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Abstract

Photon detection plays a crucial role in fundamental physics, serving as the cornerstone for
numerous experiments and groundbreaking discoveries. The detection and analysis of photons
are pivotal within this intricate field dedicated to uncovering the universe’s fundamental
constituents and their interactions. Due to their excellent detection capabilities, detector
technologies such as silicon photomultipliers and photomultiplier tubes are most frequently
utilized. However, these methods can be costly for large-scale measurement experiments.
Micro-pattern-gas-detector (MPGD) based photon detectors promise to be a good alternative
due to their simplicity of manufacturing at large scales. Due to this, numerous studies
have been conducted over the years with the goal of creating MPGD photodetectors, with a
particular emphasis on examining possible photocathode materials. In this thesis, diamond-
like carbon is investigated using two different measurement modes: transmissive mode and
reflective mode. In the reflective mode, copper plates coated with DLC were utilized to assess
the Quantum Efficiency (QE) of DLC. Surprisingly, the QE values for copper with and without
DLC coating proved identical, indicating the negligible impact of DLC in this measurement
configuration. In the transmissive mode, an Ar-CH4 (90-10) gas mixture, a multi-pad anode
with 64 individual pads, and two THGEMs are used. A DLC-coated MgF2 window is used as
the sample in transmissive mode. A QE value of 5.93(371)× 10−5 is reported.

iii



1 Introduction

Photon detection plays a crucial role in fundamental physics, serving as the cornerstone for
numerous experiments and groundbreaking discoveries. Within this intricate field dedicated
to uncovering the universe’s fundamental constituents and their interactions, the detection and
analysis of photons are pivotal. As elementary particles of light, photons are not only carriers
of the electromagnetic force but also bear vital information about particle interactions. They
are instrumental in particle identification, enabling the understanding of the particles involved
in various interactions, and play a critical role in energy measurement by revealing the energy
levels of particles through their detection.

Countless experiments utilize photodetectors; for example, the Super-Kamiokande uses
11146 individual photodetectors to detect Cherenkov radiation produced by neutrino inter-
actions [1]. Super-Kamiokande provided crucial data that allowed scientists to deepen their
understanding of neutrino oscillations the nature of atmospheric, solar, and astrophysical
neutrinos [1]. Similarly, photodetectors are used in cosmic-ray detection. The Pierre Auger
Observatory studies the highest-energy particles produced by cosmic-ray particles [2]. By
detecting and analyzing these particles, the Pierre Auger Observatory aims to expand the
comprehension of their origin and existence. Photodetectors are also used in experiments
related to dark matter searches, such as the XENON experiment. The XENON experiment is
a collaborative scientific effort aimed at the direct detection of dark matter, which is one of
the most significant mysteries in modern astrophysics and cosmology. XENON experiment
employs photosensors to detect faint scintillation signals produced by potential dark matter
candidates such as weakly interacting massive particles [3].

Especially in particle and nuclear physics, the demand for advanced large-scale photon
detectors resonates across diverse experiments, whether in colliders, fixed-target setups, or
low-energy nuclear physics. These detectors, pivotal for a myriad of applications, play a crucial
role in capturing elusive particles and deciphering the intricacies of fundamental interactions.
Notably, the necessity for reliable, cost-effective, and scalable photon detectors becomes even
more pronounced in experiments such as those involving RICH detectors, which are used for
particle identification at the LHCb experiment [4]. The overarching goal of our measurements
aligns with the imperative to contribute to the development of large-scale, economical photon
detectors—a pursuit with far-reaching implications for advancing the frontiers of experimental
physics.

1.1 Types of Photodetectors

In order to detect a photon, a photodetector converts incident photons into an electrical
signal. Thus making it possible to measure and analyze the properties of the light. To achieve
this goal, a range of photon detectors has been developed, each with distinct advantages and
disadvantages. These detectors include Photomultiplier Tubes (PMTs), which are efficient and
radiation hard but expensive; Avalanche Photodiodes (APDs), offering high sensitivity and
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speed but susceptible to noise and temperature fluctuations; and Silicon Photomultipliers
(SiPMs), which combine sensitivity, compactness, and low noise, thus emerging as a promising
choice for various experiments- yet they are not radiation hard. Additionally, photodetector
arrays provide spatial information, albeit potentially with lower sensitivity. It’s crucial to
highlight that our discussion covers only certain aspects of these detectors, offering a focused
viewpoint rather than a thorough analysis. The selection of the appropriate photon detector for
a given experiment hinges on factors like sensitivity, dynamic range, response time, scalability,
rate capabilities, and cost, necessitating careful consideration to ensure it aligns with the
specific requirements and conditions of the application.

1.1.1 Photomultiplier Tubes

Figure 1.1: Structure of photomultiplier tube with labeled components. Taken from [5]

A PMT is a non-thermionic vacuum tube, typically composed of glass, that transforms light
into an electric current that can be measured. PMTs are versatile and sensitive detectors that
amplify incoming photons using a cascading chain of electron multiplication [6]. It consists
of a photosensitive cathode at one end, which absorbs incoming photons and emits electrons
through the photoelectric effect. These emitted electrons are then accelerated and focused by a
series of dynodes, which are metal electrodes with increasingly positive voltages. As electrons
strike each dynode, they undergo multiplication through secondary emission, resulting in a
cascade effect that significantly amplifies the initial photocurrent. Finally, an anode collects the
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multiplied electrons, generating an output signal proportional to the incident light intensity.
PMTs are often housed in a vacuum-sealed glass or metal envelope to prevent interference
from external factors and maintain their high sensitivity to even very low levels of light. Figure
1.1 shows the structure of a typical PMT.

PMTs have an ultra-fast response and low noise with high gain, which makes them highly
efficient at detecting low-intensity light [7]. This makes PMTs suitable for applications such as
scintillation counters and Cherenkov detectors. But in terms of size, cost, and efficiency, PMTs
are getting close to their limits [6]. In contrast, multi-anode PMTs( MaPMT) offer a solution as
they can be stacked into groups called elementary cells to cover a large area [8] thanks to their
compact structure. Despite their advantages, it’s essential to note that PMTs and MaPMTs
operate in a vacuum, presenting challenges that contribute to increased production difficulty
and cost.

1.1.2 Avalanche Photodiodes

APDs are semiconductor devices used for high-sensitivity detection of photons, particularly
in applications like the detection of weak light signals, such as those produced in high-energy
particle interactions. Their structure, as shown in Figure 1.2, consists of a p-n junction, where
a heavily doped p-type region and a moderately doped n-type region are connected.

An APD exploits the photoelectric effect to convert light into electricity. From a functional
standpoint, they can be regarded as the semiconductor analog of PMTs. The working principle
of APDs is based on the avalanche multiplication effect [10]. When a photon with sufficient
energy strikes the APD’s absorption region, it transfers its energy to electrons within the
material, generating an electron-hole pair through the photoelectric effect [6]. Due to the high
electric field applied across the p-n junction (typically achieved by biasing the APD in the
reverse-biased mode), the generated electron undergoes impact ionization [10]. This means
that the electron gains enough energy from the electric field to collide with other atoms in
the semiconductor material, creating additional electron-hole pairs in a chain reaction. This
avalanche multiplication results in a significant increase in the number of charge carriers,
leading to a much higher photocurrent than the initial photon would produce alone. This
amplified current is then collected as the output signal.

However, APDs are prone to excess noise [11], primarily due to the stochastic nature of the
avalanche process during impact ionization. This noise can limit their performance, particularly
in low-light conditions. They require a relatively high bias voltage to maintain the electric
field needed for impact ionization. Managing these high voltages can be challenging and
requires specialized power supplies and voltage regulation. Furthermore, APDs are sensitive
to temperature variations; changes in the temperature can affect the breakdown voltage and
multiplication factor, leading to variations in their performance. While APDs are smaller than
some alternative detectors like Photomultiplier Tubes (PMTs), they are still relatively bulky,
which can limit their integration into compact and portable devices.
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Figure 1.2: Cross-section of an avalanche photodiode and its operating principle. Taken from
[9]

1.1.3 Silicon Photomultipliers

SiPMs are advanced solid-state detectors that combine the advantages of APDs with im-
proved noise characteristics [6]. They are designed to detect low levels of light with high
sensitivity and fast response times, offer high photon detection efficiency, and have a wide
dynamic range. SiPMs are increasingly popular in particle physics experiments.

A SiPM consists of a matrix of thousands to millions of tiny individual photodiode pixels,
all connected in parallel. Each pixel is a miniature photodiode with a silicon avalanche diode,
known as a single photon avalanche diode (SPAD), at its core. The pixels are closely packed
together on a low resistivity silicon strate, and each pixel is connected to a quenching resistor
and a shared readout circuit. The entire SiPM is typically sealed in a light-tight package [12].
The generic structure of the SiPM cell is presented in Figure 1.3.

When a photon strikes the silicon material within a pixel, it generates electron-hole pairs
through the photoelectric effect. If the photon’s energy is sufficient, these charge carriers can
trigger an avalanche breakdown in the SPAD. This avalanche process causes a rapid increase
in the number of charge carriers within the pixel, resulting in a detectable electrical signal.
SiPMs are designed to operate in Geiger mode, where each SPAD either entirely breaks down
or remains quenched. When a SPAD breaks down, it creates a distinct output pulse, indicating
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Figure 1.3: The generic structure of SiPM cell. Taken from [12]

the detection of a photon. The quenching resistor and shared readout circuit help reset the
SPADs quickly after each breakdown event, allowing the SiPM to detect successive photons
rapidly. The output of a SiPM is a series of discrete electrical pulses, and the number and
timing of these pulses correspond to the number and arrival times of detected photons.

Compared to conventional PMTs, the photoelectron gain in SiPMs is typically more de-
terministic, resulting in low or even negligible excess noise factor [6]. Despite that, SiPMs
have limitations, including dark counts causing noise, afterpulsing affecting timing, limited
dynamic range leading to saturation. Moreover, the SiPMs are prone to damage from radiation,
showing a decrease in gain up to 19% [13]. Furthermore, SiPMs are sensitive to temperature
[14]. They may require ambient cooling, while a PMT used in the same application may not,
increasing complexity and cost. Similarly, obtaining large active areas may be difficult due to
higher dark counts per area than in PMTs.

