanium thermometer and heater, with stability better than 10 µK. 

 

Figure 4.2: (Left) Photograph of the interior of the Inner Vacuum Chamber (IVC) of one of the dilution 

cryostats in use at the Genoa laboratory (Kelvinox-25, Oxford Instruments), with the various cooling 

stages highlighted.(Right) Schematic diagram of a dilution cryostat illustrating the circulation system 

of the helium-3/helium-4 mixture, including the mixing chamber, heat exchangers, and still. 

4.2 Cryostat measurements 

4.2.1 Proof of superconducting transition post DRIE 

Chip DM 142, as shown in figure 4.3, was tested for the proof of transition after deep reactive 

ion etching (DRIE) processing. The tests measured key parameters such as critical current (Ic), voltage 

(V), and resistance (R) across a cryogenic temperature below 100mK, spanning the expected 

superconducting transition temperature (Tc). Excitation currents ranging from 10ɛA to 0.3ɛA were 

applied to assess stability, with voltage responses (3ɛV to 100ɛV) indicating minimal resistance 

changes near Tc. Sharp transition and consistent I-V curves post-DRIE confirmed that the etching 

process did not degrade the superconducting properties, as Tc remained stable within the operational 

range. These results validate the structural and functional robustness of the device, ensuring its suitability 

for cryogenic applications.  
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Figure 4.3: DM 142 tested for superconductive transition before and after DRIE processing. The curve in 

pink colour referred as ñbef. DRIEò indicates the transition before DRIE process while rest of the curves 

indicate transition at different current values post DRIE process.  

In some instances, the observed transition temperature of a sample may appear lower, by several 

tenths of a mK or more, than the expected value. This apparent shift is often due to poor thermal contact 

between the sample and the cooling block. In our experimental setup, samples are thermally anchored to 

the mixing chamberôs copper block using a thin layer of GE7031 varnish (typically 10ï100 Õm thick) 

and are mechanically secured using either a spring or screws to improve thermal coupling. However, in 

this case, the focus was on observing the transition after DRIE process rather than optimizing the thermal 

interface, leading to suboptimal thermal contact. When thermal conductance is poor, a temperature 

gradient (ȹT) can develop between the sample and the mixing chamber. GE7031 varnish typically 

provides a thermal conductance on the order of 10  W/K, but under poor contact conditions, it can drop 

to as low as 108 W/K. This reduced thermal conductance can result in a substantial ȹT, especially near 

a phase transition where the sample's thermal properties may change rapidly. Consequently, to reach the 

true transition temperature of the sample, the refrigerator must be cooled further than would be necessary 

with ideal thermal contact. This results in a lower apparent transition temperature, even though the 

intrinsic transition temperature of the material remains unchanged. 
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The DM 1.1 (#144), as shown in figure 4.4, was tested for superconducting transition. The DM1.1 

showed very good transition around 100mK. The red line in the graphs represent the transition of the 

Ir/Au bilayer film after deposition. Since the large area of the film can present a gradient thus the 

transition is not very sharp but for TES geometry after etching the thickness is quite uniform which 

presented a good transition as required.  

 

Figure 4.4: (top) Transition curve of demonstration model DM 1.1 (DM#144) Ir/Au bilayer as 

deposited in red and after DRIE processing as measured by INAF-Rome showing a sharp Tc 100mK. 

(down) Transition curve as measured after film deposition and after DRIE at excitation currents 1 ɛA 

and 3.16 ɛA. 
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4.2.2 Thermo-electric characterization 

During operation, the use of onboard heaters allows for a reduction in the current required to bias 

the TES within its transition region. As more power is supplied by the heaters, less electrical current is 

needed for biasing.  

This approach has the added benefit of decreasing the current through the shunt resistor, thereby 

reducing its power dissipation, a major component of the total power load on the cold stage. This 

reduction is particularly valuable given the mission requirements and the critical need to minimize power 

consumption.  

To study this phenomenon, the absorber bath conductance characterization of DM 143 and DM 

144 (DM 1.1) were made that revealed a relative behaviour in their thermal transport properties. It is 

important to note that DM 143 is a replica chip of DM 144 produced under similar conditions which 

demonstrate reproducibility and provides an opportunity for comparative analysis.  

For DM 143, in the power-law fit yields a conductance of k=153.62Ñ15.29ɛW/Kn with an 

exponent of n=4.73Ñ0.04, while a fixed n=4 fit gives k=27.71Ñ0.25ɛW/Kn.  Similarly, DM 144 exhibits 

a conductance of k=168.67Ñ25.21ɛW/Kn with n=4.77Ñ0.07 in the power-law fit, and 

k=30.76Ñ0.29ɛW/Kn for the fixed n=4 fit. Similarly, for TES absorber conductance (figure 4.5) (dowm), 

DM 143 power law fit shows k=2.41Ñ0.38ɛW/Kn , n=5.16Ñ0.07, while n=6 gives k=17.37Ñ0.14ɛW/Kn. 

Whereas, DM#144 exhibits k=1.85Ñ0.37ɛW/Kn and n=5.06Ñ0.09 for the fit, with 

k=15.27Ñ0.15ɛW/Kn when n is fixed at 6. These results indicate that both absorbers display comparable 

non-linear thermal conductance behaviour, with DM 144 showing slightly higher conductance values 

attributed to final fabrication conditions. 
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Figure 4.5: Thermal conductance absorber bath comparison (top), TES absorber comparison (down) of 

DM 143 vs DM 144 (DM 1.1) as measured by INAF-Rome 

The characteristic IïV curves of the sample at different thermal bath temperatures are shown in 

Figure 4.6. These curves illustrate the current through the TES (ITES) as a function of the current supplied 

to the bias circuit (IBIAS ), with the TES connected in parallel to a shunt resistor. In the superconducting 

region, the slope of the curves is affected by a current-dependent parasitic resistance, which appears in 
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series with the TES. This resistance becomes more pronounced at higher TES currents, altering the 

linearity of the response and impacting the overall biasing behaviour. 

 

 

 

Figure 4.6: TES current over the TES Bias current at different bath temperature of the sample DM#143 

(top) vs DM#144 (down) as measured by INAF-Rome. 
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The figure 4.7, shows the TES currentïvoltage (IïV) characteristics of DM 143 and DM 144 

(DM 1.1), measured at a fixed bath temperature of 50 mK while varying the injected current. Both devices 

display the characteristic superconducting transition, shifting from a zero-resistance state to a normal 

resistive state as the current increases. Differences observed in their IïV curves, particularly within the 

transition regions, may arise from fabrication-related variability. 

 

Figure 4.7: ITES vs VTES at Tbath = 50 mK comparison of DM#143 vs DM#144 as measured by INAF-

Rome 
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4.3 The Structural model - finite element modal (FEM) 
For future space missions, the development of detectors will involve upscaling the demonstration 

model (DM) to a structural model (SM), based on technology validation from demonstration model as 

previously discussed. These structural models utilize a hexagonal geometry designed to be compatible 

with flight detector configurations planned for missions like ATHENA. In space technology 

development, conducting comprehensive strength testing is critical to verify structural integrity, electrical 

performance, and functional reliability. The extreme conditions in the space, such as thermal cycling and 

constant exposure to ionizing radiation, demand rigorous validation of every component. However, the 

most intense mechanical stresses occur during launch, when violent vibrations and extreme accelerations 

propagate through the launch vehicle, potentially damaging sensitive instrumentation. To ensure mission 

success, each component must undergo thorough testing to confirm its ability to withstand these intense 

launch conditions. This systematic approach to qualification and testing is essential for mitigating risks 

and preventing catastrophic failures in space missions. 

The structural model plays a vital role in this process, to evaluate component resilience and 

identify potential weaknesses before advancing to engineering and flight models. For the anticoincidence 

detector under development, this involves testing its structural integrity under mechanical stress. The 

structural model chip replicates the geometric design of the flight model, featuring a hexagonal absorber 

with an active area of approximately 4 cmĮ. A candidate chip SM1 (Structural Model 1), is being 

developed on the basis of chip SM0 (Structural Model 0) [46] by incorporating deposited electrical 

connections and the final mounting bracket for integration into the focal plane assembly. 

During my PhD, I worked on developing a finite element modal (FEM) based on the geometric 

parameters of the SM1 to simulate its mechanical characteristics. A FEM assembly of the structural 

model is shown in figure 4.8. This modal ensures a robust foundation for the detectorôs eventual flight 

ready design. Finite Element modal for SM1 was designed to correlate simulation outcomes with physical 

test data. The model was derived from CAD data within the Nastran Inventor platform, adhering to the 

internal Thales Alenia Space standard TASI-AN-ATH-AC-0001. Technical support for 

the MSC/Nastran solver and server integration was provided by TAS-I (Thales Alenia Space Italy). Key 

components integrated into the modal include a chip and glue assembly, validated through a 
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correlated SMO from prior testing [46], and a copper bracket added to enhance structural accuracy in the 

SM1 mounting configuration. 