1.2 Gaseous Particle Detectors

Gaseous particle detectors are indispensable tools in nuclear and particle physics, as well as
in various radiation detection and measurement applications. These devices allow scientists to
identify, quantify, and characterize ionizing radiation from various sources, such as radioactive
materials or high-energy particle interactions. Their design and operation are grounded in
ionization and charge collection principles within a gaseous medium.

At their core, gaseous particle detectors utilize the interactions between ionizing radiation
and the atoms or molecules of the gas enclosed within the detector volume. As particles
traverse the gas volume, they transfer energy to the gas atoms or molecules, creating electron-
ion pairs. It should be noted that there are several mechanisms of energy loss. Nevertheless,
in the scope of this thesis, ionizing energy loss is the most relevant mechanism. The charged
particles created within the gas can be collected, amplified, and analyzed to gain information
about the incoming particle.

These detectors come in various designs and configurations, each tailored to the specific
requirements of the experiment. Some of the commonly used types are parallel-plate chambers,
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wire-counters, multi-wire proportional chambers, drift chambers, and time projection chambers.
Selecting a particular gaseous particle detector hinges on evaluating several pivotal factors.
The energy range of the particles under investigation significantly influences the choice, as
different detectors exhibit varying sensitivities across energy spectra. Sensitivity requirements
are also crucial, with some experiments necessitating heightened sensitivity to detect even
low radiation levels. In contrast, others prioritize a broader dynamic range or the capacity to
handle high particle fluxes. Moreover, the necessity for precise spatial resolution, especially in
contexts where the accurate localization of particle interactions is imperative, influences the
selection of detectors with superior spatial resolution.

1.2.1 Working Principle of Gaseous Detectors

Gaseous ionization detectors are radiation detection tools used to determine the existence
of ionizing particles by employing the ionizing effects of radiation using the gas within the
detector as a working medium. The process begins with releasing one or more ion–electron
pairs in gas as a particle traverses the detector volume. The number of pairs, as well as the
distribution, is dependent on the nature of the radiation and the properties of the chosen gas.
Furthermore, if the primary electrons possess sufficient energy, they can further ionize the gas
molecules, leading to a cascade of secondary interactions that increase the number of released
electrons. This phenomenon continues until the available energy loss is dissipated and the
various yields reach thermal equilibrium [15].

Once released into the gas, electrons, and ions may neutralize by colliding with the detector
or by recombining with one another. When an external electric field is applied, ion-electron
pairs separate and migrate towards the electrodes of the counter. Depending on the primary
ionization density and the gas, the required field strength for separation is typically a few tens
of V cm−1 in argon at standard pressure and temperature [15]. Once separated, electrons and
ions diffuse thermally within the gas volume, moving randomly due to molecular collisions,
with a constant velocity in the field’s direction known as drift velocity. Finally, the electrons
and ions drift into the electrodes of the detectors under the influence of the electric field, which
allows the detection via current measurement [16].

Energy loss within the gas

Various macroscopic mechanisms can be used to convert energy deposited into the medium
into a detectable signal. These mechanisms include scintillation in fluorescent materials,
condensation of droplets in saturated vapors, ionization, and emission of transition radiation.

The ionization component of energy loss is the main focus of this thesis’s considerations.
This is because, in gases, other processes such as excitation, scintillation, or luminescence often
yield low signal strengths, making them unsuitable for practical detection. Furthermore, some
of these processes generate photons, and to effectively detect them, one may need photon
detection techniques, which is ultimately the main point of this investigation. When charged
particles traverse a medium, they interact with the atomic electron clouds, leading to excitation
or ionization of the atoms [17]. These interactions involve electromagnetic forces between the
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charged particles and the surrounding medium, resulting in the maximum energy dissipation
within the medium [15]. The energy loss due to ionization is calculated using the Bethe-Bloch
formula, which reads as follows:

−
〈
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where β = v/c is the speed of the particle, ze the charge of the particle, n the electron
density and I the average excitation potential of the atoms[17].

Electrons and photons created by the primary interaction can interact with the medium
again, causing further excitation and ionization. Especially in composite materials, these
secondary mechanisms contribute to the overall photon and electron yield [15].

Ions and electrons released in gas by ionization quickly lose their energy in multiple
collisions with the surrounding particles and reach thermal equilibrium with the medium [15].

In the absence of external fields and inelastic collision, ions and electrons released in a
gas behave like neutral molecules. Therefore, their properties can be described by the classic
kinetic theory of gasses [15]. Maxwell-Boltzmann law states that the probability of a particle
or a molecule having an energy ϵ at the absolute temperature is

P(ϵ) = 2 ·
√

ϵ

π(kBT)3 exp
ϵ

kBT
(1.2)

where kb, is the Boltzmann’s constant. Therefore the average thermal energy, ϵ̄T is obtained by
integrating over the distribution.

ϵ̄T = kbT

At normal conditions, ϵ̄T = 0.025 eV see Figure 1.4.
One key distinction in the behavior of electrons and ions arises from the variance in their

mass. While their energy distribution adheres to the same fundamental laws, the notably
lower mass of electrons results in velocities that are orders of magnitude higher.

When an electric field is applied to the gas volume, a net movement of ions and electrons
parallel to the field direction is observed. Electrons move in the direction opposite to the
field whereas ions move in the direction of field vector. Because of their small mass, electrons
can substantially increase their energy between collisions with the molecules of the gas. In a
simple formulation, the electron drift velocity can be written as

w = k
eE
m

τ (1.3)

where τ is the mean time between collisions[18]. Nevertheless, this formulation is not encap-
sulating the whole physical phenomena because τ depends on the electric field [15], thus it
more convenient for qualitative considerations. Furthermore, the mean time between collisions
depends on the properties of the gas such as its composition and pressure. Electron drift
velocity in argon-methane mixtures at NTP is shown in Figure 1.5, which is the only gas used
in the scope of this thesis.
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Figure 1.4: Energy distribution of molecules and particles at normal conditions. Taken from
[15]

When an electric field on the order of a few kV cm−1 is applied, an increasing number of
electrons can gain enough energy- in between two collisions- to cause inelastic phenomena;
excitation of various kinds and ionizations.

At higher fields, the probability of ionization due to collisions increases and exceeds the
probability of excitation [15]. As a result, more electron-ion pairs are generated while the
primary electron continues its motion in the gas. The fundamental mechanism of signal
amplification in gas proportional counters occurs when the mean free path for ionizing
collisions is small in comparison to the thickness of the gas layer. This means that the
electrons quickly obtain enough energy from the electric field to ionize further, which causes
an electron-ion avalanche to grow quickly.

The mean free path for ionization, λ, refers to the average distance an electron has to travel
before having an ionizing collision [19]. Therefore its inverse, a = λ−1, is the average number
of collisions per unit track length. This term is also known as the first Townsend coefficient
and it is proportional to the ionization cross section [20]:

a = Nσi (1.4)

where N is the number of molecules per unit volume, and σi the ionization cross section.
Therefore, it is also evident that the Townsend coefficient is proportional to the gas density
and to the pressure.

Consider an electron, in a region of uniform electric field, one electron-ion pair will be
produced after it moves a mean free path. Then the two electrons continue moving generating
more electron-ion pairs and so on, which causes an exponential increase in the number of
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Figure 1.5: Electron drift velocity in argon-methane mixtures at NTP. Taken from [15]

electrons. Thus the number of electrons, n, is given as

n = n0eax (1.5)

where x is the path length, and n0 the initial number of electrons.

1.2.2 Gas Electron Multiplier

A type of gaseous particle detector is the gas electron multiplier (GEM) [15]. GEMs consist
of a thin, perforated, insulating material sandwiched between two metal layers. A typical GEM
is 50 µm thick and has holes with a pitch of 140 µm and a diameter of 70 µm [21]. These tiny
holes or channels, are distributed across the insulating material.

When charged particles, such as electrons, traverse the gas-filled chamber, they ionize the
gas, and these primary electrons mitigate towards the GEM. The primary electrons are then
drawn through the holes in the insulating material by an applied electric field. As these
electrons pass through the holes, they initiate a phenomenon known as electron avalanche
multiplication. This process results in a significant amplification of the original signal.

One of the key advantages of GEM detectors is their ability to provide high spatial resolution
and excellent sensitivity, making them valuable tools in various fields of research, including
high-energy physics, nuclear physics, medical imaging, and more. They are particularly well-
suited for experiments involving particle tracking and the precise measurement of ionizing
radiation.

One variation of GEM detectors, known as thick GEM(THGEM) detectors, uses the same
principle with thicker layers of metal and insulating [22, 23, 24]. THGEMs provide higher
gain and allow for better position resolution. Furthermore, they are more resilient compared
to their thinner counterparts. Ease of production is also a factor that needs to be taken
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into consideration when it comes to manufacturing a detector. GEMs are produced using
a photolithography process and electrochemical etching of the metal and insulator layers,
whereas THGEMs are made by milling holes in a PCB plate. A typical THGEM has a thickness
of 0.2 - 1 mm, a hole diameter ranging between 0.2 - 1 mm, and a hole pitch of 0.5 - 1 mm [25].
The energy resolution of THGEM for 6 keV x-rays closely parallels that of GEM; however, there
is a clear difference in the localization precision, with THGEM exhibiting a comparatively
inferior performance in this regard [26]. With their improved resilience and ease of production,
THGEM detectors are especially suitable for experiments that do not require very precise
localization resolution [26] and intend to cover a large region.

Working principle of GEMs

The insulation layer between the metal plates on the GEM enables the application of different
potentials to each plate. This difference in the applied potential of the metallic electrodes
creates a field between the plates which is concentrated in the holes of the GEM,due to the
geometry of the structure, as shown in Figure 1.6. Electrons released in the drift region
drift towards the holes due to the electric field. As they pass through the hole, they acquire
sufficient energy to cause ionization with the molecules of gas filling the structure. The charge
amplification occurs within the holes, and most of the electrons generated in the avalanches
transfer into the region below the GEM’s holes [15]. The electrons leaving the multiplication
region can be collected by an electrode or injected on to another GEM to further amplify the
signal. The literature reports successful configurations involving the use of GEMs for signal
amplification, with evidence demonstrating effective functionality for setups comprising up to
five layers [27].

Each hole of the GEM operates independently as a self-contained proportional counter—a
distinctive design feature made possible by the shielding mechanism that isolates each hole
from its neighboring counterparts [28]. This intentional insulation serves to safeguard the
integrity of the counting and amplification processes taking place within each GEM aperture.
Furthermore, due to the high number of holes per unit area on the GEM, the gain is not
affected by space charge up to very high radiation fluxes [15].

The spatial distribution of charged or ionized particles produced by incident particles
interacting with a medium is referred to as an ionization pattern. In the context of GEMs and
particle detectors, the ionization pattern is the arrangement or pattern of ionization tracks left
by the charged particles as they pass through the gas-filled chamber. The very high spatial
resolution that GEMs offer comes in handy in this regard at this means they can precisely
record the positions of clusters of primary ionization events created by charged particles.
GEM detectors are designed with a uniform electric field and precise geometry, which helps
maintain the integrity of the ionization pattern. By preserving the ionization pattern, GEM
detectors can accurately reproduce the paths taken by the incident particles as they traverse
the gas chamber. This high spatial resolution is crucial in applications where tracking and
characterizing the trajectories of particles are essential. The amplification does not significantly
alter the spatial distribution of the ionization, meaning the original ionization pattern remains
intact but with a greatly enhanced signal.
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Figure 1.6: Electric field in the region of the holes of a GEM electrode. Taken from [21]

Figure 1.7 shows schematics of a single GEM detector with a two-dimensional readout, the
anode. The collection of electrons generates the signal on the anode. The slow-moving ions
are gathered on the surface of the GEM. Nevertheless, due to capacitive coupling across the
induction gap between the pad plane and the THGEM, there is a small contribution of ions to
the signal, known as ion tail [29].

Figure 1.7: Schematics of single GEM detector
with two-dimensional readout. Taken from
[21]

Furthermore, the detector design incorpo-
rates a low field between the multiplying and
sensing electrodes. This deliberate reduction
in the field strength between these two key
components serves a critical purpose in the
measurements. The low field gap decreases
the likelihood of a discharge event propagat-
ing toward the sensitive readout electronics.
Discharge events, which can involve the sud-
den release of electrical energy or the move-
ment of charged particles, pose a potential
risk to the integrity of the detector and its as-
sociated electronics. They can result in both
immediate damage and long-term degrada-
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tion of the equipment.
Yet another essential component of the

GEM-based detectors is the gas employed. It is pivotal to consider the gas properties because
the choice of gas within the detector plays a crucial role in optimizing its operational efficiency.
The gas used in the detector usually consists of counting and quenching gasses. Counting
gasses predominates the composition of this mixture. Counting gasses are chosen such that
they have a high ionization probability to create and amplify electrons. Noble gases, such as
Argon, fulfill this condition due to their electron configuration.

Nevertheless, it is not desirable to use noble gases only because the deexcitation of atoms,
which are excited due to the interactions, can cause further signal generation. One method
for quenching these discharges is adding a small amount of organic gas, such as methane,
to the chamber, which is called quenching gasses [30]. The addition of the quenching gases
introduces more degrees into the system and allows the photon, emitted through deexcitation,
energy to be converted into vibration. The specific composition of the gas contributes to the
detector’s ability to accurately capture and amplify signals while mitigating potential risks
associated with discharge events and false signals.

1.3 Photocathodes

A photocathode is a specialized surface engineered to utilize the principles of the photo-
electric effect. This fundamental process enables the efficient conversion of incident photons,
which carry electromagnetic energy in the form of light, into emitted electrons. The unique
properties and materials used in photocathodes make them integral components in a wide
range of applications, including but not limited to detectors, sensors, imaging devices, and
photodetectors. The design, composition, and performance characteristics of photocathodes
are of particular interest in detector physics as they directly influence the efficiency, sensitivity,
and performance of light-based measurements and detection systems.

Photocathodes often consist of alkali metals with very low work functions or semiconductors
with negative electron affinities, such as GaAs, GaInAs, and GaInAsP [31]. CsI stands
out for its superior quantum efficiency and responsiveness to vacuum-UV and ultraviolet
light [32]. Bialkali materials, such as SbKCs, are used in PMTs, exhibiting a broad spectral
response. Furthermore, specialized versions, such as multialkali and extended red multialkali
photocathodes, enhance sensitivity in the visible and near-infrared domains, widening the
scope of photodetector capabilities [33, 34].

Photocathodes exhibit a range of distinctive properties that are pivotal to their function in
converting incident photons into emitted electrons. These properties include spectral response,
quantum efficiency, electron yield, and temporal response. Spectral response refers to the
photocathode’s sensitivity to different wavelengths of light, enabling the selective detection of
specific ranges of the electromagnetic spectrum. Not every incident photon on a photoemissive
material causes electron emission. The ratio of the number of emitted electrons to the number of
incident photons is defined as the quantum efficiency (QE) [35]. QE quantifies the effectiveness
with which photons are converted into electrons, a key factor in maximizing the sensitivity of
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Figure 1.8: Spectral response curves for various typical photocathode materials. Taken from
[31].

photodetectors. Figure 1.8 shows the QE of some photocathode materials.
Electron yield measures the total number of emitted electrons per incident photon with

the consideration of the QE of the photocathode, influencing the overall signal strength.
Additionally, the temporal response characterizes the speed at which the photocathode can
generate electrons in response to light stimuli, which is crucial for applications requiring
high-speed or time-resolved measurements. An in-depth understanding of these properties is
essential for tailoring and optimizing photocathodes to specific experimental requirements
and applications.

1.3.1 Photoemission

The electronic properties of ordered, crystalline solids are determined by the electronic band
structure of the solid in question [36]. For UV and X-ray excitation, the phenomenological
three-step model can be used to explain the photoemission mechanism [37]. Absorbed photons
impart some of their energy to the electrons in the material. Then, energized electrons diffuse
through the material. Electrons lose some of their energy to collision as they move through the
material. Lastly, electrons reaching the surface with sufficient excess energy can escape from
the material. Figure 1.9 shows a descriptive sketch of the three phases of the three-step model.

Photoemission

When light is incident on a semi-transparent surface, which is the characteristic of the
photocathodes used in this thesis, only a fraction of photons impart their energy to the
electrons in the material. The photons that do not impart their energy are either reflected
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Figure 1.9: Photoemission described by three-step model. Taken from [35]

from the front or back of the layer or pass through it and, therefore, do not contribute to the
photoemission. Flux absorption as a function of the distance from the surface is given by the
general equation

dϕp(ν, x)
dx

= −α(ν)Γ(x)ϕp(ν, x) (1.6)

where α(ν) is the absorption coefficient of the material, and the complex function Γ(x) takes
the reflections from both surfaces into consideration[35]. The absorption coefficient depends
on the energy of the photons and the properties of the material.

In a slice with thickness dx, the number of electrons, n, excited by the transfer of photon
energy is proportional to the flux absorption.

dn
dx

= −αe
dϕp(ν, x)

dx
(1.7)

where the proportionality is represented by the αe term [35].

Electron diffusion

The energy-loss mechanism controlling an excited electron’s journey to the photocathode’s
surface determines the likelihood that it will be released. Depending on the properties of the
photocathode, this process is different. For example, the procedure for a photocathode that is
a semiconductor differs from the metal one.

The conduction band of semiconductors is nearly empty, and the probability that excited
electrons will collide with other free electrons while diffusing through the conduction band is
very low. Therefore, the energy loss is mainly due to the creation of phonons and is very low
[35]. Thus, excited electrons can travel relatively long distances through the material before
reaching thermal equilibrium. Due to the existence of an energy barrier at the surface of the
semiconductor, electrons in thermal equilibrium are impossible to emit; only the ones that
have retained an excess of energy can escape into the vacuum.
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Surface barrier

The Fermi level, E f , is in the forbidden band in semiconductors. The valence band- with the
upper limit Ev- is almost completely full, whereas the conduction band- with a lower limit
Ec- is almost empty. Therefore, for photoemission to occur, the electrons in the valence band
should gain sufficient energy to overcome the band-gap energy, Eg, and the electron affinity,
EA, of the conduction band [35]. Thus, the photoemission threshold of a semiconductor, W, is
given as follows:

W = Eg + EA (1.8)

This threshold is also called the work function of the surface.
Given the specific conditions influencing photon absorption and the inherent energy losses

experienced at each stage of the photoemission process, it is important to note that the QE is
always less than one. Several factors contributing to this phenomenon are the wavelength of
the incident light and the composition and thickness of the photoemissive material.

1.4 THGEMs for Photodetection

In the pursuit of advancing the capabilities of photodetection systems, the synergistic inte-
gration of photocathodes and GEMs emerges as a promising avenue for achieving heightened
sensitivity and precision. This approach capitalizes on the distinct advantages of photocath-
odes in efficiently converting incident photons into electrons and the amplification capabilities
of GEMs in boosting the ensuing electron signal. Furthermore, the utilization of a THGEM
instead of a GEM also allows the production of more stable and resilient detectors. The
amalgamation of these components holds significant potential, particularly in applications
that demand a huge detection area. However, realizing this potential requires a meticulous
exploration of the feasibility, challenges, and opportunities inherent to the combination of
photocathodes and THGEMs for photodetection. Studies have investigated the application
and the properties of coated THGEMs in photodetection scenarios [38, 39]. Building on the
knowledge obtained from investigations into the properties and applications of THGEMs in
photodetection, THGEMs are actively employed in detectors such as COMPAS RICH-1 and
HADES RICH [40, 41, 42].