 

Figure 4.8: Finite Element Modal assembly of the structural model ï Top view 

The mesh comprises of approximately 26,000 elements and 11,000 nodes, reflecting a detailed 

3D structure. Element types include SOLID-TET (tetrahedral solids) for bracket modelling, as shown in 

figure 4.9 and similarly for glue spots as shown in figure 4.10. CQUAD/CTRIA (quadrilateral/triangular 

shells) for silicon chip surface representation and CBEM elements were adopted for bridge structures of 

the suspended area. The material properties are listed in table 4.1 given below 

Material Density 

(g/cm3) 

Reference 

Temperature 

(K) 

Youngs 

Modulus 

(MPa) 

Poissonôs 

Ratio (ɡ) 

Thermal Expansion 

Coefficient (Ŭ)  

per Kelvin 

Silicon 2.328 293 129000 0.273 29 x 10-5 

Copper 8.940 293 115000 0.34 17 x 10-6 

Glue 2.080 293 9000 0.35 35 x 10-6 

Table 4.1: List of materials and properties used in FEA modal. 
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Figure 4.9: Finite Element Model ï Copper bracket 

 

 

 

 

 

 

 

 

 

Figure 4.10: Finite Element Model ï Glue spots and Bridge elements 

 

ÉcExxШтШ9ÄÖ ?о9ÑÅf 

7Åf?]EШрШ97E ~ 

É§xf?ШтШÑEÑ 

Å7EΞШxf uÉ 

É§xf?ШтШÑEÑ 



ΦΜ 
 
 

4.3.1 Vibration modes 

In Finite Element Method (FEM) analysis, a natural mode (eigenmode) represents a characteristic 

vibration pattern that occurs when a structure oscillates at one of its inherent natural frequencies. These 

vibration modes are fundamental properties of the structure, determined by its mass distribution, stiffness 

characteristics, and boundary conditions, and exist independently of any external forces. When 

examining harmonic response, the behaviour of a structure under periodic external loads, the resonant 

peaks observed correspond precisely to these natural frequencies. This relationship is critical because 

resonance occurs when operational vibration frequencies, such as those from a rocket launch, coincide 

with the structure's natural frequencies, potentially causing dangerous vibration amplitudes. From an 

engineering point of view Finite Element Analysis (FEA) can be performed to systematically identify 

these natural frequencies and mode shapes through modal analysis, predict harmonic responses to 

operational vibrations, and assess potential resonance risks. For space applications, this analysis is 

particularly vital as launch environments expose components to severe vibrational loads. The design 

process consequently incorporates frequency separation margins, structural modifications to shift critical 

natural frequencies, and damping solutions to control vibration amplitudes. 

The figure 4.11 show natural mode (eigenmode) plots at 1734 Hz, 2155 Hz, 2333 Hz, 2522 Hz, 

2902 Hz, 3081 Hz, 3407 Hz and 5260 Hz. illustrating the characteristic deformation pattern that would 

emerge if the structure encountered matching vibration frequencies during launch 

 

 

 

 

 

мΝаШΝΤΟΠШcǍ мΞаШΞΝΡΡШcǍ 
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Figure 4.11: Natural modes FE model, at 1734 Hz, 2155 Hz, 2333 Hz, 2522 Hz, 2902 Hz, 3081 Hz, 

3407 Hz and 5260 Hz 

мΟаШΞΟΟΟШcǍ мΠаШΞΡΞΞШcǍ 

мΡаШΞΦΜΞШcǍ мΣаШΟΜΥΝШcǍ 

мΤаШΟΠΜΤШcǍ мΝΝаШΡΞΣΜШcǍ 
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4.3.2 Random Z Displacement 

In this finite element analysis (FEA), structural response to random vibration loading was 

evaluated by subjecting the model to two distinct acceleration levels along the Z-axis (typically 

representing the vertical direction in aerospace applications). The 1♬ (1-sigma) loading condition of 1.44 

gRMS root-mean-square acceleration assesses nominal performance, representing the vibration levels 

expected during approximately 68% of operational scenarios. More critically, the 3♬ (3-sigma) loading 

simulates extreme conditions, such as those encountered during rocket launch, which covers 99.7% of 

potential vibration cases to verify structural integrity under worst-case scenarios. The displacement check 

serves to validate whether the resulting deformations and stresses remain within design limits under these 

dynamic loading conditions, with particular attention to identifying potential resonance risks where 

vibration frequencies may coincide with the structure's natural modes 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.12: Random Z displacement FE model ï 1 sigma å 14 Õm and RIM Displacement 1 sigma å 

7.9 Õm  
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The results revealed critical findings, including SM1's bracket finger stresses exceeding material 

limits by 2098 MPa at 3ů loading and a concerning resonance at 1734 Hz, as shown in figure 4.13, that 

aligned with PCB natural frequencies (to be coupled in future models). The gRMS metric quantifies the 

overall energy in the random vibration spectrum, while the sigma levels provide statistically meaningful 

bounds for evaluating structural reliability under varying operational conditions. 

 

 

Figure 4.13: Bracket displacement: 1.7 um (1ů) / 5.1 um (3ů) 

4.3.3 The Power Spectral Density (PSD)  

For aerospace applications, where Z-axis vibrations during launch are critical, power spectral 

density (PSD) simulation helps identify potential resonance risks that could lead to excessive 

displacements or structural fatigue.  

The Power Spectral Density (PSD) response plot, as shown in figure 4.14, identified three critical 

resonant frequencies, a primary mode at 1734 Hz, and secondary modes at 2333 Hz and 3407 Hz. These 
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peaks represent frequencies where the structure exhibits amplified displacement responses, with the 1734 

Hz mode being particularly significant as it may indicate a system wide resonance. 

 

 

 

Figure 4.14: FEA Power Spectral Density Response. 

The 1.44 gRMS level represents a 1-sigma (68% probability) loading condition, serve as a 

baseline for nominal operational performance. However, to ensure complete reliability, the structure 

should also be evaluated at more extreme 3-sigma (99.7% probability) vibration levels. The presence of 

multiple resonant peaks suggests the need for potential design modifications, such as structural stiffening 

or damping implementation, to shift these natural frequencies away from critical operational ranges and 

prevent resonance during actual service conditions.  
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Figure 4.15: 1.44 gRMS RANDOM Z ï SM1 Load case gRMS White noise 

 

The results for SM1 indicate significant structural concerns under both load cases analysed. In 

the figure 4.15 parameters for load case are mentioned in table, these include ů Type showing the type 

of stress considered such as Von Mises, Axial etc, Load case identifies the specific loading condition 

under analysis, ůU [MPa] ultimate tensile strength of the material, Sf fatigue strength factor, SfU ultimate 

fatigue strength, Kt stress contraction factor and MoSu Margin of safety with respect to ultimate strength 

where a positive value indicates the design is safe and a negative value indicates failure or over stress. . 

Under the 1.44 gRMS White load, the chip bridges exhibit a maximum stress of 44.0 MPa with a negative 

margin of safety (MoSu) of -0.43, indicating that the structure is likely to fail. Although the chip shell 

performs acceptably under this load, with a maximum stress of 11.6 MPa and a positive MoSU of 2.22, 

this safety margin does not extend to the higher load condition. In the more demanding 43.9 gRMS mask 

scenario, both the chip bridges and chip shell exceed their failure thresholds. The chip bridges reach a 

critical stress of 373.0 MPa with an MoSu of -0.93, and the chip shell experiences 97.0 MPa with an 

MoSu of -0.62, both well beyond safe limits.  

sU  sMAX  3*sMAX  Kt * S fm * sMAX

[MPa] [MPa] [MPa] [MPa]

CHIP Bridges / Silicon BAR STR 175 1.000 1.25 1.50 44.0 132.0 247.5 -0.43

CHIP Shell / Silicon VMS 175 1.000 1.25 1.00 11.6 34.8 43.5 2.22

MoSU

SM1 - 1.44 gRMS White

PART / MATERIAL
ů 

Type
LOAD CASE Sf SfU Kt
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Figure 4.16: 1.44 gRMS RANDOM Z ï SM1 Load case gRMS Mask 

These results confirm that SM1 is expected to operate above its structural failure limits, with 

stress amplification particularly severe in the chip bridges. This is consistent with the observed reduction 

in the principal mode to 1734 Hz. Therefore, the SM1 configuration requires significant strengthening, 

especially to mitigate the critical stress concentrations and improve load bearing capacity. 

In summary, the SM1 unit should be tested at half the standard vibration level, from 1.44 gRMS 

to 0.72 gRMS, corresponding to a -6 dB reduction. The preferred method for this test is a white noise 

characterization in the 100 to 4000 Hz frequency range, which provides a broad view of the unit's 

dynamic response. Resonance searches must only be performed using mechanical sine wave excitation 

to avoid excessive stress on the hardware. Regarding random vibration testing, the current front-end (FE) 

profile is considered too aggressive and potentially damaging. To minimize risk, an incremental step-up 

test approach is recommended, starting at -12 dB, then increasing to -6 dB. However, based on current 

expectations, a test at either -6 dB or full-level (0 dB) could result in failure, so these levels should be 

approached with caution and only after lower-level testing confirms survivability. 

sU  sMAX  3*sMAX  Kt * S fm * sMAX

[MPa] [MPa] [MPa] [MPa]

CHIP Bridges / Silicon BAR STR 175 1.000 1.25 1.50 373.0 1119.0 2098.1 -0.93

CHIP Shell / Silicon VMS 175 1.000 1.25 1.00 97.0 291.1 363.8 -0.62
SM1 - 43.9 gRMS Mask

PART / MATERIAL
ů 

Type
LOAD CASE Sf SfU Kt

MoSU
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4.4 Glue evaluation 
The as fabricated detectors are mounted on brackets for creating final assemblies. From a 

mechanical point of view, the assembly of such detectors can be critical. The overall functioning of the 

detector is dependent on the integration of detector device with other components such as electronics 

readout system joined together. In cases where metal joints can pose challenges to remain inside the 

constraint set for electrical and magnetic noises, glue joints are preferred for the least interference or 

isolation purposes. For space applications adhesive performance under extreme temperatures and loads 

must be validated to ensure environmental durability. Thus, we investigated the performance of structural 

adhesives for cryogenic applications in focal plane assemblies (FPAs) designed for space-based 

observatories, which requires operational stability at ultra-low temperatures (~50 mK). The need for this 

research arises from the use of silicon-based primary detectors in these missions, which are adhesively 

bonded to copper brackets at exposed silicon-copper interfaces. Characterizing the performance of 

candidate adhesives under actual operational conditions, particularly their mechanical stability and 

thermal compatibility at ultra-low temperatures, is critical to ensure detector integrity and mission 

success. 

For this purpose, we investigated the performance of structural adhesives for bonding silicon 

wafers (11x11x1.5mm) to copper surfaces under extreme cryogenic conditions.  

Three adhesives were tested:  

¶ Stycast 2850FT/24 LV 

¶ EA 2216 B/A 

¶ EC 9323 B/A 

We focused on optimizing adhesion through surface roughness adjustments and evaluating adhesive 

integrity at both Beginning of Life (BOL) and End of Life (EOL), followed by lap shear tests to assess 

mechanical resilience.  

A steel bracket held the copper-silicon assemblies during lap sheer testing according to the 

configuration shown in figure 4.17, with emphasis on interfacial adhesion strength and failure modes. 
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Figure 4.17: (top) Schematics of the sample holder (down) Test platform to conduct the lap shear test. 

Results aim to identify optimal adhesive-curing combinations for maintaining structural integrity 

in cryogenic environments, addressing challenges such as thermal expansion mismatches and long-term 

durability.  

BOL (Beginning of Life) Testing Protocol 

The BOL testing protocol evaluates the initial mechanical performance of adhesives under controlled 

curing conditions, prior to thermal stress because of temperature changes. Three adhesives, Stycast 

2850FT, EA 2216 B/A, and EC 9323 B/A, were tested using silicon wafers (11x11x1.5 mm thick) 
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bonded to copper substrates. Surface roughness optimization was performed on the copper to enhance 

adhesion. For each adhesive, three samples were prepared under specific curing parameters: 

¶ Stycast 2850FT: Room-temperature (RT) curing (~22°C) with no thermal fluctuations. 

¶ EA 2216 B/A: Two curing methods, (1) RT curing for 7 days and (2) thermal curing at 93°C for 

30 minutes. 

¶ EC 9323 B/A: Two curing methods, (1) RT curing for 14 days and (2) thermal curing at 100°C 

for 15 minutes. 

Post-curing, samples were mounted in a steel bracket fixture for lap shear testing (ASTM D1002 

standard), which measures shear strength by applying uniaxial tensile force until bond failure. Critical 

parameters included maximum load capacity, displacement at failure, and failure mode analysis 

(cohesive, adhesive, or mixed). Data acquisition systems recorded force-displacement curves to quantify 

interfacial adhesion strength and stiffness. 

 

EOL (End of Life) Testing Protocol 

EOL testing assesses adhesive durability after simulated mission environmental stresses, specifically 

thermal cycling between 4 K and 300 K to replicate cryogenic space conditions. Samples identical to 

BOL groups (same adhesives, curing methods, and substrate materials) were subjected to thermal cycling 

in a cryogenic chamber. Key parameters included: 

¶ Thermal Cycling Profile: Repeated cycles between 4 K (cryogenic) and 300 K (ambient) with 

controlled ramp rates (e.g., 2 K/min heating, 5 K/min cooling) to induce thermomechanical stress. 

¶ Number of Cycles: 6 cycles 

Post-cycling, samples underwent lap shear testing under identical conditions to BOL to quantify 

degradation in shear strength and changes in failure modes. Visual examinations were made to detect 

delamination, microcracks, or interfacial debonding. 
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Success criteria 

The success criteria for evaluating adhesives in cryogenic applications are defined by two key 

requirements. First, all individual specimens, tested at both Beginning of Life (BOL) and End of Life 

(EOL), must achieve a minimum shear stress of Ó15 MPa. This ensures baseline mechanical integrity, 

and any single specimen falling below this threshold disqualifies the adhesive-curing combination. 

Second, the aging criterion mandates that the average shear stress of the EOL specimens must not deviate 

by more than ±20% from the BOL average. 

4.4.1 Glue preparation 

The adhesive preparation followed the manufacturer guidelines for mixing the exact quantity of 

epoxy and catalyst, with all glue mixtures degassed for 10 minutes in a vacuum chamber, as shown in 

figure 4.18, immediately after mixing to eliminate entrapped air and ensure optimal bonding integrity. 

 

Figure 4.18: After degassing for ten minutes, the glue was applied as a drop casting on both surfaces. 
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Figure 4.19: (Left) samples with the degassed epoxy ready; (Right) epoxy drop casting on both surface of 

bracket and chip 

 

 

 

 

 

 

 

 

 

 

Figure 4.20: Glued silicon chip on copper before testing, Top view (left), Side view (Right) 

 

Following a 10-minute degassing process to eliminate air bubbles, the epoxy mixture is applied 

to both the copper bracket and silicon wafer surfaces by drop casting as shown in figure 4.19. Two layers 

of Kapton tape (140 ɛm total thickness) act as spacers to ensure uniform joint thickness, while an 11Ĭ11 

mmĮ window is cut within the taped region to align with the silicon chipôs dimensions. The surfaces are 

joined under moderate pressure, and excess adhesive is carefully removed with a cotton swab. 

Polymerization is initiated by placing the assembly in a vacuum sealed dryer, briefly evacuated with a 

membrane pump to enhance curing integrity. Cured samples, as shown in figure 4.20, are stored in a 
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vacuum desiccator at room temperature to mitigate moisture absorption and contamination. Mechanical 

testing is conducted no sooner than 24 hours after hardening to guarantee full adhesive stability.  

4.4.2 Surface roughness 

We performed first gluing to calibrate the gluing mechanism which revealed the role of surface 

roughness, where 220-grit sandpaper-treated copper brackets bonded with STYCAST 2850 FT/24 LV 

epoxy failed to meet the required 15 MPa shear strength. To address this, four copper samples were 

prepared with distinct surface treatments: Scotch-Brite sponges (medium mesh, 2ï4 minutes), #80 grit 

and grade #120 grit sandpaper (4 minutes), and EDM processes (single/double pass), with roughness 

measured along three axes to assess anisotropy. Results showed that coarser abrasives like #80 grit 

sandpaper produced higher roughness, enhancing mechanical interlocking and shear strength, while 

unidirectional abrasion introduced anisotropic roughness, potentially compromising bond uniformity 

under multidirectional stress. EDM-treated surfaces achieved highest roughness (Ra ~ 3 ɛm) with single-

pass. 