The basic working principle of a THGEM-based photodetector is shown in Figure 1.10. A
photon enters the detector and passes through a mesh. Although the mesh is not a necessity
for the system, it acts as a barrier for unwanted particles which could cause noise in the
detector. Then, the photon interacts with the photosensitive layer, ejecting an electron from the
surface. For this reason, the choice of the photocathode material plays a crucial role so that
the photons of the measurement can impart enough energy to overcome the work function
of the surface. The primary electrons drift in a moderate electric field towards the GEM and
are sucked into the GEM holes, where the field is higher as a result of the geometry of the
THGEM. Within the holes, the high field leads to the avalanche multiplication. The amplified
electrons exit the GEM hole. Depending on the number of primary electrons ejected, further
multiplication might be needed, in which case multiple layers of THGEMs could be used
as described previously. Lastly, after sufficient amplification of the initial signal, an electric
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Figure 1.10: Working principle of photodetector with photocathode coated GEM. Taken from
[43]

field moves the electrons to the anode. The systems employing GEMs and THGEMs share
virtually identical configurations, see Figure 1.7, with the sole differentiator being the type of
gas electron multiplier utilized.
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2 Experiment

2.1 The Detector

In this investigation, all the measurements take place in an aluminium vessel. The vessel
has a volume of around 7 liters. The vessel and components fixed to it are shown in Figure
2.1. It is consists of two pieces; a body and a lid. An O-Ring is placed between the lid and the
main body to ensure better seal for the vacuum. Furthermore, the lid and the body feature
matching holes, through which threaded rods are inserted. These threaded rods, which can be
seen in the Figure 2.1, serve a dual purpose: they secure the lid to the body, and they ensure
alignment between the two components.

Figure 2.1: The detector vessel and parts fixed on it.

The experimental setup comprises a lamp integrated into the vessel lid, with a connection
mechanism featuring a lever that can be used to block the light. As a light source a Hamamatsu
H2D2 unit L15094 is used. Figure 2.2 illustrates the spectral distribution, directivity -light
distribution-, and light irradiation range of the deuterium lamp. The wavelength spectrum of
the used deuterium lamp has a peak for wavelengths around 161 nm due to the built-in MgF2
window [44].

The vessel also has a manometer fixed onto it which is used to gauge the pressure inside
the vessel. Moreover, 8 SHV feedthroughs are connected to the vessel wall which allows the
connection of electrodes to the measurement devices.

Quantum efficiency of a photocathode is defined at certain wavelenghts of light. Because
of that it is benefical to add a filter to the opening of the monochromatic light source. In
this setup there is a filter wheel located underneath the detector vessel lid for the filtration
of certain wavelengths,the filter wheel is shown on Figure 2.3. The filtration wheel has holes
wherein the different optical windows can be placed. The position of wheel can be adjusted
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Figure 2.2: Technical information of the lamp: Wavelength distribution (left), directivity (mid-
dle), and light irradiation range(right). Taken from [44]

using the knob fixed to the lid, this allows the filter to be changed without opening the lid.
The filters present on the wheel and their position in degrees are shown on Table 2.1.

Filter 192 nm 171 nm SiO2 CaF2 None, smal None, big Closed
Position [degrees] 82 124.5 170 220 226 313 356

Table 2.1: Types of filters on the wheel and their position

In the context of the experimental configuration, the vessel described earlier is an integral
component. Its interaction with the overall setup is crucial as it houses the THGEMs, when
used, photocathode and the readout system. The detector vessel forms an essential element
in overall experimental framework. Figure 2.4 provides a comprehensive overview of the
operational setup employed in the experimental configuration. The gas bottle in the figure
contains a mixture of Ar and CH4 in a 90-10 ratio. In this mixture, Ar is used as the
counting gas, whereas CH4 is the quenching gas. Additionally, the figure highlights essential
instruments: the Keithley electrometer, the pA-meter, the vacuum pump for maintaining
controlled conditions, and the high voltage supply. Finally, the FPGA board is a pivotal
element responsible for controlling and processing data within the experimental framework.
As a whole, these components, thoughtfully illustrated in Figure 2.4, collectively constitute the
operational core of our research setup, facilitating precise and controlled experiments essential
to the investigation.

The vessel detector houses a modular rig which allows the different setups to be used
for measurements. In the scope of this thesis two primary modes of measurement are used:
Reflective mode and transmissive mode. Transmissive quantum efficiency measurement
assesses how efficiently a material or device converts incident light that passes through it into
an electrical current. It’s particularly relevant for photodetectors and solar cells. On the other
hand, reflective quantum efficiency measurement evaluates the same property in a different
configuration. These measurements provide insights into the effectiveness of materials and
devices for their intended applications.
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Figure 2.3: Filter wheel removed from the detector vessel lid

2.1.1 Reflective Mode

In the reflective mode, the readout is located on top of the measured sample. The setup
sketch can be seen in the left side of the Figure 2.5. From top to bottom, the setup consists of
an aperture, a wire mesh, a wire plane, the sample, and the sample holder. The specific design
of the sample holder varies based on the sample in use, a detail to be elaborated shortly. The
aperture is placed at the top, serving to maintain the illumination area constant while allowing
us to gauge the performance of the incident light.

Beneath the aperture, a wire mesh is strategically positioned. Its primary function is to act
as a filter, effectively preventing ions and electrons from traveling downward and interfering
with the measurements. This is crucial for ensuring the accuracy of our data.

Directly below the wire mesh, a wire plane is located, to which the pA-meter is connected.
The purpose of this wire plane is to facilitate the measurement of electrons ejected from the
sample during the experiment.

2.1.2 Transmissive Mode

Measurements in transmissive mode employ amplification, as the primary electrons cannot
create a measurable signal by themselves. Therefore the detector is filled with gas during
transmissive mode measurements. In this thesis, the choice of gas for our gaseous particle
detector system is Ar-CH4 (90-10) , where methane serves as the quenching gas. The same
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Figure 2.4: General setup used in the experiment

gas mixture, with a different ratio, is also used in COMPAS RICH because it ensures effective
extraction of photoelectrons from the photocathode [45] The selection of this specific gas
mixture is pivotal in determining the performance and safety of the detector. CH4, in its role as
a quenching gas, plays a multifaceted role in the operation of the detector. Its primary purpose
is to ensure the safety and stability of the detector by promptly stopping any ongoing discharge
or electrical breakdown. Additionally, CH4 contributes to controlling the recovery time of the
detector, preventing saturation, and maintaining the efficiency of particle interactions. This
controlled and deliberate choice of quenching gas is instrumental in achieving the precise and
reliable results necessary for our experimental objectives.

In the transmissive mode, the arrangement of layers differs significantly, as seen in the right
side of Figure 2.5. The sequence from top to bottom is designed to serve distinct purposes.

Starting at the top, we have the sample holder, which plays a vital role in securing the
sample in place. Additionally, it applies the necessary pressure to ensure a reliable connection
with the sample. This connection is crucial for photocathode to work properly.

Directly below the sample holder, two GEMs, THGEM 1 and THGEM 2, are positioned.
These GEMs serve to amplify the primary electrons ejected by the sample. Their amplification
function is of paramount importance as it enables detection and measurement of faint signals
that would otherwise be unmeasurable. Lastly, at the bottom of the layer sequence, we find
the pixel pad, which acts as the readout. The pixel pad not only allows us to measure the
strength of the signal but also pinpoints its location precisely.

The unique configuration of layers in the transmissive mode optimizes the experimental
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Figure 2.5: Paths taken by electrons and ions released from the hole of the aperture (left) and
above the mesh plane (right).

setup for measuring and analyzing the sample’s characteristics, ensuring both the reliability
and precision of the data collected.

During initial setup tests, it was observed that frequent discharges were occurring within
the detector. Within this configuration, there exists a potential risk of discharges occurring
between these layers, posing a threat to the integrity of the detector. To mitigate this risk, we
have implemented a protective measure by connecting 10 MΩ resistors to the both sides of the
THGEMs. While this addition does not diminish the likelihood of a discharge, it effectively
prevents continuous discharges by extending the time required for the electrodes to recharge.

2.1.3 The Readout System

In our experimental setup, we employ different readout anodes for transmissive and reflec-
tive modes to meet specific measurement requirements. The wire plane is used for reflective
mode, while the pad plane is dedicated to transmissive mode. These anodes are integral
components for detecting and recording particle interactions with the detector. The following
sections provide detailed insights into the wire plane and pad plane, highlighting their distinct
functions and roles in our research.

Wire plane

The wire plane, a fundamental component of our reflective measurement configuration,
consists of a square PCB frame, see Figure 2.6 . Spanning across this frame are a network
of fine wires, meticulously arranged to cover the empty region. These wires are intricately
connected to gold strips on the PCB, creating a conductive pathway. The gold strips then link
the wire plane to the pA-meter through a 10 MΩ resistor. This carefully designed setup serves
the crucial function of detecting electrons ejected from the sample positioned below the wire
plane.

The selection of the wire plane as the anode for reflective measurements is guided by the
unique demands of this mode. In reflective measurements, the incident light originates from
above, necessitating the use of a transparent or transmissive anode that allows the incoming
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Figure 2.6: Wire plane consisting of wires placed across a Kapton frame

photons to penetrate. Simultaneously, this anode must possess the capability to efficiently
detect and record electrons emitted from the sample situated below. The wire plane, with its
transparent design and adeptness at capturing and transmitting the electron signals, aptly
fulfills these specific requirements. Its sensitivity and structural compatibility make it the ideal
choice for our reflective measurement setup. Nevertheless, it should be noted that this choice
also has its shortcomings for example with this configuration there is no space resolution for
the signal.

Pad plane

In the transmissive setup of the experiment, a multi-pad anode is employed due to its
structural advantages. This configuration enables the measurement of signals at various
positions by reading out individual pads. The use of a multi-pad anode provides the flexibility
to capture and analyze signals from different locations, contributing to a more comprehensive
understanding of the experimental outcomes

In order to have spatial resolution and improve performance of the detector a new anode,
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designed by Leonardo Bugia [46], is utilized instead of the wire plane. The new multi-pad
anode is then assembled with new connectors providing the flexibility to modify connections
from outside the detector vessel. Figure 2.7 show the new multi-pad anode.