This comparative study evaluated surface treatments for optimizing epoxy joint adhesion. The 

Scotch-Brite sponge produced minimal roughness, even with extended abrasion time. Sandpaper #220, 

due to its fine grit, unexpectedly reduced roughness by smoothing the surface. Coarser grits (#120 and 

#80) significantly increased roughness, with #80 achieving the highest values (1.8 ɛm Ra), confirming 

its effectiveness for mechanical interlocking. EDM processing revealed following results: double-pass 

EDM yielded lower roughness (1.3 ɛm Ra) than #80 sandpaper, while single-pass EDM achieved higher 

roughness (3.0 ɛm Ra) with superior homogeneity and isotropy, single-pass EDM emerged as the optimal 

method. These results highlight that while coarser abrasives enhance roughness, advanced techniques 

like EDM offer superior control over surface characteristics, balancing roughness with consistency. 

Hence, we adopted copper samples cut into shape via EDM for further glue testing.  
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4.4.3 Sample preparation 

A total of 30 samples were glued according to the details shown on table for both BOL and EOL 

testing. 

Sr. No. ADHESIVE BOL Room 

Temp cured 

BOL Oven 

cured 

EOL Room 

Temp cured 

EOL Oven 

cured 

1 Stycast 2850FT/24 LV 3  3  

2 EC9323 B/A (pink glue) 3 3 3 3 

 3 EC2216 B/A (grey glue) 3 3 3 3 

Table 4.1: Details of the sample distribution for BOL and EOL testing 

The 3 glues mixtures were prepared according to the details shown in table 4.2 

Sr. 

No. 

ADHESIVE Mix Ratio (by weight) Curing Type Curing 

temperature 

Curing time 

1 Stycast 

2850FT/24 LV 

100 (2850-FT): 8 (Catalyst) Room Temp 

cured 

21Á C 16 hours 

2 EC9323 B/A 

(pink glue) 

100 (Base): 27 (Acc.) Room Temp 

cured 

21Á C 14 days 

100 (Base): 27 (Acc.) Oven cured 100Á C 15 min 

3 EC2216 B/A 

(grey glue) 

5 (Base): 7 (Acc.) Room Temp 

cured 

21Á C 7 days 

5 (Base): 7 (Acc.) Oven cured 93Á C 30 min 

Table 4.2: Details of the sample fabrication conditions for BOL and EOL testing 

4.4.4 Thermal cycling 

The thermal cycling involved subjecting glued samples to 6 thermal cycles between 300 K 

(high) and Ò15 K (low) at a temperature step rate of 10 K/min to test their performance under extreme 

temperature changes. Due to cryostat size constraints, samples were mounted in groups of 6 in a block 

shape on a rod attached to a motorized vertical actuator. This system lowered the samples into a liquid 
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helium cryostat, transitioning them from room temperature to near-helium temperatures. Temperature 

was monitored in real-time using a calibrated CERNOX thermistor connected to an LR 700 resistance 

bridge, with cooling/heating rates managed via a LabVIEW-controlled interface. After the cycling 

samples were dismounted and proceed for lap sheer testing. The figure 4.21 & figure 4.22 present thermal 

cycling graphs for three adhesives. 

 

Figure 4.21: (left) Thermal cycling graph of EOL samples Stycast 2850/ 24 LV adhesive, (right) 

Thermal cycling graph of EOL samples SC 9323 adhesive 

 
Figure 4.22: Thermal cycling graph of EOL samples EC 2216 adhesive 
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4.4.5 Lap Sheer test results 

All the samples (BOL & EOL) cured at room temperature and fast cured in oven including 

samples subjected to thermal cycling were tested in a lap sheer test setup as discussed earlier. The sheer 

strength is calculated as following: 

Sheer strength (MPa) = Force (N) / Glued Area (mm2) 

The as tested samples were analysed against the criteria indicated in table below: 

 

Sr. 

No 

Criteria Conditions 

1 Resistance criteria The maximum shear stress for all sets must meet the following 

constraint: Value Ó15.0 Mpa  

2 Ageing criteria The difference between the maximum shear stress (average 

value) measured on the first and second sets of samples must be 

within a variation of Ñ 20% 

3 Integrity criteria The silicon chip remains undamaged in any phase of the test 

4 Pass/Fail BOL The samples pass the BOL phase if both the INTEGRITY of the 

chip and the RESISTANCE (Ó15.0 Mpa) 

5 Pass/Fail EOL The samples pass the EOL phase if, after the thermal cycle, the 

INTEGRITY and AGEING criterion are both verified 

  

Table4.3: Criteria and conditions for glue evaluation 
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1) Stycast 2850 FT/24 LV 

The graph in figure 4.23 represents the as tested samples of stycast 2850 FT with catalyst 24 LV. The 

graph represents the force F(N) experienced by the sample against elongation until the failure occurs 

where the max force experienced by the sample is recorded. Samples S1-S2-S10 passed the BOL phase. 

Sample S3 failed due to the microscopic cleaning operation to mechanically remove excess glue from 

the edge before the tensile test. Samples STYCAST-EOL-1, -2, -3, -4, -5 did not pass the EOL phase: all 

these chips were broken. 

 

 Figure 4.23: Comparison of all test BOL and EOL of samples of STYCAST 2850 FT with CATALYST 

24 LV  
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2) EC9323 B/A (Pink Glue) 

The graph in figure 4.24 represents the as tested samples of  EC9323 B/A (Pink Glue). Two ñOven-

Curedò and one ñLong Curedò among the samples P3, P4, P5, P5S, P9S had chip breakage in the BOL 

phase. All chip samples were broken during the EOL phase 

 

Figure 4.24: Comparison of all test BOL and EOL of samples of EC 9323 
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3) EC 2216 B/A (Grey glue) 

The graph in figure 4.25 represents the as tested samples of  EC 2216. All samples passed the BOL and 

EOL phases respect to the RESISTANCE and INTEGRITY criteria in all types of polymerisation applied 

(RT cured and Oven Cured), but only the Oven-Polymerised samples passed the AGEING criterion. Only 

EC 2216 B/A Oven cured qualified all the criteria. 

Ш

Figure 4.25: Comparison of all test BOL and EOL of samples of EC 2216 
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Sr. 

No. 

ADHESIVE Curing 

Type 

Curing 

temperature 

Curing 

time 

BOL max shear strength 

(Average) 

EOL max shear 

strength (Average) 

BOL vs EOL 

variation 

1 Stycast 

2850FT/24 

LV 

Room 

Temp 

cured 

21Á C 16 

hours 

(23.1+18 +17.7)/3= 19.6 

MPa 

(18.6+8.84+6.99)/3 

= 11.5 MPa 

æ= ī 8.1 

MPa æ= ī 

41.4% 

2 EC9323 B/A 

(pink glue) 

Room 

Temp 

cured 

21Á C 14 days (26.4+19.2+28.5)/3= 24.7 

MPa 

(19+5.53+1.51) /3 

= 8.7 MPa 

æ= ī16.0 

MPa æ= ī 

64.9% 

Oven 

cured 

100Á C 15 min (37+36.9+25.8) /3= 33.2 

MPa 

(31.5+20.2+12.7)/3 

= 21.5 MPa 

æ= ī11.8 

MPa æ= 

ī35,4% 

3 EC2216 B/A 

(grey glue) 

Room 

Temp 

cured 

21Á C 7 days (21.2+20.1+36.6)/3= 25.9 

MPa 

(18+22.9+7.63) 

/3= 16,2 MPa 

æ=ī9.8 MPa 

æ=ī37.7 

MPa 

Oven 

cured 

93Á C 30 min (47.9+19.3+19.5)/3= 28.9 

MPa 

(27.5+29.7+25)/3= 

27.4 MPa 

æ=ī1.5 MPa 

æ=ī5,2% 

 

Table 4.4: The analysis of the glue evaluation test is summarized in the table 
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Chapter 5  

Conclusion and future works 

In my Ph.D. thesis, I developed the demonstration model DM 1.1, which is currently undergoing 

integration at the SRON facility in the Netherlands. A detailed study of the fabrication process and its 

impact on detector performance was carried out, focusing on the identification and mitigation of critical 

manufacturing issues. The completed DM 1.1 has undergone both thermal and electrical characterization, 

with measurements performed to evaluate its mechanical robustness and superconducting properties, in 

line with the performance requirements of the ATHENA mission. Additionally, I developed a finite 

element model (FEM) of the structural model SM1, aimed at simulating mechanical loads representative 

of launch conditions. Based on the FEM modal analysis, it was concluded that SM1 should be tested at 

half the standard vibration level, reducing excitation from 1.44 gRMS to 0.72 gRMS (ī6 dB). Given the 

aggressive nature of the current front-end vibration profile, an incremental step-up testing approach is 

recommended, starting at ī12 dB and progressing to ī6 dB, to reduce the risk of structural damage during 

qualification testing. 