Figure 2.7: A picture of the new Multi-Pad-Anode design on Autodesk Fusion360 (left) and
the anode installed in the detector vessel (right)

As mentioned previously, the new anode design aims to enable us to change the cables
within detector without compromising the vacuum or the inert gas environment within the
detector. For this reason the side panel of the vessel is modified. Four Sub-D-25 connectors
are connected to the bottom of the anode to read each pad individually. These connectors
are then connected to gas-tight Sub-D-25 feed-through connectors, embedded into the side
panel modified for this purpose. The modified side panel and the mapping of the pad plane is
presented in Figure 2.8. This configuration allows the measurement of the individual pads
without opening the chamber.

Figure 2.8: Modified side panel of the detector vessel (left) and the mapping of the anode(right)
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Figure 2.9: Interior of the coating chamber with an inserted THGEM (left), and a picture taken
during the coating procedure where the blue glowing circle is the CsI pill(right).
The right side picture is taken from [47]

2.2 Sample Preperation

2.2.1 CsI Coated Sample

The THGEMs are coated with cesium iodide at a clean room facility in the physics depart-
ment at the TUM. The THGEMs used during this bachelor’s thesis have a total area of 18 ×
18 cm2. They are made out of 500 µm layer of FR4, a base material made from epoxy resin and
glass fabric composite, copper layers coated with 5 µm thick gold layer. The active area of the
THGEM is 11.3 × 11.3 cm2 and is divided into 37.5 cm sections, with a hole to surface ratio of
0.2267.

The deposition of CsI layers is performed in a high-vacuum environment by electron beam
evaporation from a pressed tablet of CsI powder, called a CsI pill. Therefore, the coating
procedure takes place in a vacuum chamber. The THGEM that will be coated is put in a
chamber upside down. The air inside the chamber is pumped out. The CsI pill, which is
located underneath the THGEM, is heated and evaporated onto the surface via electron beam
operation. A picture of the coating chamber with the CsI pill is shown in Figure 2.9. An
aperture is located between the THGEM and the CSI pill this limits the coating are to be two
rectengles located on different sections with an area of 2 x 4 cm. The coated region on the
THGEM can be seen on Figure 2.10. The details of the coating procedure at the TUM facility
are explained in detail in papers regarding the coating of the HADES RICH mirrors [48]. It
should also be noted that, in the scope of this thesis, heat treatment, which improves the
quality of the photocathodes [43], is not performed.

2.2.2 Diamond-like Carbon (DLC) Coated Sample

Thin carbon films can be produced using different methods such as evaporation-condensation,
laser plasma ablation-deposition, and glow discharge in ethene gas [49]. The samples, made at
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Figure 2.10: CsI coating on the THGEM

TUM, are produced with laser plasma ablation-deposition.
Firstly, a carrier is prepared by applying a betaine solution to a glass plate. The solution

dries, resulting in small betaine crystals growing on the substrate. Then, the betaine layer is
covered with 100 µg cm−2 of copper. This extra layer makes it possible for the deposited carbon
film to be released from the substrate, which is known to be an issue for films deposited with
high laser beam intensities [50].

The carrier is then placed inside a vacuum chamber with a graphite target. Once the air
within the chamber is pumped out and a high vacuum is established, the graphite target is
radiated by a pulsed nd:YAG laser. A hot plasma is induced by irradiating the target material,
which ablates the graphite.

Following the deposition of single atoms onto the carrier, a combination of sp2 and sp3
hybridized carbon emerges. Within the DLC, a substantial fraction of sp3 type C bonds are
present [51].

Once the DLC layer is formed, it needs to be removed from the carrier materials to be
transferred onto experimental samples. The glass plate is immersed in distilled water, which
causes the betaine layer to dissolve. This process releases the layer of copper with DLC from
the glass plate. Then, the copper layer is dissolved in nitric acid, leaving the DLC layer behind.
Figure 2.11 illustrates the successive steps involved in the isolation of the DLC layer. Lastly,
this layer of DLC can be transferred onto the carrier- a frame or a metal plate- to be used in
the experiment.

Within the experimental framework, our self-prepared samples, detailed in the preceding
section, are complemented by MgF2 windows coated with DLC. These windows are produced
by CERN.

2.2.3 Sample Holder

We employ varying sample holder designs, tailoring each to the specific requirements of the
sample under investigation. The sample holder must meet specific essential criteria regardless

25



Figure 2.11: Glass plate in water (left) and carbon layer on copper in nitric acid (right). Taken
from [52]

of the sample type. Firstly, it must ensure the stable and consistent positioning of the sample
during every measurement, eliminating variations in the sample’s location that could introduce
inaccuracies.

Additionally, the sample holder plays a pivotal role in facilitating the connection between
the sample, the power source, and the pA-meter. This connection is crucial for enabling the
photocathode to function as intended. The absence of a reliable connection compromises
the entire measurement process, a fact validated through preliminary testing. Therefore, the
sample holder’s design and performance are fundamental to the experiments’ success and
accuracy.

Figure 2.12: Different sample holder types: sample holder for metal plates (left), sample holder
for the frames (middle), sample holder for glass window (right)

Within this thesis, three different sample holder types, shown in Figure 2.12, were used. For
the first type, a plastic plane with a groove holds the plate in a fixed position for DLC coated
metal plate, and a hole on the plane secures the metal plate onto the sample holder. The screw
also holds the cable that connects the metal plate to the pA-meter.

The second type addresses DLC stretched across frames with varying thicknesses. An 18 ×
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18 cm2 plastic plane is used, featuring holes beneath the lamp opening that serve as fixtures
for diodes. This configuration allows for the determination of DLC thickness-dependent light
transmissivity.

The third type is tailored for insulating materials like DLC or CsI-coated MgF2. It consists
of two sand-brushed aluminum plates with grooves to hold the glass window. These plates
are securely fastened together with screws and spacers. The spaces ensure that a constant
pressure is applied to the sample. A cable is fixed to the aluminum plate to connect the
photocathode with the power source and the pA-meter. This design accommodates the unique
challenges posed by insulating materials, allowing for precise measurements and accurate
data acquisition.

2.3 Simulation

In this study, we delved into the properties of the reflective mode by using a 3D model
and various simulation software; COMSOL Multiphysics and Garfield++. Our pursuit of
understanding is driven by the challenge of balancing accuracy with computational feasibility.
Consequently, our model introduces simplifications, such as rescaled wire planes and substi-
tuted wire meshes, addressing the complexities that could otherwise overwhelm simulation
programs. As we undertake this investigation, our objective is to reveal the intricacies of the
reflective mode’s behavior across diverse voltage conditions. Our focus involves a detailed
analysis of the electric fields within the setup, closely examining how the system responds to
subtle adjustments in key parameters.

2.3.1 Building the Model

The individual layers of the detector are made using Autodesk Fusion360. For the most
part, the model is a one-to-one replica of the setup. Nevertheless, simplifications to the model
geometry were made to overcome computational constraints. Figure 2.13 shows a rendering of
the model created on Fusion 360 without the mesh itself.

The aforementioned simplifications are made on two different layers of the detector: the
wire plane and the wire mesh. Firstly, the size of the components of the wire plane is increased
while keeping the ratio of the dimensions between the pieces constant. For example, the wire
pitch is increased to 1.25 mm from 1 mm. Notably, the intricate 18 µm stainless steel wire mesh,
a crucial element of the actual setup, posed a computational challenge. The mesh plane used
in the experiment consists of an interwoven wire mesh, with a wire thickness of 18 µm and
wire pitch 45 µm, sandwiched between two Kapton frames. Due to its intricacy, any attempt
to create a one-to-one copy of the wire mesh exceeded the capabilities of both the design
software and the simulation program. Therefore, the wire mesh is substituted with a more
computationally friendly square plate with periodic square holes.
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Figure 2.13: A rendering of the model where the layers are put in their proper order

2.3.2 Simulating in COMSOL

COMSOL Multiphysics is a finite element analysis, solver, and simulation software package
for various physics and engineering applications. COMSOL can create physics-based models,
and various physical parameters can be simulated using this model. After creating the 3D
model in Autodesk Fusion 360, it was imported into COMSOL Multiphysics to analyze the
electric fields within the setup under varying voltage conditions.

Once the model is constructed in COMSOL, the components of the model are assigned their
respective materials, giving them their physical properties. All electrodes were assigned as
copper, the insulator layers and frames with Kapton, and the rest of the volume as argon gas.
This assignment of material also allows the relative permittivities of the material to be imputed
into the model which is crucial information for Garfield++. The relative permittivities are set
to 1, 4, 1e10 for argon, Kapton, and copper respectively. The next step is to define the electric
potentials of the electrodes with the use of the electrostatics module included in the COMSOL.
This module allows the user to select surfaces of the model and assign electric potentials to
them.

Figure 2.14: Example field configuration on COM-
SOL

After the properties of the detector
and the associated fields are all de-
fined, one can start the calculation of
the fields. It is also possible to per-
form a parametric sweep by assigning
parameters to the predefined values.
This allows us to adjust multiple pa-
rameters at a time and investigate all
the possible combinations with these
parameters. Nevertheless, increasing
the number of combinations causes
the calculation time to rise exponen-
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tially. Therefore, the number of pa-
rameters during a sweep is kept low.
Then, COMSOL creates an electric field map of the defined geometry. An example of a field
map was plotted with field lines in Figure 2.14. COMSOL also creates the necessary files for
the Garfield++; the mesh of the detector, and field information.

Firstly, we conducted an assessment of the impact of the aluminum vessel containing the
detector on the overall measurement accuracy. Specifically, we investigated whether the walls of
the detector introduced interference, potentially influencing the measurements. The simulation
results revealed that in the proximity of the measurement region, the edge effect was found
to be negligible. Armed with this understanding, we implemented a mirror-symmetric basic
volume of the model in the simulation. This adjustment not only substantially alleviated the
computational burden but also expedited the simulation runtime, all the while preserving the
precision and reliability of the obtained results.

Moreover, it is possible to calculate the electric field at a specific point inside of the detector.
Combined with the parameter sweep, this allows us to gauge the strength of the electric field
components and their sum depending on the configuration. The results of such sweep showed
that, between the wires, the total field strength is dominated by the component horizontally
perpendicular to the orientation wires, which is expected as the experimental setup aims to
collect electrons at the wires.

The simulation in COMSOL provided valuable insights into the distribution and intensity of
electric fields within the reflective mode setup. We systematically adjusted the voltage settings
and explored how different parameters influenced electric field patterns and strength. This
comprehensive analysis serves as a crucial foundation for understanding the system’s behavior
in response to varying voltage inputs.

2.3.3 Simulating in Garfield++

Garfield++ is an object-oriented toolkit designed for detailed particle detector simulations,
focusing on ionization measurements in gases or semiconductors. Its capabilities include
calculating electric fields using solutions in the thin-wire limit, interfaces with finite element
programs, and connections to tools like Synopsys Sentaurus and neBEM field solver[53].
Moreover, Garfield++ possesses advanced visualization capabilities, allowing for the creation
of compelling visual representations that illustrate the intricate dynamics simulated within the
particle detector, see Figure 2.15 for example.

Three essential files are required to execute a simulation in Garfield++: a mesh file, a field file
from COMSOL, and a dielectrics file- manually inputted material properties. The dielectrics
file specifies the number of materials, their relative dielectric constants, the number of domains,
and a list of domain indices with corresponding material indices.

Once the dielectrics file is imported to Garfield++, the mesh file- containing the geometric
structure of the detector- and the field file- delineating electric field distributions under various
conditions- are also imported into Garfield++. This integration lays the foundation for the
continuation of the simulation process, as it capitalizes on the detailed information generated
by COMSOL.
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Figure 2.15: Contour of the electric fields within the detectors measurement region in reflective
setup

With the requisite files in place, the simulation is initialized within Garfield++. Configu-
rations are set to define parameters such as the properties of the gas within the detector, the
starting point of the electrons, ion transport properties, and electron collision rates.

Electron avalanches are simulated using a microscopic Monte Carlo method based on the
electron-atom and electron-molecule cross-sections in the database of the Magboltz program
[53]. The algorithm inputs the collision rates as a function of the electron’s kinetic energy
for each scattering mechanism that can take place in the gas. The user can set the maximum
energy; for avalanche calculations, the electron energy is chosen between 50 eV to 200 eV.

Within the examination of the behavior of electron-ion pairs, as depicted in Figure 2.16,
two graphs outline the trajectories of electrons and ions within the detector. The simulations
show a distinct pattern: electrons situated above or within the aperture gravitate towards it for
absorption to the aperture. At the same time, ions are purposefully guided towards the mesh,
effectively stopping their reach to the readout electronics. This underscores the critical role of
the mesh in sculpting the trajectories of particles within the detector setup and ensuring that
no unwanted particle reaches the readout electronics.

In our exploration to ensure the detector operates as intended, we deliberately varied field
configurations for electrons. This deliberate implementation of various configurations served
a dual purpose: firstly, it aimed to confirm the expected behavior established during the
detector’s design phase. Additionally, during practical measurements, certain configurations
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Figure 2.16: Paths taken by electrons and ions released from the hole of the aperture (left) and
above the mesh plane (right).

exhibited outliers. Simulations were conducted to determine whether these outliers were rooted
in hardware limitations or inherent physical phenomena. Remarkably, the simulations revealed
no noticeable differences in the trend for the different configurations, strongly suggesting
that any observed variations during measurements were more likely attributed to hardware
abnormalities than genuine physical phenomena.

In Figure 2.17, a comprehensive portrayal of electron paths unfolds, providing valuable
insights into the behavior of electrons released at various heights within the detector. Notably,
electrons released beneath the wire plane at a height of 6 mm exhibit a distinctive pattern: they
are uniformly drawn towards the wire plane. This observation suggests minimal to no loss in
registering electrons ejected from the sample, affirming the robustness of the measurement
process.

The remaining sections of the detector reveal a noticeable trend in electron movement.
Electrons positioned above or within the aperture undergo redirection toward the aperture,
indicating a deliberate mechanism preventing their entry into the detector volume. Similarly,
electrons released between the aperture and the mesh plane follow a path leading them
towards the aperture. This alignment with the aperture’s influence is crucial, as it suggests
that the measurements are unlikely to be influenced by external electrons.

In the vicinity slightly above the mesh, a nuanced behavior is observed. Some electrons
are directed upward, while others are guided toward the wire plane. This dual trajectory
aligns with expectations, considering the pronounced strength of the electric field in the region
between the mesh and the sample. This intricate interplay of electron paths, as illustrated
in Figure 2.17, provides a comprehensive visual understanding of the detector’s response to
electrons released at different heights, further validating the reliability of the measurement
setup.

Integrating Garfield++ with COMSOL Multiphysics expands the study’s scope, providing
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Figure 2.17: Path of the electrons released from different heights within the detector. The
purple line shows the height from which the electron is released in the simulation.
Note that the purple lines are added in photoshop.
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a nuanced understanding of the reflective mode’s underlying physics. This combination
leverages the unique strengths of each simulation tool, establishing a solid foundation for a
holistic investigation into the reflective mode’s properties.

2.4 Measurement Procedure

2.4.1 Determination of Quantum Efficiency in Reflective Mode

To calculate the quantum efficiency, QE, we need to determine the ratio of emitted electrons
from the photocathode and the number of photons incident on the photocathode.

The number of incident photons can be extracted using a reference measurement with a
diode whose QE is known. This measurement is made with a Thorlab FGAP71 diode with an
active area of 2.5 × 2.5 mm2. The diode is placed on the sample’s location, ensuring that the
distance to the lamp is the same. Every other electrode is left in its original place; thus, we can
assume that the same number of photons will hit the unit area.

The reference measurement begins by starting the vacuum pump and leaving it to pump for
several hours to reach a pressure around p = 5 × 10−6 mbar within the detector vessel. Then,
the filter knob is adjusted to 124.5◦, which puts the 171nm filter underneath the lamp. After,
the electrodes are connected to the high-voltage power supply through the pA-meter, whereas
the diode is connected to the Keithley electrometer. Once the proper voltages are applied- 5 V
to the diode, −350 V to the aperture- the lever on the lid is closed, blocking the light. It takes a
couple of minutes for all current values to settle. After that, the software calculates the mean
value of the offset for each current, and the recorded values are corrected for the offset. The
fields between the electrodes are kept constant, and the current on the diode is measured. This
measurement allows the photon rate on the diode, Rph, to be determined with Equation (2.1)

Rph =
Idiode

e · QE
(2.1)

where e is the electron charge and the QE the quantum efficiency of the diode. At a
wavelength of around 161 nm the quantum efficiency of the diode is (8 ± 1)%.

In optical measurements, the solid angle is essential for accurately characterizing light
intensity falling on a detector. The solid angle, denoted by Ω, is a measure of the spatial extent
of a light source as perceived from a specific point, typically the location of the detector. When
performing reference measurements with a diode to determine the photon rate of the active
area, correcting for the geometrical factor is crucial to obtaining precise results. The solid
angle accounts for the three-dimensional spread of light rays emitted from the source and
intercepted by the diode. It is particularly relevant when dealing with non-point light sources
or when the light distribution is not uniform, which happens to be the case for the deuterium
lamp; see Figure 2.2. The solid angle correction is integral to compensate for variations in the
incident angle of light on the detector’s active area. Mathematically, the solid angle is defined
as the ratio of the subtended area, A, at the center of the sphere to the square of the radius, r:

Ω =
A
r2 (2.2)

33



in this case r is the distance to of the diode and the sample. For both cases the distance is
(296 ± 4)mm. This means the photon rate on the active are of the sample is given as follows

RPC
ph = Rph ·

ΩPC

Ωdiode
(2.3)

The ratio between number of electrons released from the photocathode per second, Ne, to
the photon rate incident on the photocathode gives the QE for that wavelength. Thus the QE
of the photo cathode is given by the following equation:

QE =
Imeas

e

RPC
ph

=
Ne

RPC
ph

. (2.4)

Every uncertainty provided in this bachelor’s thesis is calculated with the use of the Gaussian
error propagation as described on [54].

2.4.2 Effective Gain in Transmissive Mode

Gain is the ratio between the number of primary electrons and the number of electrons after
amplification. However, not all amplified electrons reach the anode; for example, some are
collected by the amplification system. Because of this, it is beneficial to introduce effective gain,
Ge f f . The absolute gain considers the total number of amplified electrons, whereas the effective
gain only considers the amplified electrons that reach the anode. Therefore, the effective gain
could be calculated with the following equation:

Gain =
Ianode

Iprimary
(2.5)

where Ianode, Iprimary are the measured current on the anode and the current due to primary
electrons.

The system’s effective gain depends on the configuration of the potentials applied to
the individual layers. Using a source with known properties allows the calculation of the
primary current, which means the effective gain of the particular field configuration could be
determined by measuring the current on the anode. By using the same configuration in the
measurement with the photocathode the primary current can be determined, which cannot
me directly measured with the transmissive setup. The direct measurement of the primary
current proves challenging due to its exceedingly small magnitude, rendering it beyond the
detection capabilities of the pA-meter. Moreover, attempting such measurements faces the
additional obstacle of the signal being submerged beneath the inherent noise of the detector.

In order to determine the gain, we used as our source 55Fe isotope, which is known to decay
into 55Mn, by capturing electrons, and emits mostly X-rays with an energy of 6 keV [55].

2.4.3 DLC on a Frame

In measuring DLC transparency, the experimental setup involves securing the diode to the
sample holder hole and applying a 5-volt voltage to activate the diode. This diode is connected
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to the pA-meter, where the current on the diode can be measured to determine the intensity of
the incident light. The change in intensity is observed by placing the DLC sample between the
light source and the diode.

Careful placement of the DLC sample at the center of the sample holder is crucial for
measurements because the samples consist of a thin layer of DLC stretched across a frame. The
structure of the samples makes them extremely fragile and prone to ripping, so much so that
they can tear if they are moved through air too fast. An aperture is positioned on top of the
sample holder to ensure consistency. The aperture is also connected to the pA-meter. When the
light is incident on the aperture, a positive current is measured, which can be used to gauge
the lamp’s output. This ensures that the subsequent measurements are comparable, as the
comparison is only valid if the lamp’s output does not vary significantly. Simultaneously, the
DLC sample is placed on the sample holder, aligning it appropriately for the measurements.

The experimental setup involves creating a vacuum and adjusting the filter wheel to position
a 171 nm filter underneath the lamp. This specific wavelength is critical for determining the
quantum efficiency of DLC at 161 nm. Software calibration follows, wherein the lever on the
lid is closed to block light. After a settling period, the software calculates the mean value of
the offset for each current, correcting the recorded values.

Current measurements are then conducted using the diode, reflecting changes in light
intensity attributed to the presence of the DLC layer. The procedure is repeated for DLC
samples with varying thicknesses: empty frame, 3 µm, 4 µm, 6 µm, 8 µm, and 20 µm. After
changing each sample, a waiting period is introduced, allowing the vacuum pressure to
stabilize before initiating the subsequent measurement. Throughout the experiment, pressure
control is maintained at an average of 6.33 × 10−6 mbar.

2.4.4 DLC on Metal

The primary objective of these measurements is to determine the QE of the DLC. In pursuit
of this goal, measurements are conducted with coated and uncoated copper samples, providing
a comparative analysis of their QE values. Notably, preliminary measurements indicated
that the surface finish of the metal affects the QE. To mitigate this impact, all measurements
utilize plates that have undergone sand-blasting, as this surface treatment demonstrated the
highest QE values in preliminary assessments. This consideration ensures a standardized and
optimized approach in evaluating the quantum efficiency of the DLC-coated metal sample.

The DLC-coated metal samples, produced at TUM as previously described, are positioned
in the designated slot on the sample holder. A screw is then employed to securely attach a
cable, ensuring both the sample and cable are fastened to the sample holder. Following this,
the remaining components of the detector are assembled on top of the sample holder, adhering
to the configuration described in earlier sections with a gold anode added added underneath
the sample holder.

All electrodes and the sample are connected to the pA-meter through the SHV feedthroughs
embedded in the wall of the detector vessel. The lid is then sealed, and the experimental setup
is allowed to reach a low pressure of approximately 5 × 10−6 mbar.

Voltage is applied to the electrodes in distinct configurations, the names of the respective
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Electrode Current Voltage

Aperture Iaperture Uaperture

Mesh Istop Ustop

Wire plane Iwire Uwire

Sample holder IDLC UDLC

Anode IGT UGT

Between electrodes Electric field

Aperture and mesh Esuck

Mesh and wire plane Estop

Wire plane and sample holder Edri f t

Sample holder and anode Eind

Table 2.2: The variable names; the measured currents and the supplied voltage of each electrode
(left). The names of the electric field between the respective electrodes(right).

fields, voltages and currents are shown on Table 2.2. In total, a set of measurements consists of
13 variations. Once the current stabilizes, the light source is activated, and the lamp is allowed
to attain optimal operating temperature before measurements begin.

The calibration process, detailed in earlier sections, is executed to ensure accurate readings.
This involves closing the lever, initiating a settling period, and calculating the mean offset for
each current, correcting recorded values. Then the entire measurement process including the
calibration is iterated for each of the 13 distinct configurations.

2.4.5 Transmissive mode

In the transition from the reflective to the transmissive mode, signal amplification becomes
crucial as primary electrons alone lack the strength to generate measurable signals. To address
this, the detector is filled with a specific gas mixture, Ar-CH4 (90-10), where methane serves as
the quenching gas. The configuration of layers in the transmissive mode differs significantly
from the reflective way, as depicted on the right side of Figure 2.5. The details of the setup
are as described previously. The amplification with this setup is crucial for detecting and
measuring faint, unmeasurable signals.

The amplification process heavily relies on the gas within the detector. Therefore, the
flushing procedure is vital for transmissive mode measurements. Firstly, the air within the
detector vessel is evacuated using a vacuum pump. Afterward, the detector lid is fixed to
the body using six wing nuts. Then, the inlet valve of the detector is open, allowing the flow
of Ar-CH4 at a controlled flow rate of 10 liters per hour. After reaching near atmospheric
pressure, the outlet valve of the vessel is opened. This allows the gas to flow through the
detector without the outside air flowing back from the outlet valve. A waiting period of at
least 15 minutes ensues, ensuring stability of measurements post-flushing. For measurements
involving a radioactive source (iron-55), an overnight flush replaces the air due to the source’s
sensitivity to low pressure.

The measurement procedure for CsI-coated THGEM involves replacing the sample holder
with a wire plane and the CsI-coated THGEM in place of the first THGEM. Voltage con-
figurations specified in the first column of Table 2.3 are applied; these values are chosen
after a series of measurements to optimize the gain without causing discharges. The gain
of the configuration used for this measurement is lower than the other configuration. This
is done because the CsI is a better photocathode than DLC; therefore, using the higher gain
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Field / Voltage Low Gain High Gain

Drift field 0 V cm−1 0 V cm−1

THGEM 1 ∆V 750 V 1000 V
Transfer field 1800 V cm−1 1800 V cm−1

THGEM 2 ∆V 900 V 800 V
Induction field 2000 V cm−1 2000 V cm−1

Ground 0 V 0 V

Table 2.3: Two main voltage configurations used primarily in the thesis. The high gain and
low gain are determined experimentally as a result of optimization.

configuration resulted in more frequent discharges. Then, the whole pad plane is scanned,
and the measurement order is shown in Figure 2.18. By following a consistent measurement
order, we not only standardize the measurement procedure, thus decreasing the variation
between measurements, but we also decrease the susceptibility of the measurements to the
time-dependent fluctuations of the lamp output.

Figure 2.18: Measurement order used during the total scan of the pad plane in the transmissive
mode

Moving to measurements withMgF2 glass coated with DLC, both of the specified voltage
configurations in Table 2.3 are applied, and signals from the pads are measured. These mea-
surements followed the depiction on the right side of Figure 2.5. During these measurements,
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a diode is placed next to the hole of the sample holder. This allows us to accommodate for
the fluctuations of the lamp’s output. The initial measurements showed that the currents
were stabilized after approximately thirty minutes. After the stabilization of the signals, the
pads underneath the sample, wherein the DLC layer looks down, are scanned. After this, the
sample holder is taken out of the detector, the screws are removed, and the DLC is flipped.
Then, the exact measurements are made with the DLC layer looking up. Continuing from the
measurements with the flipped DLC-coated sample, the focus shifts to a comparative analysis.
By exploring data from both orientations—facing downward and upward—we aim to identify
the influence of the transmissive properties of DLC, primarily focusing on the QE of DLC.
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3 Results and Discussion

3.1 Transparency of DLC

One fundamental property of a photocathode is its ability to transmit light. The investigation
revealed a pronounced dependency on the thickness of the DLC layer. Quantitative measure-
ments demonstrated this correlation, with transparency showing a tangible variation based on
DLC thickness. The baseline measurement, conducted with an empty frame, yielded a current
reading on the diode of (2.157 ± 0.006) nA. Subsequent measurements with the DLC-coated
diode, denoted as (Idiode, resulted in a reduced current of (4.029 ± 0.080) × 10−2 nA. For
enhanced clarity, Figure 3.1 illustrates the normalized light transmission normalized to the
reference measurement obtained from the empty frame. In Figure 3.1, it should be noted that
the error bars associated with the data points are smaller than the size of the data markers.
Despite their minimal visibility on the graph, these error bars have been included to represent
the precision of the measurements.

Figure 3.1: Transmission of the DLC with respect to the thickness of the layer. Note that, the
error bars are included in the graph but the error bars associated with the data
points are smaller than the size of the data markers.

The thicknesses explored ranged from an absent DLC layer of 0 to 20 micrometers. Notably,
as the DLC layer thickness increases, there is a consistent decrease in light transmission. This
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trend is visually evident in the data, with a particularly noteworthy observation at 20 microm-
eters, where the transmission is measured at 1.69 percent of the reference measurement. The
unitless nature of the transmission ratio, ranging from 1 to zero, underscores the progressive
reduction in light transmission with increasing DLC thickness. While a precise mathemati-
cal trend or best-fit model has not been determined at this stage, the visual representation
underscores the inverse relationship between DLC thickness and light transmission. It is
worth noting that all known experimental factors have been carefully controlled, enhancing
the reliability of these observed trends.

The observed inverse relationship between DLC layer thickness and light transmission
carries significant implications for its application as a photocathode, particularly in trans-
missive mode measurements. The absence of industry standards in this context underscores
the pioneering nature of this research, which aims to establish fundamental properties of
DLC for use in photocathodes. The practical implication of the trend is crucial for detectors
utilizing transmissive mode measurements. As demonstrated, an increase in DLC thickness
corresponds to a decrease in light transmission. Therefore, detectors employing transmissive
mode measurements should exercise caution in selecting DLC layer thickness for optimal per-
formance. The layer should have a sufficient thickness so that the light interacts with the DLC
instead of passing through it. Moreover, in the absence of established standards, this research
serves as a foundational step toward defining optimal DLC characteristics for photocathode
applications. The lack of predefined thickness ranges emphasizes the pioneering nature of
this study, positioning it as a cornerstone in establishing guidelines for DLC implementation
in such contexts. While the study does not offer a specific thickness recommendation, it
prompts further considerations for the potential use of DLC as an alternative to conventional
photocathode materials. Future research exploring variations in DLC layer thickness could
provide valuable insights into optimizing performance for specific applications.

3.2 DLC on Copper

Figure 3.2 illustrates the measured currents at each electrode as a function of the increasing
electric field Edrift in the vacuum conducted with the 171 nm filter. This measurement aims to
quantify the number of photoelectrons departing from the photocathode.

When a negative electric field is present between the sample holder and wires, emitted
photoelectrons move away from the photocathode toward the wires, resulting in a positive
current on the sample, IDLC. This positive current corresponds to the number of emitted
photoelectrons. Similarly, the negative current, Iwire, at the wires should also reflect the
number of emitted photoelectrons. However, this correlation is not exact in a vacuum due
to the high velocities that electrons can reach, which can lead them to bypass electrodes
without being collected. This phenomenon is particularly evident when comparing IDLC and
Iwire in Figure 3.2, especially at relatively higher fields. In the low drift field (approximately
−150 V cm−1) region, the absolute values of these two currents align, as expected. Each electron
leaving the top side of the sample drifts toward the wires and is detected there as a negative
current. Conversely, at high drift fields, the electrons accelerate to velocities that prevent their
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Figure 3.2: Currents at each electrode plotted against the drift field. The measurement are
made in vacuum with the 171 nm filter. The sample is the DLC coated copper plate

collection at the wires.
In order to determine the QE of the sample, the plateau region at higher fields is used as

the electron ejection saturates. Therefore, it is safe to assume that this region will have the
highest QE possible for the sample. The IDLC at the saturated region (0.1395 ± 0.0027) nA.
Thus, the QE for DLC and copper combined can be calculated using the previously explained
equations. The QE of the DLC and copper combined is determined to be (1.6 ± 0.2)× 10−5.
In the measurements without the coating, the result remained consistent at 1.6 × 10−5. This
parity in measurements led us to conclude that the reflective setup employed in this instance
was insufficient for accurately determining the QE of the DLC. In response to this observation,
we subsequently implemented a transmissive mode with amplification to enhance the signal.

3.3 Transmissive Mode

Since the measurements with the reflective mode could not determine the QE of the DLC,
a switch to the transmissive mode, where the signal is amplified, was necessary. Our initial
measurements involved comparing the signals obtained from a CsI-coated THGEM and a
non-coated THGEM. By subtracting one from the other, we aimed to determine whether the
detector could effectively reveal the impact of the coated region.

However, during the measurements, an unexpected increase in all currents on the active
pads and the ground pad surrounding the 64 pads was observed. Despite further investigation,
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the source of this increase has yet to be determined. Furthermore, the normalization of pad
currents to the ground current proved insufficient, as the rate of change is not constant.

It is essential to acknowledge that the current state of our findings renders a quantitative
comparison unfeasible. The unforeseen variations in currents and the challenges in normal-
ization prevent us from providing precise quantitative assessments. However, despite these
limitations, we have successfully conducted a qualitative comparison, allowing us to discern
and analyze broader trends and patterns in the data.

A heat map resulting from the qualitative assessment can be seen on the right side of Figure
3.3 where the difference between the measurements with the coated THGEM and uncoated
THGEM is presented. The shape is as expected as the light source can be seen as a point-like
radiator emitting light in all directions, and even with the subtraction of background, the effect
of CsI coating is observable. The intensity on a point in space is indirectly proportional to the
square of the distance from the source. The projection of the coated region can be seen on the
left side of Figure 3.3.

Figure 3.3: The projection of the coated region to the pad plane indicated by the yellow outline
(left), heat map of the pad with coated THGEM with subtracted background( right).

Some outlier pads are observed, such as pad A5, see Figure 2.8, where the current is
measured despite the activity in the adjacent pads. This lack of signal was not a reoccurring
effect as it changed from measurement to measurement. It is currently under investigation
due to suspicion of a connection issue in the readout system cabling.

Once we established that the transmissive setup was capable of measuring the difference
caused by the photocathode’s presence. We switched to measurements using the DLC sample
provided by CERN. Figure 3.4 shows the projection of the DLC-coated region on the pad
plane.

To enhance clarity and account for the detector’s error margin of 0.001, the color scale in
the measurement plot shown on the right side of Figure 3.4 begins from 0.002 rather than 0,
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Figure 3.4: Projection of DLC coated region on the pad plane highlighted by the yellow
circle(left) and the heat map of the pad current difference between the measurments
with DLC looking down and up(right). Note that the scale of the figures are set
higher than the measurement precision of the detector.

ensuring a more visually distinct representation of current values on individual pads.
Once again, the region underneath the DLC coating can be distinguished. Following this,

the gain of the setup is determined with the 55Fe source. The gain is calculated as (9.84 ± 6.15).
Nevertheless, the result is internally consistent. A notable example is the observation of a higher
current on the bottom of THGEM 2 before the introduction of the induction field, aligning
precisely with the literature since the electron extraction efficiency is less than unity [56]. This
internal consistency underscores the reliability of the measurements despite the higher-than-
desired error margin. The unusually high error primarily attributed to the limited height of
the detector vessel. Due to the setup’s dimensional limits, the distance between the source and
the first THGEM is less than a centimeter, which decreases the number of electrons generated
as result of the sources decay. The minuscule magnitude of the primary current generated
by the source contributes significantly to the elevated error in the measurement. Despite the
elevated error, efforts were made to capture the data under challenging circumstances, and
subsequent analyses should be approached with awareness of this inherent variability.

After determining the gain of the particular configuration, the number of photons illuminat-
ing the DLC-coated sample is estimated using Equation (2.3). Then, the primary electron rate
is determined by dividing the registered current by the gain of the configuration. Lastly, using
Equation (2.4) with these calculated values allows the determination of the QE of DLC in trans-
missive mode. The QE of the DLC sample is, therefore, estimated to be (5.93 ± 3.71)× 10−5.
Due to the substantial error in the gain measurement, the overall result is also characterized
by a significant degree of uncertainty.

Furthermore, we conducted repeated measurements employing various filters shown in Table
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2.1; however, the signal generated with the DLC-coated sample proved too faint for accurate
measurement. Despite employing different filters to optimize the conditions, the inherent
nature of our experimental setup led to a signal that fell below the detectable range. This
limitation highlights the challenges associated with measuring extremely low-intensity signals
and emphasizes the sensitivity of the detection system to variations in sample properties.
Further investigation with filters would require a setup with higher gain.

Throughout the measurements, a notable phenomenon emerged as a temporal evolution
in the current on the individual pads. This intriguing behavior is vividly depicted in Figure
3.5, where the currents on the pads exhibit a tangible change over time. The same trend can
be observed even when the pad current is corrected with respect to the lamp’s output using
the diode current. This overarching trend could be an indication of the DLC-coated sample
charging up with time and, therefore, changing the electric field around itself.

Figure 3.5: Pad current with respect to time, and pad current corrected with respect to the
lamp’s output using the diode
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4 Conclusion

In the course of the thesis, different modes of measurement- reflective mode and transmissive
mode- were used in order to investigate the properties of DLC regarding the detection of
UV light. The UV transmissivity of DLC with respect to the thickness of the DLC layer is
investigated. It was measured that a layer of 20 µm thickness causes the transmission of light
to drop to 1.69 %. This suggests that the DLC layer of a detector needs to have sufficient
thickness to work efficiently.

Simulations were carried out to examine the behavior of the reflective mode. The paths
of ions and electrons within the detector volume have been simulated. This computational
analysis served as a confirmation of the system’s integrity and functionality. The simulation
involved varying field configurations to ensure consistent electron movement toward the
readout anode, unaffected by different settings. Furthermore, visualizations of the simulations
provided insights into the spatial distribution of particles within the detector, offering a
comprehensive understanding of their behavior.

In the reflective mode, copper plates coated with DLC were employed to measure the QE of
the DLC. The QE determined for the combination of DLC and copper is (1.6 ± 0.2)× 10−5,
while for copper alone, it is also (1.6 ± 0.2)× 10−5. Notably, the identical QE values for copper
with and without DLC coating suggest that the impact of the DLC coating is not discernible in
this measurement configuration.

Then, the measurements were conducted in transmissive mode with the Ar-Ch4 (90-10)
gas mixture. The transmissive mode utilizes a multi-pad anode as the readout anode, which
allows the measurement of 64 individual pads. Furthermore, the spatial granularity of the
multi-pad anodes allows the distinction between signal and background contribution. The
application of CsI-coated THGEM is instrumental in evaluating the detector’s ability to
distinguish and analyze the influence of a photocathode coating. However, during these
measurements, an unexpected increase in the currents on the active pads and ground is
observed, which renders a quantitative analysis unfeasible. The reason for this change
in currents is currently unknown, and this aspect warrants further investigation to gain a
comprehensive understanding. Nevertheless, a qualitative analysis is performed that shows
the effect of the coated region.

Subsequently, the gain of the transmissive setup is determined. For this, the primary current
generated by an 55Fe is compared to the current on the active readout pads. The gain is
calculated as (9.84 ± 6.15). The confined setup limits the distance between the source and
the first THGEM, reducing the number of generated electrons. This minimizes the primary
current, contributing to a higher measurement error. Acknowledging the limitations of this
aspect, further investigation is warranted to enhance the precision of the results.

Lastly, the coated THGEM is replaced by an uncoated one, and the DLC coated MgF2 is
used with the corresponding sample holder. The effect of the DLC coating is observed both
qualitatively and quantitatively. The QE of DLC is estimated to be (5.93 ± 3.71)× 10−5. Due
to the substantial error in the gain measurement, the overall result is also characterized by a
significant degree of uncertainty.
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In summary, the research carried out in the context of this thesis illustrates that the transmis-
sive mode proves effective for investigating the properties of DLC. However, to obtain more
precise results, further in-depth investigations are warranted. Additionally, it is noteworthy
that the insights gained from this study pave the way for potential applications of DLC in
future MPGD-based detectors.
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C. Chatterjee, A. Cicuttin, P. Ciliberti, et al. “The MPGD-based photon detectors for
the upgrade of COMPASS RICH-1 and beyond”. In: Nuclear Instruments and Methods in
Physics Research Section A: Accelerators, Spectrometers, Detectors and Associated Equipment
936 (2019), pp. 416–419.

[42] K. Zeitelhack, A. Elhardt, J. Friese, R. Gernhäuser, J. Homolka, A. Kastenmüller, P. Kienle,
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