A comprehensive glue qualification campaign was also undertaken to identify a suitable adhesive 

for bonding detector assemblies under cryogenic operational conditions. Among three candidate 

adhesives, EC2216 B/A (grey glue) was selected based on its mechanical performance under two curing 

conditions: room temperature curing at 21 ÁC for 7 days, and oven curing at 93 ÁC for 30 minutes. The 

oven-cured samples demonstrated superior results, showing only a minor reduction in shear strength 

from 28.9 MPa to 27.4 MPa, thereby meeting both the resistance criterion (Ó15.0 MPa) and the ageing 

criterion (ī5.2%). All tested samples maintained silicon chip integrity, fulfilling the Pass/Fail criteria for 

both beginning-of-life (BOL) and end-of-life (EOL) qualification phases under thermal cycling. 

DM 1.1 now serves as a foundational platform for developing flight-representative detectors, 

enabling the exploration of the broader applicability of cryogenic detector technologies in balloon-borne 
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Earth observation missions. This work also establishes the groundwork for deploying TES-based 

detectors beyond astrophysical research, particularly for satellite remote sensing and space-based 

environmental monitoring applications. 

The research conducted throughout this project has significantly enhanced our understanding of 

detector behaviour from both thermal and mechanical perspectives. Improvements in the fabrication 

process have eliminated bottlenecks and increased reproducibility, while combined experimental 

validation and FEM simulations have allowed for precise control over key structural and thermal 

parameters, ensuring full compatibility with mission-level specifications. Moving forward, this 

integrated approach supports future scale up of the technology and provides a solid foundation for the 

continued development of multilayer superconducting sensors, incorporating adaptive FEM tuning and 

coupled structural-thermal models for applications in both space science and Earth observation missions. 
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5ŜƳƻƴǎǘǊŀǝƻƴ ƻŦ ǎǳōπо Ǉǎ ǘŜƳǇƻǊŀƭ ǊŜǎƻƭǳǝƻƴ ǿƛǘƘ ŀ ǎǳǇŜǊŎƻƴŘǳŎǝƴƎ ƴŀƴƻǿƛǊŜ ǎƛƴƎƭŜπǇƘƻǘƻƴ 

ŘŜǘŜŎǘƻǊΦ bŀǘǳǊŜ tƘƻǘƻƴƛŎǎΣ мпόпύΣ нрлπнррΦ 

ноΦ aŀȊƛƴΣ .Φ !ΦΣ .ǳƳōƭŜΣ .ΦΣ aŜŜƪŜǊΣ {Φ wΦΣ hΩ.ǊƛŜƴΣ YΦΣ aŎIǳƎƘΣ {ΦΣ ϧ [ŀƴƎƳŀƴΣ 9Φ όнлмнύΦ ! ǎǳǇŜǊŎƻƴŘǳŎǝƴƎ 

ŦƻŎŀƭ ǇƭŀƴŜ ŀǊǊŀȅ ŦƻǊ ǳƭǘǊŀǾƛƻƭŜǘΣ ƻǇǝŎŀƭΣ ŀƴŘ ƴŜŀǊπƛƴŦǊŀǊŜŘ ŀǎǘǊƻǇƘȅǎƛŎǎΦ hǇǝŎǎ ŜȄǇǊŜǎǎΣ нлόнύΣ мрлоπмрммΦ 

нпΦ 9ƴǎǎΣ /Φ όнллрύΦ /ǊȅƻƎŜƴƛŎ ǇŀǊǝŎƭŜ ŘŜǘŜŎǝƻƴ ό±ƻƭΦ ффύΦ 

нрΦ aŜǊŎŜǊΣ ²Φ WΦΣ ϧ tŀǎƘƪƛƴΣ ¸Φ !Φ όнлноύΦ {ǳǇŜǊŎƻƴŘǳŎǝǾƛǘȅΥ ǘƘŜ ǇŀǘƘ ƻŦ ƭŜŀǎǘ ǊŜǎƛǎǘŀƴŎŜ ǘƻ ǘƘŜ 

ŦǳǘǳǊŜΦ /ƻƴǘŜƳǇƻǊŀǊȅ tƘȅǎƛŎǎΣ спόмύΣ мфπпсΦ 

нсΦ [ƛǘŀΣ !Φ 9ΦΣ aƛƭƭŜǊΣ !Φ WΦΣ ϧ bŀƳΣ {Φ ²Φ όнллуύΦ /ƻǳƴǝƴƎ ƴŜŀǊπƛƴŦǊŀǊŜŘ ǎƛƴƎƭŜπǇƘƻǘƻƴǎ ǿƛǘƘ фр҈ 

ŜŶŎƛŜƴŎȅΦ hǇǝŎǎ ŜȄǇǊŜǎǎΣ мсόрύΣ олонπолплΦ 

нтΦ aŎ/ŀƳƳƻƴΣ 5Φ όнллрύΦ ¢ƘŜǊƳŀƭ ŜǉǳƛƭƛōǊƛǳƳ ŎŀƭƻǊƛƳŜǘŜǊǎςŀƴ ƛƴǘǊƻŘǳŎǝƻƴΦ /ǊȅƻƎŜƴƛŎ ǇŀǊǝŎƭŜ ŘŜǘŜŎǝƻƴΣ 

мπопΦ 

нуΦ LǊǿƛƴΣ YΦ 5ΦΣ ϧ IƛƭǘƻƴΣ DΦ /Φ όнллрύΦ ¢ǊŀƴǎƛǝƻƴπŜŘƎŜ ǎŜƴǎƻǊǎΦ /ǊȅƻƎŜƴƛŎ ǇŀǊǝŎƭŜ ŘŜǘŜŎǝƻƴΣ соπмрлΦ 

нфΦ !ƴŘǊŜǿǎΣ 5Φ IΦΣ .ǊǳŎƪǎŎƘ WǊΣ ²Φ CΦΣ ½ƛŜƎƭŜǊΣ ²Φ ¢ΦΣ ϧ .ƭŀƴŎƘŀǊŘΣ 9Φ wΦ όмфпнύΦ !ǧŜƴǳŀǘŜŘ ǎǳǇŜǊŎƻƴŘǳŎǘƻǊǎ LΦ 

CƻǊ ƳŜŀǎǳǊƛƴƎ ƛƴŦǊŀπǊŜŘ ǊŀŘƛŀǝƻƴΦ wŜǾƛŜǿ ƻŦ {ŎƛŜƴǝŬŎ LƴǎǘǊǳƳŜƴǘǎΣ моόтύΣ нумπнфнΦ 

олΦ ¢ƛƴƪƘŀƳΣ aΦ όнллпύΦ LƴǘǊƻŘǳŎǝƻƴ ǘƻ ǎǳǇŜǊŎƻƴŘǳŎǝǾƛǘȅΦ /ƻǳǊƛŜǊ /ƻǊǇƻǊŀǝƻƴΦ 

омΦ DƛŀȊƻǧƻΣ CΦΣ IŜƛƪƪƛƭŅΣ ¢Φ ¢ΦΣ [ǳǳƪŀƴŜƴΣ !ΦΣ {ŀǾƛƴΣ !Φ aΦΣ ϧ tŜƪƻƭŀΣ WΦ tΦ όнллсύΦ hǇǇƻǊǘǳƴƛǝŜǎ ŦƻǊ ƳŜǎƻǎŎƻǇƛŎǎ 

ƛƴ ǘƘŜǊƳƻƳŜǘǊȅ ŀƴŘ ǊŜŦǊƛƎŜǊŀǝƻƴΥ tƘȅǎƛŎǎ ŀƴŘ ŀǇǇƭƛŎŀǝƻƴǎΦ wŜǾƛŜǿǎ ƻŦ aƻŘŜǊƴ tƘȅǎƛŎǎΣ туόмύΣ нмтπнтпΦΦ 

онΦ tŜƪƻƭŀΣ WΦtΦΤ YŀǊƛƳƛΣ .Φ /ƻƭƭƻǉǳƛǳƳΥ vǳŀƴǘǳƳ ƘŜŀǘ ǘǊŀƴǎǇƻǊǘ ƛƴ ŎƻƴŘŜƴǎŜŘ ƳŀǧŜǊ ǎȅǎǘŜƳǎΦ wŜǾΦ aƻŘΦ 

tƘȅǎΦ нлнмΣ фоΣ лпмллм 

ооΦ .ŀǊŘŜŜƴΣ WΦΣ wƛŎƪŀȅȊŜƴΣ DΦΣ ϧ ¢ŜǿƻǊŘǘΣ [Φ όмфрфύΦ ¢ƘŜƻǊȅ ƻŦ ǘƘŜ ǘƘŜǊƳŀƭ ŎƻƴŘǳŎǝǾƛǘȅ ƻŦ 

ǎǳǇŜǊŎƻƴŘǳŎǘƻǊǎΦ tƘȅǎƛŎŀƭ wŜǾƛŜǿΣ ммоόпύΣ фунΦ 

опΦ LǊǿƛƴΣ YΦ 5ΦΣ ϧ IǳōŜǊΣ aΦ 9Φ όнллнύΦ {v¦L5 ƻǇŜǊŀǝƻƴŀƭ ŀƳǇƭƛŬŜǊΦ L999 ǘǊŀƴǎŀŎǝƻƴǎ ƻƴ ŀǇǇƭƛŜŘ 

ǎǳǇŜǊŎƻƴŘǳŎǝǾƛǘȅΣ ммόмύΣ мнсрπмнтлΦ 

орΦ [ƛƪƘŀǊŜǾΣ YΦ YΦ όмфтфύΦ {ǳǇŜǊŎƻƴŘǳŎǝƴƎ ǿŜŀƪ ƭƛƴƪǎΦ wŜǾƛŜǿǎ ƻŦ aƻŘŜǊƴ tƘȅǎƛŎǎΣ рмόмύΣ млмΦ 

осΦ wƻƎŀƭǎƪƛΣ !Φ όнлммύΦ LƴŦǊŀǊŜŘ ŘŜǘŜŎǘƻǊǎ /w/ tǊŜǎǎΦ .ƻŎŀ wŀǘƻƴΣ C[Φ 

отΦ {ŀƪƻƴΣ LΦΣ LƪŜŘŀΣ ¸ΦΣ CǳƧƛǎƘƛǊƻΣ bΦΣ YŀǘŀȊŀΣ IΦΣ hƪŀŘŀΣ ¸ΦΣ ϧ hƴŀƪŀΣ ¢Φ όнлмлΣ !ǳƎǳǎǘύΦ /ƻƴŎŜǇǘǳŀƭ ŘŜǎƛƎƴ ŦƻǊ 

ǘƘŜ ƳƛŘπƛƴŦǊŀǊŜŘ ƳŜŘƛǳƳπǊŜǎƻƭǳǝƻƴ 9ŎƘŜƭƭŜ ǎǇŜŎǘǊƻƳŜǘŜǊ όaLwa9{ύ ƻƴ ǘƘŜ {tL/! aƛǎǎƛƻƴΦ Lƴ {ǇŀŎŜ 



ΝΝΠ 
 
 

¢ŜƭŜǎŎƻǇŜǎ ŀƴŘ LƴǎǘǊǳƳŜƴǘŀǝƻƴ нлмлΥ hǇǝŎŀƭΣ LƴŦǊŀǊŜŘΣ ŀƴŘ aƛƭƭƛƳŜǘŜǊ ²ŀǾŜ ό±ƻƭΦ ттомΣ ǇǇΦ нотπнптύΦ 

{tL9Φ 

оуΦ !ƪŀƳŀǘǎǳΣ IΦΣ 5ƻǊƛŜǎŜΣ ²Φ.ΦΣ aŀǘŜǎΣ WΦ!Φ.ΦΣ WŀŎƪǎƻƴΣ .Φ5Φ όнлноύΦ {ƛƎƴŀƭ wŜŀŘƻǳǘ ŦƻǊ ¢Ǌŀƴǎƛǝƻƴπ9ŘƎŜ 

{ŜƴǎƻǊ ·πǊŀȅ LƳŀƎƛƴƎ {ǇŜŎǘǊƻƳŜǘŜǊǎΦ LƴΥ .ŀƳōƛΣ /ΦΣ {ŀƴǘŀƴƎŜƭƻΣ !Φ όŜŘǎύ IŀƴŘōƻƻƪ ƻŦ ·πǊŀȅ ŀƴŘ DŀƳƳŀπ

Ǌŀȅ !ǎǘǊƻǇƘȅǎƛŎǎΦ {ǇǊƛƴƎŜǊΣ {ƛƴƎŀǇƻǊŜΦ őƣƣƓƚаооĬŸŔЮŸƖŊоΝΜЮΝΜΜΤоΦΤΥрΦΥΝрΝΣрΠΡΠΠрΜхΞΠрΝ 
офΦ 5Φ ±ŀŎŎŀǊƻΣ IΦ !ƪŀƳŀǘǎǳΣ [Φ DƻǧŀǊŘƛΣ WΦ Ǿŀƴ ŘŜǊ YǳǳǊΣ YΦ bŀƎŀȅƻǎƘƛΣ 9Φ ¢ŀǊŀƭƭƛΣ aΦ ŘŜ ²ƛǘΣ aΦtΦ .ǊǳƛƧƴΣ !ΦWΦ 

Ǿŀƴ ŘŜǊ [ƛƴŘŜƴΣ .ΦπWΦ Ǿŀƴ [ŜŜǳǿŜƴΣ tΦ Ǿŀƴ ŘŜǊ IǳƭǎǘΣ YΦ wŀǾŜƴǎōŜǊƎΣ /ΦtΦ ŘŜ ±ǊƛŜǎΣ aΦ YƛǾƛǊŀƴǘŀΣ WΦπwΦ DŀƻΣ 

WΦ²Φ!Φ ŘŜƴ IŜǊŘŜǊΣ CǊŜǉǳŜƴŎȅ ŘƻƳŀƛƴ ƳǳƭǝǇƭŜȄƛƴƎ ǊŜŀŘƻǳǘ ŦƻǊ ƭŀǊƎŜ ŀǊǊŀȅǎ ƻŦ ǘǊŀƴǎƛǝƻƴπŜŘƎŜ ǎŜƴǎƻǊǎΣ 

bǳŎƭŜŀǊ LƴǎǘǊǳƳŜƴǘǎ ŀƴŘ aŜǘƘƻŘǎ ƛƴ tƘȅǎƛŎǎ wŜǎŜŀǊŎƘ {ŜŎǝƻƴ !Υ !ŎŎŜƭŜǊŀǘƻǊǎΣ {ǇŜŎǘǊƻƳŜǘŜǊǎΣ 5ŜǘŜŎǘƻǊǎ 

ŀƴŘ !ǎǎƻŎƛŀǘŜŘ 9ǉǳƛǇƳŜƴǘΣ ±ƻƭǳƳŜ млпсΣ нлноΣ мсттнтΣ L{{b лмсуπфллнΣ 

ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмлмсκƧΦƴƛƳŀΦнлннΦмсттнтΦ 

плΦ !ŘŜΣ tΦ !ΦΣ !ƛƪƛƴΣ wΦ ²ΦΣ .ŀǊƪŀǘǎΣ 5ΦΣ .ŜƴǘƻƴΣ {Φ WΦΣ .ƛǎŎƘƻũΣ /Φ !ΦΣ .ƻŎƪΣ WΦ WΦΣ ΦΦΦ ϧ ό.L/9tн /ƻƭƭŀōƻǊŀǝƻƴύΦ 

όнлмпύΦ 5ŜǘŜŎǝƻƴ ƻŦ .πƳƻŘŜ ǇƻƭŀǊƛȊŀǝƻƴ ŀǘ ŘŜƎǊŜŜ ŀƴƎǳƭŀǊ ǎŎŀƭŜǎ ōȅ .L/9tнΦ tƘȅǎƛŎŀƭ wŜǾƛŜǿ 

[ŜǧŜǊǎΣ ммнόнпύΣ нпммлмΦ 

пмΦ .ŜǊǎŀƴŜƭƭƛΣ aΦΣ aŜƴƴŜƭƭŀΣ !ΦΣ aƻǊƎŀƴǘŜΣ DΦΣ ½ŀƴƴƻƴƛΣ aΦΣ !ŘŘŀƳƻΣ DΦΣ .ŀǎŎƘƛǊƻǧƻΣ !ΦΣ ΦΦΦ ϧ ½ŀŎŎƘŜƛΣ !Φ 

όнлмнΣ {ŜǇǘŜƳōŜǊύΦ ! ŎƻƘŜǊŜƴǘ ǇƻƭŀǊƛƳŜǘŜǊ ŀǊǊŀȅ ŦƻǊ ǘƘŜ [ŀǊƎŜ {ŎŀƭŜ tƻƭŀǊƛȊŀǝƻƴ 9ȄǇƭƻǊŜǊ ό[{t9ύ ōŀƭƭƻƻƴ 

ŜȄǇŜǊƛƳŜƴǘΦ Lƴ DǊƻǳƴŘπōŀǎŜŘ ŀƴŘ !ƛǊōƻǊƴŜ LƴǎǘǊǳƳŜƴǘŀǝƻƴ ŦƻǊ !ǎǘǊƻƴƻƳȅ L± ό±ƻƭΦ уппсΣ ǇǇΦ нннпπннотύΦ 

{tL9Φ 

пнΦ ŘŜ .ŜǊƴŀǊŘƛǎΣ tΦΣ !ƛƻƭŀΣ {ΦΣ !ƳƛŎƻΣ DΦΣ .ŀǩǎǘŜƭƭƛΣ 9ΦΣ /ƻǇǇƻƭŜŎŎƘƛŀΣ !ΦΣ /ǊǳŎƛŀƴƛΣ !ΦΣ ΦΦΦ ϧ ²ƛǘƘƛƴƎǘƻƴΣ {Φ όнлмнΣ 

hŎǘƻōŜǊύΦ {²Lt9Υ ŀ ōƻƭƻƳŜǘǊƛŎ ǇƻƭŀǊƛƳŜǘŜǊ ŦƻǊ ǘƘŜ [ŀǊƎŜπ{ŎŀƭŜ tƻƭŀǊƛȊŀǝƻƴ 9ȄǇƭƻǊŜǊΦ Lƴ aƛƭƭƛƳŜǘŜǊΣ 

{ǳōƳƛƭƭƛƳŜǘŜǊΣ ŀƴŘ CŀǊπLƴŦǊŀǊŜŘ 5ŜǘŜŎǘƻǊǎ ŀƴŘ LƴǎǘǊǳƳŜƴǘŀǝƻƴ ŦƻǊ !ǎǘǊƻƴƻƳȅ ±L ό±ƻƭΦ упрнΣ ǇǇΦ млнтπ

млотύΦ {tL9Φ 

поΦ aŀǧΣ DΦΣ ϧ !ǘƘŜƴŀ {ŎƛŜƴŎŜ {ǘǳŘȅ ¢ŜŀƳ ŀƴŘ ƛǘǎ ²ƻǊƪƛƴƎ DǊƻǳǇǎΦ όнлмфύΦ ¢ƘŜ ŀŘǾŀƴŎŜŘ ǘŜƭŜǎŎƻǇŜ ŦƻǊ ƘƛƎƘ 

ŜƴŜǊƎȅ ŀǎǘǊƻǇƘȅǎƛŎǎΦ !ǎǘǊƻƴƻƳƛǎŎƘŜ bŀŎƘǊƛŎƘǘŜƴΣ оплόмπоύΣ орπофΦ 

ппΦ .ŀǊǊŜǘΣ 5ΦΣ !ƭōƻǳȅǎΣ ±ΦΣ IŜǊŘŜǊΣ WΦ ²Φ 5ΦΣ tƛǊƻΣ [ΦΣ /ŀǇǇƛΣ aΦΣ IǳƻǾŜƭƛƴΣ WΦΣ ΦΦΦ ϧ .ǊƛŜƴȊŀΣ 5Φ όнлноύΦ ¢ƘŜ !ǘƘŜƴŀ 

·πǊŀȅ LƴǘŜƎǊŀƭ CƛŜƭŘ ¦ƴƛǘΥ ŀ ŎƻƴǎƻƭƛŘŀǘŜŘ ŘŜǎƛƎƴ ŦƻǊ ǘƘŜ ǎȅǎǘŜƳ ǊŜǉǳƛǊŜƳŜƴǘ ǊŜǾƛŜǿ ƻŦ ǘƘŜ ǇǊŜƭƛƳƛƴŀǊȅ 

ŘŜŬƴƛǝƻƴ ǇƘŀǎŜΦ 9ȄǇŜǊƛƳŜƴǘŀƭ !ǎǘǊƻƴƻƳȅΣ ррόнύΣ отоπпнсΦ 

прΦ aŜƛŘƛƴƎŜǊΣ bΦ όнлмуύΦ ¢ƘŜ ǿƛŘŜ ŬŜƭŘ ƛƳŀƎŜǊ ƛƴǎǘǊǳƳŜƴǘ ŦƻǊ !ǘƘŜƴŀΦ /ƻƴǘǊƛōΦ !ǎǘǊƻƴΦ hōǎΦ {ƪŀƭƴŀǘŜ 

tƭŜǎƻΣ пуΣ пфуπрлрΦ 

псΦ C9ww!wL .!w¦{{hΣ [Φ όнлноύΦ ¢ƘŜ /ǊȅƻƎŜƴƛŎ !ƴǝ/ƻƛƴŎƛŘŜƴŎŜ ŘŜǘŜŎǘƻǊ ŦƻǊ !ǘƘŜƴŀ ·πLC¦Φ 

птΦ [ƻǩΣ {ΦΣ 5Ω!ƴŘǊŜŀΣ aΦΣ aƻƭŜƴŘƛΣ {ΦΣ aŀŎŎǳƭƛΣ /ΦΣ aƛƴŜǊǾƛƴƛΣ DΦΣ CƛƻǊŜǩΣ ±ΦΣ ΦΦΦ ϧ tƛǊƻΣ [Φ όнлнмύΦ wŜǾƛŜǿ ƻŦ 

ǘƘŜ ǇŀǊǝŎƭŜ ōŀŎƪƎǊƻǳƴŘ ƻŦ ǘƘŜ !ǘƘŜƴŀ ·πLC¦ ƛƴǎǘǊǳƳŜƴǘΦ ¢ƘŜ !ǎǘǊƻǇƘȅǎƛŎŀƭ WƻǳǊƴŀƭΣ флфόнύΣ мммΦ 

пуΦ tŜǘŜǊǎǎƻƴΣ {ΦΣ .ŀƎƭƛƴΣ WΦΣ IŀƳƳŜǊΣ ²ΦΣ ŘΩIŜǳǊƭŜΣ CΦΣ YǳŀƴΣ ¢Φ {ΦΣ hƘŘƻƳŀǊƛΣ LΦΣ ΦΦΦ ϧ ¢ƻǾŜΣ tΦ όмфтфύΦ CƻǊƳŀǝƻƴ 

ƻŦ ƛǊƛŘƛǳƳ ǎƛƭƛŎƛŘŜǎ ŦǊƻƳ LǊ ǘƘƛƴ ŬƭƳǎ ƻƴ {ƛ ǎǳōǎǘǊŀǘŜǎΦ WƻǳǊƴŀƭ ƻŦ !ǇǇƭƛŜŘ tƘȅǎƛŎǎΣ рлόрύΣ оортπоосрΦ 

пфΦ /ƻƻǇŜǊΣ [ΦΣ ϧ CŜƭŘƳŀƴΣ 5Φ όнллфύΦ .ŀǊŘŜŜƴπ/ƻƻǇŜǊπ{ŎƘǊƛŜũŜǊ ǘƘŜƻǊȅΦ {ŎƘƻƭŀǊǇŜŘƛŀΣ пόмύΣ спофΦ 

рлΦ tŀƴƴŜǝŜǊΣ .ΦΣ ϧ /ƻǳǊǘƻƛǎΣ IΦ όнлллύΦ !ƴŘǊŜŜǾ ǊŜƅŜŎǝƻƴ ŀƴŘ ǇǊƻȄƛƳƛǘȅ ŜũŜŎǘΦ WƻǳǊƴŀƭ ƻŦ ƭƻǿ ǘŜƳǇŜǊŀǘǳǊŜ 

ǇƘȅǎƛŎǎΣ ммуΣ рффπсмрΦ 

рмΦ /ŜƭŀǎŎƻΣ 9ΦΣ .ŀǊǳǎǎƻΣ [Φ CΦΣ 5Ŝ DŜǊƻƴŜΣ aΦΣ DŀƭƭǳŎŎƛΣ DΦΣ DǊƻǎǎƻΣ 5ΦΣ aŀƴŦǊƛƴŜǩΣ tΦΣ ΦΦΦ ϧ DŀǩΣ CΦ όнлнпύΦ 

{ǘǊǳŎǘǳǊŀƭ ŀƴŘ aƻǊǇƘƻƭƻƎƛŎŀƭ /ƘŀǊŀŎǘŜǊƛȊŀǝƻƴ ƻŦ LǊƛŘƛǳƳ ŀƴŘ LǊκ!ǳ CƛƭƳǎ ŦƻǊ ¢Ǌŀƴǎƛǝƻƴ 9ŘƎŜ 

{ŜƴǎƻǊǎΦ WƻǳǊƴŀƭ ƻŦ [ƻǿ ¢ŜƳǇŜǊŀǘǳǊŜ tƘȅǎƛŎǎΣ нмпόоύΣ мунπмуфΦ 
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ΝΝΡ 
 
 

рнΦ aƛŎƘŀƭŜǘΣ ·ΦΣ {ƛŜƎƳǳƴŘΣ hΦ IΦ ²ΦΣ ±ŀƭƭŜǊƎŀΣ WΦ ±ΦΣ WŜƭƛƴǎƪȅΣ tΦΣ aƛƭƭŀǳŘΣ WΦ 9ΦΣ ϧ ²ŜƛǎǎΣ {Φ όнллтύΦ 5ŜǘŜŎǘƻǊǎ ŦƻǊ 

ǎƛƴƎƭŜπƳƻƭŜŎǳƭŜ ƅǳƻǊŜǎŎŜƴŎŜ ƛƳŀƎƛƴƎ ŀƴŘ ǎǇŜŎǘǊƻǎŎƻǇȅΦ WƻǳǊƴŀƭ ƻŦ ƳƻŘŜǊƴ ƻǇǝŎǎΣ рпόнπоύΣ нофπнумΦ 

роΦ YƛǘŎƘƛƴΣ /Φ wΦ όнлнлύΦ !ǎǘǊƻǇƘȅǎƛŎŀƭ ǘŜŎƘƴƛǉǳŜǎΦ /w/ ǇǊŜǎǎΦ 

рпΦ .ŀǳǿŜƴǎΣ aΦΣ {ǘŀǾǊŀƪƻǳΣ ¢ΦΣ aǸƭƭŜǊΣ WΦ CΦΣ 5Ŝ {ƳŜŘǘΣ LΦΣ ±ŀƴ wƻƻȊŜƴŘŀŜƭΣ aΦΣ ±ŀƴ 5ŜǊ ²ŜǊŦΣ DΦ wΦΣ ΦΦΦ ϧ 

DǳŜƴǘƘŜǊΣ !Φ όнлмсύΦ bƛƴŜ ȅŜŀǊǎ ƻŦ Ǝƭƻōŀƭ ƘȅŘǊƻŎŀǊōƻƴ ŜƳƛǎǎƛƻƴǎ ōŀǎŜŘ ƻƴ ǎƻǳǊŎŜ ƛƴǾŜǊǎƛƻƴ ƻŦ haL 

ŦƻǊƳŀƭŘŜƘȅŘŜ ƻōǎŜǊǾŀǝƻƴǎΦ !ǘƳƻǎǇƘŜǊƛŎ /ƘŜƳƛǎǘǊȅ ŀƴŘ tƘȅǎƛŎǎ 5ƛǎŎǳǎǎƛƻƴǎΣ нлмсΣ мπпрΦ 

ррΦ .ŜǊƴƘŀǊŘΣ DΦ IΦΣ .ŀƛǎΣ !Φ CΦΣ !ǳŎŀƳǇΣ tΦ WΦΣ YƭŜƪƻŎƛǳƪΣ !Φ wΦΣ [ƛƭŜȅΣ WΦ .ΦΣ ϧ aŎYŜƴȊƛŜΣ wΦ [Φ όнлноύΦ 

{ǘǊŀǘƻǎǇƘŜǊƛŎ ƻȊƻƴŜΣ ¦± ǊŀŘƛŀǝƻƴΣ ŀƴŘ ŎƭƛƳŀǘŜ ƛƴǘŜǊŀŎǝƻƴǎΦ tƘƻǘƻŎƘŜƳƛŎŀƭ ϧ tƘƻǘƻōƛƻƭƻƎƛŎŀƭ 

{ŎƛŜƴŎŜǎΣ ннόрύΣ фотπфуфΦ 

рсΦ 5ŀōŀǎΣ wΦ {Φ όнлллύΦ LƻƴƻǎǇƘŜǊŜ ŀƴŘ ƛǘǎ ƛƴƅǳŜƴŎŜ ƻƴ ǊŀŘƛƻ ŎƻƳƳǳƴƛŎŀǝƻƴǎΦ wŜǎƻƴŀƴŎŜΣ рόтύΣ нуπпоΦ 

ртΦ {ŜƴΣ ½Φ όнллуύΦ {ƻƭŀǊ ŜƴŜǊƎȅ ŦǳƴŘŀƳŜƴǘŀƭǎ ŀƴŘ ƳƻŘŜƭƛƴƎ ǘŜŎƘƴƛǉǳŜǎΥ ŀǘƳƻǎǇƘŜǊŜΣ ŜƴǾƛǊƻƴƳŜƴǘΣ ŎƭƛƳŀǘŜ 

ŎƘŀƴƎŜ ŀƴŘ ǊŜƴŜǿŀōƭŜ ŜƴŜǊƎȅΦ {ǇǊƛƴƎŜǊ {ŎƛŜƴŎŜ ϧ .ǳǎƛƴŜǎǎ aŜŘƛŀΦ 

руΦ !ƭƭŀƴΣ wΦ tΦΣ ²ƛƭƭŜǧΣ YΦ aΦΣ WƻƘƴΣ ±Φ hΦΣ ϧ ¢ǊŜƴǘΣ ¢Φ όнлннύΦ Dƭƻōŀƭ ŎƘŀƴƎŜǎ ƛƴ ǿŀǘŜǊ ǾŀǇƻǊ мфтфςнлнлΦ WƻǳǊƴŀƭ 

ƻŦ DŜƻǇƘȅǎƛŎŀƭ wŜǎŜŀǊŎƘΥ !ǘƳƻǎǇƘŜǊŜǎΣ мнтόмнύΣ ŜнлннW5лостнуΦ 

рфΦ .ǳƭǳǎǳΣ !ΦΣ ϧ ²ŀƭƪŜǊΣ 5Φ DΦ όнллуύΦ wŜǾƛŜǿ ƻŦ ŜƭŜŎǘǊƻƴƛŎ ǘǊŀƴǎǇƻǊǘ ƳƻŘŜƭǎ ŦƻǊ ǘƘŜǊƳƻŜƭŜŎǘǊƛŎ 

ƳŀǘŜǊƛŀƭǎΦ {ǳǇŜǊƭŀǩŎŜǎ ŀƴŘ aƛŎǊƻǎǘǊǳŎǘǳǊŜǎΣ ппόмύΣ мπосΦ 

слΦ ²ǳΣ ²Φ tΦΣ ϧ /ƘŜƴΣ ½Φ CΦ όнлмтύΦ LǊƛŘƛǳƳ ŎƻŀǝƴƎΥ ǇǊƻŎŜǎǎŜǎΣ ǇǊƻǇŜǊǝŜǎ ŀƴŘ ŀǇǇƭƛŎŀǝƻƴΦ tŀǊǘ LΦ WƻƘƴǎƻƴ 

aŀǧƘŜȅ ¢ŜŎƘƴƻƭƻƎȅ wŜǾƛŜǿΣ смόмύΣ мсπнуΦ 

смΦ {ǘŜƭƭƘƻǊƴΣ !Φ όнлнмύΦ LƴǘŜǊǇƭŀȅ ƻŦ ǇǊƻȄƛƳƛǘȅ ŜũŜŎǘǎ ƛƴ ǎǳǇŜǊŎƻƴŘǳŎǘƻǊκŦŜǊǊƻƳŀƎƴŜǘ 

ƘŜǘŜǊƻǎǘǊǳŎǘǳǊŜǎ ό5ƻŎǘƻǊŀƭ ŘƛǎǎŜǊǘŀǝƻƴΣ 5ƛǎǎŜǊǘŀǝƻƴΣ w²¢I !ŀŎƘŜƴ ¦ƴƛǾŜǊǎƛǘȅΣ нлнмύΦ 

снΦ aΦ 5ϥ!ƴŘǊŜŀΣ /Φ aŀŎŎǳƭƛΣ {Φ [ƻǩΣ [Φ tƛǊƻΣ !Φ !ǊƎŀƴΣ DΦ aƛƴŜǊǾƛƴƛΣ DΦ ¢ƻǊǊƛƻƭƛΣ CΦ /ƘƛŀǊŜƭƭƻΣ [Φ CŜǊǊŀǊƛ .ŀǊǳǎǎƻΣ 

CΦ DŀǩΣ ŀƴŘ aΦ wƛƎŀƴƻ Ϧ¢ƘŜ ŜƴŘπǘƻπŜƴŘ ǎƛƳǳƭŀǘƻǊ ƻŦ ǘƘŜ !¢I9b! ·πLC¦ /ǊȅƻƎŜƴƛŎ !ƴǝ/ƻƛƴŎƛŘŜƴŎŜ 

ŘŜǘŜŎǘƻǊ ό/Ǌȅƻ!/ύϦΣ tǊƻŎΦ {tL9 молфоΣ {ǇŀŎŜ ¢ŜƭŜǎŎƻǇŜǎ ŀƴŘ LƴǎǘǊǳƳŜƴǘŀǝƻƴ нлнпΥ ¦ƭǘǊŀǾƛƻƭŜǘ ǘƻ DŀƳƳŀ 

wŀȅΣ молфол· όнм !ǳƎǳǎǘ нлнпύΤ ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмммтκмнΦолмттфп 


