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Abstract

The Tangerine group at DESY, Hamburg, investigates the potential of Monolithic Active Pixel
Sensors (MAPS) manufactured in a novel 65 nm CMOS imaging process with small collection
electrode design, as a candidate technology for vertex and tracking detectors in future lepton
collider experiments. One of the activities undertaken to explore the technology is the char-
acterisation of prototypes through the analysis of test beam measurements. The device under
test in this thesis is the Hybrid-to-Monolithic (H2M) chip. The investigated property is the
active thickness of the sensor. This is done via the so-called grazing angle method, in which
information about the charge collection as a function of depth inside the sensor is generated
through the use of ionizing particles impinging the sensor under shallow angles. This concept
is practically realized through the conduction of test beam measurements, and a two-step data
analysis procedure, in which �rst the data were organized and then charge collection pro�les
were constructed, displaying the amount of collected charge as a function of depth inside the
sensor. The total active thickness is found to be approximately 13 µm, of which � 2 µm corre-
sponds to an incomplete collection close to the sensor surface, followed by � 6 µm of uniform
collection and � 5 µm of exponentially decreasing collected amount of charge. The impact of
several chip parameters on the active thickness is investigated. Backside thinning to 25 µm, im-
pinging the sensor from sensor surface or backside, varying hit detection threshold, and changes
in applied sensor bias voltage are all found to not signi�cantly in
uence the active thickness of
the sensor. The results furthermore validated the function of the threshold and ToT calibration
procedure to correct for non-linear electronics responses.
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Disclaimer

Large language models (LLMs), such as ChatGPT of OpenAI, were used to assist in improving
the clarity and structure of the written text, as well as to support the development and re�ne-
ment of analysis code used to construct most of the plots represented in the thesis. All �nal
content, interpretations, and conclusions remain the responsibility of the author.
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1. Introduction

Throughout human history, there has always been a quest to comprehend the fundamental
components of the Universe and the laws that govern its behaviour. This human curiosity has
driven the development of numerous theories to explain experimental observations and inspired
experiments to validate theoretical predictions. Since the late 1800s, this interplay between
theory and experiment has been present in particle physics, beginning with what is considered
the birth of the �eld of particle physics: J.J. Thomson's discovery of the electron in 1897 [1].
Over the following century, an ever-growing number of particles were predicted and discovered.
Groundbreaking insights into the fundamental forces governing the interactions between the
particles were made. Finally, in 2012, the Higgs boson was discovered at the Large Hadron Col-
lider (LHC) [2] by the ATLAS [3] and CMS [4] collaborations at the European Organization for
Nuclear Research (CERN) [5]. With all these discoveries came a search for structure, which was
established by a theoretical framework describing all fundamental particles and forces (except
gravity) that make up and govern the known matter in the Universe: the Standard Model (SM)
of particle physics. Although the SM has demonstrated remarkable success, it leaves several
fundamental questions unanswered. These open questions drive the development of high-energy
particle physics experiments, particularly particle colliders. To enable precise measurements,
colliders are equipped with complex experiments composed of multiple detector systems, some
of which rely on silicon-based sensors. The research presented in this thesis contributes to the
R&D of silicon sensors for use in future collider experiments succeeding the LHC, which is
currently the primary operational accelerator.

Before delving into the details of the conducted research, Chapter 2 provides a brief overview of
the SM as well as the structure and requirements of experiments at future colliders. Chapter 3
then outlines the operating principles of semiconductor particle detectors. The speci�c device
studied in this work is introduced in Chapter 4. The primary objective of this research is
to determine the sensor's active thickness|that is, the region in which incident particles are
e�ectively detected. To achieve this, the so-called grazing angle method is employed. The
objective and approach are presented in Chapter 5. Chapter 6 describes the experimental setup
used to collect the necessary data, which is summarized in Chapter 7. The data analysis strategy
used to extract information about the sensor's active thickness is detailed in Chapter 8, with
the results presented and discussed in Chapter 9.
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2. Particle physics at collider experiments

This chapter aims to outline the broader context in which the research presented in this the-
sis was conducted. It o�ers an overview of our current understanding of particle physics, as
described by the Standard Model, and highlights the questions that remain unanswered by
this framework. It also examines the role of future colliders in advancing particle physics and
outlines the general design and requirements of experiments at these colliders.

2.1 The Standard Model of particle physics

2.1.1 Current understanding

The Standard Model of particle physics provides a uni�ed picture of the fundamental con-
stituents of the Universe, called fermions, and the interactions between them, the forces, which
are themselves described by the exchange of particles called bosons [6].

All known matter in the Universe is made up of twelve fundamental particles called fermions,
which are grouped into three generations, each distinguished by increasing mass. Each of
the twelve fermions has a corresponding antiparticle with identical mass but opposite charge.
Substance made from these antiparticles is called antimatter. The particles interact with one
another via the four fundamental forces: gravity, electromagnetism, the strong force, and the
weak force. Each fundamental force, except for gravity, is described by the exchange of a force
carrier particle, also called a gauge boson. An overview of the elementary particles of the
Standard Model is shown in Figure 2.1.

2.1.2 Unanswered questions and anomalies

The Standard Model of particle physics is one of the most successful scienti�c frameworks,
o�ering a remarkably accurate and extensively tested description of the fundamental particles
and forces that shape the Universe, yet it leaves critical theoretical and experimental questions
unanswered [8]. A few example of these open questions are discussed in this section.

Among the most compelling of the mysteries is the nature of dark matter. Numerous exper-
iments have provided evidence of the existence of a type of matter that does only interact
gravitationally with the matter described by the SM. However, no SM particle meets the re-
quirements to be such a dark matter candidate. The SM also does not provide a candidate for
whatever is responsible for the observed accelerated expansion of the Universe, often attributed
to dark energy. Another unexplained observation is the imbalance between the amount of
matter and antimatter, known as the matter-antimatter asymmetry. As discussed, the matter

2



2.2. FUTURE COLLIDERS IN PARTICLE PHYSICS 3

Figure 2.1: Elementary particles of the Standard Model of particle physics. Figure from [7]

particles are divided into three generations with increasing mass, however, the reason for this
separation and the wide observed range of masses, is not provided within the SM. Similarly, no
explanation is given for the existence and hierarchy of the neutrino masses.

Several "anomalies", i.e. deviations from the SM predictions, are observed in particle physics
experiments and hint towards new physics [9]. An example of such an anomaly is the W mass,
measured at the Tevatron [10], which is inconsistent with the SM prediction and measurements
performed by other experiments.

However experimentally con�rmed in 2012, the Higgs boson also requests some further exper-
imental investigation [11]. For example, it remains unclear whether it is an elementary or
composite particle, and its self-coupling has yet to be experimentally con�rmed.

2.2 Future colliders in particle physics

The existence of open problems within the SM, of which some are listed in the previous section,
indicate the need for further experimental investigation in the �eld of particle physics. The
experimental technique which has been proven successful by multiple discoveries in the �eld for
more than a century, are particle colliders.

2.2.1 Particle colliders

A particle accelerator is a device that increases the kinetic energy of particles, accelerating them
to near-light speeds. The accelerated particles, also called particle beams, can be brought into
collision producing individual interactions referred to as events [6]. Two main types of acceler-
ators are distinguished: particle colliders, where two particle beams are brought into head-on
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collisions, and �xed-target experiments, where a single beam strikes a stationary target. In
the introduced collisions, the collision energy is transformed into matter in the form of new
particles, as described by Einstein's mass-energy equivalence formulaE = mc2 [12]. Thus, in
order to produce massive particles such as the W� , Z or Higgs boson, a high collision energy
is required. More precisely, from a kinematic point of view, in the centre-of-mass frame, where
the total momentum of all particles included in the collision is zero, the centre-of-mass energyp

s must be bigger than the sum of the masses of all particles emerging from the collision. The
centre-of-mass energy

p
s is de�ned as the square root of the total energy and momentum of

the two colliding particles, denoted as s. Due to the asymmetric geometry in a �xed-target
experiment, the collision products will always be produced with a signi�cant amount of kinetic
energy, due to momentum conservation. E�ectively meaning that part of the initial energy is
not available as centre-of-mass energy for the production of new particles. As the collisions in
collider experiments take place in the centre-of-mass frame, the available amount of energy for
the creation of new particles is equal to the sum of the energies of the colliding particles; pro-
viding these machines with the ability to reach much higher centre-of-mass energies, and thus
create particles with a higher mass. This is why such collider designs are commonly employed.
The centre-of-mass energy is one of the most important parameters of a particle accelerator
as it determines the types of particles that can be investigated. Another key parameter is the
luminosity L , which determines the event rate. Particle colliders with a high luminosity enable
the study of rare processes by increasing the probability of observing them.

Many di�erent species of particles can be brought into collision in colliders: leptons (electrons,
positrons, muons (in principle) ...), hadrons (protons, antiprotons, ...), ions, nuclei, ... Depend-
ing on the colliding particles, di�erent physics programmes are enabled [6, 8, 11] as the collision
environments created by the di�erent particles varies. Colliding elementary particles that do not
interact through the strong force, such as electrons and positrons, comes with the advantage of
certainty about the initially interacting particles and a clean collision environment. This makes
them especially suited for precision measurements in which one aims to determine the physical
quantities with a high accuracy and minimal uncertainty. On the other hand, for composite
particles of which the constituents (called partons) do interact via the strong force, such as
protons, an assumption has to be made on which of the partons actually collided and with
which fraction of the proton energy. Another disadvantage of colliding these particles is that
the collisions come with a signi�cantly higher background, i.e. signals mimicking the signature
of the process of interest but actually being caused by other processes, which is mainly due to
the nature of the strong interactions. When a circular accelerator design is employed, hadron
colliders have the advantage of being able to reach higher energies (> 350 GeV), since they are
less a�ected by synchrotron radiation, occurring when the trajectory of charged particles is bent
[6].

2.2.2 Future particle colliders

Guided by the success from the past, the idea now is to face the current challenges in particle
physics by means of experimental measurements conducted at a collider site. Currently, the
most powerful collider is the LHC [2] at CERN [5]. However, so far no indications of beyond
the Standard Model (BSM) physics were observed. In the upcoming years, the LHC will be
upgraded to the High-Luminosity Large Hadron Collider (HL-LHC) [13], characterized by an



2.3. EXPERIMENTS AT FUTURE COLLIDERS 5

instantaneous luminosity 5 to 7.5 times higher than the LHC's design value and an integrated
luminosity of a factor of 10 beyond the LHC's design value. This will enable the collection of
increased amount of data, making it possible to extend the measurements providing con�rma-
tion of the predictions of the SM to great precision as well as to measure Higgs boson properties
in more detail [11]. However, tackling the problems denoted in Section 2.1.2 seem to require a
successor of the LHC.

The potential of colliders as tools for advancing particle physics is acknowledged in the European
Strategy for Particle Physics (ESPP) [14]. The Stategy articulates the ambitions of the particle
physics community from a European perspective, situated within a global framework. In the
version updated in 2020, the importance of extending the current boundaries of knowledge is
underscored, and colliders are identi�ed as central to this objective. It is stated that

`An electron-positron Higgs factory is the highest-priority next collider. For the longer
term, the European particle physics community has the ambition to operate a proton-proton
collider at the highest achievable energy.'.

A Higgs factory is essentially a collider which is optimized to produce Higgs bosons at a high
rate. The physics programme that will be enabled by these future colliders, focuses on the re-
quired investigations. The idea is to use the lepton collider for multiple precision studies, among
which of the W� , Z and Higgs bosons. Whereas the succeeding hadron collider will extend the
search for new phenomena possibly related to the open questions within the SM. As the exact
energy scale at which these phenomena will appear is not known, it seems like the �eld may be
shifting from being theory-driven to being more experimentally driven [8]. The separation in
the physics programmes in terms of precision / BSM probe of the future colliders is in fact not
that clear. For instance, a deviation observed in a high-precision measurement of a SM process
could indicate the presence of BSM physics. While in the context of BSM searches, deviations
from expected background predictions may reveal inconsistencies in the predictions from SM
backgrounds [8].

However the LHC is still expected to deliver many valuable physics results, preparations for
the its successors are already fully ongoing as the time required to design and construct large
colliders can range from a decade to a half-century. Several designs for both the electron-positron
and hadron collider have already been proposed. For the electron-positron collider, which is of
interest in this thesis, there are currently four well-established designs. The Compact Linear
Collider CLIC [15] and Future Circular Lepton Collider FCC-ee [16] are two designs proposed
by CERN. The Circular Electron Positron Collider CEPC [17] is a project proposed by China
and the International Linear Collider ILC [18] would be located in Japan.

2.3 Experiments at future colliders

2.3.1 Structure overview

In order to study the physics processes at particle accelerators, sophisticated detectors, known
as collider experiments, are placed at the interaction points. Their purpose is to detect and
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Figure 2.2: The CLIC detector concept (a), its tracking system (b) and vertex detector (c).
Figure from [19].

measure the properties of the observable1 particles emerging from the high-energy collisions,
in order to reconstruct the primary particles produced in the interactions. For this purpose
the collider experiment is divided into multiple layers of detectors, each optimized to detect
speci�c types of particles and to measure particular properties. In currently operating particle
colliders, these subdetector layers are arranged in an onion-like structure around the beam axis
and the interaction point. Future collider experiments will likely follow this well-established
onion-like structure. Figure 2.2 presents the proposed design of the experiment at the CLIC
collider, illustrating the characteristic onion-like detector structure.

The sequence of subdetector layers traversed by the collision products in a collider experiment is
carefully optimized to maximize the amount and quality of information that can be extracted [6].
From the innermost to the outermost layers, a typical collider experiment comprises a tracking
system devoted to the reconstruction of trajectories of charged particles, followed by an elec-
tromagnetic calorimeter for the detection of electrons and photons and a hadron calorimeter
for the detection and measurement of the energy of hadrons. Finally, the outer layer of the
experiment is dedicated to the detection of high-energy muons [6]. This sequence can also be
observed in Figure 2.2. The identi�cation of collision products is achieved by combining data
from all parts of the detector system. While the design of collider experiments can vary and
often includes additional components such as RICH or Time-of-Flight detectors, this section
does not aim to describe the full detector system. Rather, it focuses on placing the tracking
system | the subject of this thesis | in context. The discussion that follows will therefore
concentrate solely on this component.

The operation of particle detectors relies on the interactions between incoming particles and

1Of all produced particles, only the stable (e.g. electrons) and relatively long-lived (e.g. muons) particles are
observable [6].
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the detector material [20]. Relativistic charged particles traversing a detector medium primarily
interact electromagnetically with atomic electrons, leading to ionisation [6]. This ionisation can
be detected and forms the fundamental principle behind tracking detectors based on semicon-
ductor technology, as described in more detail in Chapter 3. To reconstruct particle trajectories,
the tracking system consists of multiple layers of silicon sensors. As particles pass through these
layers, they produce signals, referred to as hits, in each layer. By connecting these hits, the
trajectory of the particle can be reconstructed [6]. To measure the particle's momentum, the
tracking system is typically enclosed within a large magnet that generates a (uniform) magnetic
�eld parallel to the beam direction. As particles emerge from collisions, their paths are curved
by the Lorentz force. By analysing the curvature of these trajectories, the momentum of the
particles can be determined. For optimal momentum resolution, it is crucial to minimize the
energy loss caused by ionising interactions. This requires reducing the amount of material the
particles pass through. Consequently, the tracking system is located in the innermost region
of the detector. Minimizing the material budget is one of the key objectives of detector design
and construction.

The tracking system can be divided into two main components: the vertex detector and the
tracking detector. The vertex detector, positioned closest to the interaction point, is designed to
determine particle trajectories with such precision that the exact collision location, referred to
as the vertex, can be identi�ed. When unstable yet relatively long-lived particles are produced
in collisions, their decays give rise to secondary vertices | the points where these particles decay
| which can also be reconstructed by the vertex detector. This principle is for example used
for the identi�cation of b-quarks [6]. These b-quark hadrons are relatively long-lived and will be
able to travel on average a few millimetres away from the interaction point - the primary vertex
- before they decay in the secondary vertex. This experimental signature can be reconstructed
by means of a high-precision vertex detector. The tracking detector, on the other hand, aims
to reconstruct particle momenta by measuring the curvature of their trajectories. This requires
a larger detector volume but allows for a small spatial resolution. The proposed design of the
complete tracking system (b), along with a zoomed view of the vertex detector (c) for the CLIC
collider, is shown in Figure 2.2.

2.3.2 Requirements

In the ESPP, the need for a global detector R&D roadmap is emphasized. This need has
been addressed in 2021 by the Detector R&D Roadmap developed by the European Committee
for Future Accelerators (ECFA) [21]. This roadmap outlines the technological requirements to
achieve the science programme speci�ed in the ESPP. The section on solid-state sensors presents
an overview of their performance and design targets for use as vertex and tracking detectors
in future collider experiments. Table 2.1 summarizes key requirements for silicon sensors at
future lepton colliders [21]. The quoted values are those estimated for the CLIC collider de-
sign. The design of the CLIC vertex detector and tracking system is driven by the demands of
high-precision measurement [22]. Such measurements rely on both the accurate reconstruction
of particle momenta and the ability to clearly distinguish signal events from background. As
discussed in the previous section, the vertex detector plays a key role in identifying the 
avour
of quarks|particularly in tagging heavy-
avour quarks such as b-quarks|through the recon-
struction of secondary vertices. This capability is essential for suppressing background processes
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Table 2.1: Overview of performance and design targets of vertex and tracking detectors in future
lepton collider experiments. The quoted values are required for CLIC. Adapted from [21, 23].

Detector type Vertex Tracking

Material budget X/X 0 [%/layer] ' 0.1 ' 8

Position resolution [µm] . 3 ' 7

Time resolution [ns] � 1 � 0.1

and isolating events of physical interest [6].

The research presented in this thesis is conducted in the context of the investigation of novel sili-
con detector technologies to meet these requirements. More precisely, the Hybrid-to-Monolithic
(H2M) chip will be investigated in the context of the Tangerine project at Deutsches Elektronen-
Synchrotron (DESY) focusing on Monolithic Active Pixel Sensors (MAPS) manufactured in a
65 nm Complementary Metal-Oxide-Semiconductor (CMOS) Imaging Technology with small
collection electrode design. Before delving into the details of this project and the device under
test (DUT), a more general description of semiconductor particle detectors is provided in the
next chapter.



3. Semiconductor particle detectors

The operation of particle detectors relies on the interactions between incoming particles and
the detector material. The �rst section of this chapter focusses on the interaction mechanisms
relevant to this thesis. The second section focusses on the detector principle of interest in this
thesis: semiconductor particle detectors, with a special focus on silicon sensors.

3.1 Particle interactions with matter

When particles traverse matter, they interact with the material and lose energy [24]. Particle
detectors exploit these interaction mechanisms to detect and measure various particle proper-
ties, as mentioned in the previous chapter.

In this work, charge collection in a 50µm thin silicon sensor is studied using electron beams
with energies around 5 GeV. The primary energy loss mechanisms in the detector material are
ionisation, excitation, and bremsstrahlung. Multiple Coulomb scattering may also occur, but
since it deposits relatively little energy, it does not contribute to particle detection|though it
remains relevant due to its de
ective e�ect on particle trajectories.

3.1.1 Ionisation and excitation

Charged particles can interact with the atomic shell of the atoms of the detector material [24].
Both ionisation, in which su�cient energy is transferred to release an electron from the atom,
and excitation, in which an electron is brought to a higher energy level without being liberated
from the atom, can take place. The mean amount of energy a particle loses per path length is
described by the Bethe-Bloch formula. If this measure is plotted as a function of the energy of
the traversing particle, a region can be identi�ed where the particle loses a minimum amount of
energy. Particles in the corresponding kinematic range are called Minimum-Ionizing Particles
(MIP).

The total energy deposited as a particle traverses a certain distance in the detector medium
arises from numerous subsequent ionisation and excitation interactions, each contributing a
portion of the total energy. The amount of energy transferred in each of these interactions is
subject to statistical 
uctuations. In many interactions, a small amount of energy is transferred.
However, in some events, a large amount of energy is lost. The events in which a higher amount
of energy is lost, correspond to rather rarely occurring hard collisions in which a signi�cant
amount of energy is transferred to one single electron, which then possess su�cient kinetic
energy to further ionize the material [24, 20]. These electrons, responsible for additional or sec-

9
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Figure 3.1: Landau distributions, normalized to the traversed thickness, from [25].

ondary ionization, are referred to as� -electrons. These energy transfer 
uctuations in individual
collisions along the particle's path through the medium lead to an asymmetric distribution, ex-
hibiting a Gaussian part corresponding to the many ionisation processes with small energy loss
and a tail to large energy loss values owing to the� -electrons. The function describing this
distribution is the Landau distribution. Examples of Landau distributions, normalized to the
traversed thickness by the particle, are shown in Figure 3.1. Notable is the di�erence between
the Most Probable Value (MPV), being the maximum of the distribution, and the mean energy
loss rate. Due to the presence of� -electron events, the average is shifted to higher energy values
with respect to the MPV. The di�erent distributions shown in Figure 3.1 are corresponding to
di�erent traversed thicknesses by the particle. Remarkable is the dependence of the MPV on
the traversed total thickness, even after normalisation to the total traversed thickness.

In fact, however, the distribution measured by a particle detector is not exactly a Landau
distribution. Namely, the electronics and readout system of the detector introduce an additional
smearing. Usually, these detector e�ect follow a Gaussian distribution [24]. Therefore, at the
end, the measured distribution is a convolution of a Landau distribution, which models the
statistical 
uctuations around the mean deposited energy, and a Gaussian distribution, which
accounts for the smearing from the detector response. As the Landau component is the one
related to the underlying particle interactions and deposited energy, the MPV of the Landau
distribution is often used to describe the energy deposited in the detector.

3.1.2 Bremsstrahlung

If the energy of the traversing charged particles exceed a certain threshold energy, known as the
critical energy, the most dominant mechanism by which they lose energy in the material shifts
from ionisation and excitation to bremsstrahlung. In bremsstrahlung interactions the charged
particles lose energy by means of photon radiation in the Coulomb �elds of the atomic nuclei
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[24]. As the energy loss is inversely proportional to the squared mass of the traversing particle,
mainly lower mass particles, such as electrons, are a�ected by this mechanism.

The critical energy in silicon is 40:2 MeV [24], making bremsstrahlung the dominant energy loss
mechanism for an electron beam of approximately 5 GeV. Due to ionisation about 387 eVµm� 1

is deposited in silicon [24], resulting in roughly 19 keV of deposited energy for a 50µm thick
sensor. In contrast, the energy lost through bremsstrahlung in this same sensor is around
2:7 MeV, determined from the radiation length X 0 of 9:36 cm [24] over which the particle loses
about 63 % of its initial amount of energy. Despite this, the generated energy loss distribution in
the detector follows a Landau shape, characteristic of ionisation. This is because bremsstrahlung
losses primarily produce photons, which, in thin silicon sensors, are likely to escape without
depositing their energy in the detector material|thus not contributing to the detected signal.
In contrast, ionisation deposits energy locally within the detector, making it detectable.

3.1.3 Multiple Coulomb scattering

A charged particle passing through a material, undergoes in general multiple scattering processes
under the in
uence of the Coulomb �elds of the material's atomic nuclei [24]. These subsequent
scattering processes are referred to as multiple Coulomb scattering. If the scattered particle is
light compared to the mass of the nucleus, the particle will be de
ected with only a small energy
transfer to the nucleus. Multiple Coulomb scattering interactions thus result in a change in the
particle's trajectory without a deposition of a signi�cant amount of energy in the material. The
scattering angle relative to the particle's original direction follows an approximately Gaussian
distribution, with a standard deviation proportional to the material budget, x=X 0, where x
is the thickness of the detector material andX 0 is the radiation length of the medium. This
underscores the importance of minimizing the material budget in silicon sensors used in tracking
and vertex detectors. A thicker sensor increases the material budget, leading to a greater spread
in the scattering angle and, consequently, a higher uncertainty in track reconstruction [24].

3.2 Semiconductor particle detectors

The sensitive material of the detectors investigated in this thesis is silicon, a so-called semicon-
ductor. This section focuses on semiconductor properties and how they are utilized as particle
detectors, with a speci�c focus on silicon sensors.

3.2.1 Semiconductors

In semiconductors, which are solid state materials, the atoms are closely packed in a periodic
crystal lattice [24, 20]. This periodic atomic arrangement establishes allowed energy bands, in
contrast to discrete energy levels in isolated atoms, for the electrons. At temperatureT = 0 K,
the valance band (VB) is completely occupied with outer shell electrons bound to speci�c
atomic sites. As no free charge carriers are present, current cannot 
ow, and the material is
non-conductive. The highest occupied energy level at 0 K marks the so-called Fermi levelE f .
At T > 0 K, some electrons from the VB are thermally excited into the higher-energy conduc-
tion band (CB). This is possible in semiconductors, as they exhibit a relatively small band gap
Eg, which is the di�erence in energy between the CB and the VB (e.g. 1:12 eV in silicon),
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which can be overcome by thermal energy. The thermal excitations induce electrons in the now
partially �lled CB, and create unoccupied states in the VB. These unoccupied states in the
VB are referred to as (virtual) charge carriers: the positively charged holes. The transitions of
electrons within the CB and holes within the VB between available energy levels is responsible
for the conductivity of the material.

Two types of semiconductors are distinguished: pure or intrinsic and doped or extrinsic semi-
conductor materials. The �rst one refers to semiconducting materials in which no "impurities"
are present. Electrons only entered the VB through thermal excitation, which means that under
thermal equilibrium, the concentration of electrons and holes in the CB and VB, respectively,
is equivalent. Thus in an intrinsic semiconductor, both free electrons and holes contribute to
current 
ow. The Fermi level is located in the middle of the band gap. In an extrinsic semicon-
ductor, "impurities" or "dopants" are present in the material. These dopants add extra allowed
energy levels for either the electrons or holes, causing extra electrons or holes to participate in
the conduction process. There are two types of doped semiconductors: n-type and p-type. An
n-type semiconductor is doped with donor impurities (such as phosphorus for silicon), adding
extra electrons in the CB. These electrons, which have become the majority charge carriers, is
responsible for conductivity in the material. The Fermi level is shifted closer to the CB. Some-
thing similar applies to the p-type semiconductors, only now the positively charged holes in the
VB is in the majority due to the presence of acceptor impurities (such as boron for silicon).
In a p-type semiconductor the holes in the VB are responsible for the conduction of electrical
current in the material and the Fermi level is shifted closer to the VB.
The impurity concentration in doped semiconductors is often indicated using notation such
as n+ or p+ for heavily doped (high-concentration) regions, andn� or p� for lightly doped
(low-concentration) regions [20].

3.2.2 Pn-junction

A pn-junction is formed when p- and n-type semiconductor materials are brought in contact [24].
The holes from the p-side di�use toward the n-side, where they recombine with electrons, leaving
behind immobile, negatively charged acceptor ions on the p-side. In the opposite direction, the
electrons from the n-side di�use towards the p-side where they recombine with the holes, leaving
behind immobile positively charged donor ions on the n-side. The recombinations, taking place
at the boundary of the two semiconductor types, form a region without any free charge carriers
(electrons or holes), the so-called depletion region. The accumulated space charge formed by
ionized dopants which are left behind in the depletion region form an electric �eld, counteract-
ing the di�usion e�ect. This intrinsic potential di�erence is called the built-in potential. It is
this depletion region which acts as the detector medium in semiconductor detectors. Namely,
the electron-hole pairs generated by impinging charged particles or absorbed photons in this
region, are swept out of the depletion region by the intrinsic electric �eld. The motion of the
charge carriers constitutes the electrical signal marking the detection of a particle [20].

The extend of the depletion region can be modi�ed by applying an external voltage [24]. If the
external voltage is applied in a reverse way (i.e. connecting the negative electrode of the voltage
source to the p-side of the pn-junction and the positive electrode to the n-side) the width of the
depletion region is increased as now both the holes on the p-side and the electrons on the n-side
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are pulled away from the boundary region in the pn-junction. Reverse biasing a pn-junction
thus increases the active volume of the semiconductor detector. The resulting stronger electric
�eld accelerates the generated electron-hole pairs more e�ciently, reducing the time needed for
the carriers to be collected at the electrodes and lowering the probability of recombination or
trapping, which leads to increased charge collection.

3.2.3 Movement and collection of charge carriers

There are two possible charge carrier transport mechanisms:drift and di�usion . Under the
presence of an electric �eld in the semiconductor material, the charge carriers follow a drift
movement dictated by the direction and with a velocity proportional to the strength of the
electric �eld. In the absence of an electric �eld, or when only a weak one is present, dif-
fusion becomes the dominant transport mechanism for charge carriers. This process results
from thermal motion and occurs due to a carrier concentration gradient, leading to random,
uncoordinated movement. The currents associated to these movements are given by [24]

~j drift = � ~E;

and
~j n;dif f = � eDn ~r n; (3.1)

with � the conductivity of the material, ~E the electric �eld, e the elementary charge,n the neg-
ative charge carrier density (electron density) andDn is the di�usion coe�cient for electrons.
Equation (3.1) is explicitly written down for electrons; simply changing the n to a p provides
the alternative formula for holes.

An expression for the change in charge carrier density in a certain volume in the sensor, can
be determined by exploiting the continuity equation and the formulas for the carrier currents
introduced by the movements of the charges [24]. In the case of an environment in which
di�usion is the dominant carrier transport mechanism and no new charges are being generated,
the expression can explicitly be written down in one-dimension for electrons as [26]

@n
@t

= �
n
� n

+ Dn
@2n
@x2

; (3.2)

where the �rst term on the right hand side accounts for recombination losses and the second
term describes the di�usion. � n is the carrier lifetime of electrons, de�ned as [24]

� n =
L 2

n

Dn
; (3.3)

where L n is the average length an electron can travel before it undergoes recombination, also
referred to as the di�usion length.

3.2.4 Monolithic Active Pixel Sensors (MAPS)

Pixel sensors are created by segmenting a pn-junction in two directions and connecting elec-
trodes to each of the formed pixels separately. As a particle deposits energy in the detector
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volume (silicon), it creates electron-hole pairs, which are separated by the electric �eld (en-
hanced by applying a reverse bias voltage). The movement of the charge carriers induces a
signal in the readout electronics [24].

In Monolithic Active Pixel Sensors (MAPS) both the particle sensing part (sensor) and the
CMOS electronics circuitry are merged into one single volume. Compared to hybrid pixel de-
tectors, where the sensor and electronics parts are separately manufactured and combined at
the end by means of bump-bonds, the MAPS design enables lower material budget, and reduced
production cost as the complex and expensive bump-bond procedure is omitted [24]. A more
detailed description of the sensor layout of a MAPS is provided in Chapter 4.

MAPS have seen signi�cant advancements in recent years. One place where this technology
is currently in use is the inner tracker of the ALICE experiment at the LHC. During the long
shutdown of the LHC in 2019-2020 the Inner Tracking System (ITS) of ALICE was upgraded to
a system consisting of seven concentric layers of MAPS with the ALPIDE chip design, covering
in total an area of 10 m2 [27]. These ALPIDE detectors are also being used as telescope planes
in test beam setups, for example at the DESY II Test Beam Facility [28], as will be discussed
in Chapter 6.

3.2.5 65 nm CMOS Imaging Technology

The DUT in this thesis is manufactured in a novel 65 nm CMOS Imaging Technology, to which
the high-energy physics community only recently got access [29]. This technology allows for a
higher in-pixel logic density compared to previously used processes which are characterized by
a higher feature size. This makes it possible to achieve the same level of logic complexity in a
reduced amount of space, enabling the reduction of pixel pitch, de�ned as the distance between
the centres of two adjacent pixels in the matrix. Using this technology, the in-pixel functionality
can also be increased. The technology process has been previously explored in prototypes such
as the APTS [30] and DPTS [31].



4. The Tangerine project and
Hybrid-to-Monolithic (H2M) chip

4.1 The Tangerine project

The work presented in this thesis is carried out within the research framework of the Tangerine
project (T owards Next Generation Silicon Detectors) at DESY in Hamburg [29]. As the name
suggests, the aim of this project is to develop the next generation of silicon sensors fabricated in
novel technologies. Part of the focus goes to the investigation of MAPS sensors manufactured in
a novel 65 nm CMOS Imaging Technology with a small collection electrode design as a candidate
to meet the requirements of a vertex and tracking detector at future lepton collider experiments.

To fully explore the potential of the technology, all aspects of sensor R&D are being addressed
in the project [29]. The electronics and sensor designs are investigated through simulations
and prototype characterisations, while technology demonstrators are characterized using both
laboratory setups and test beam measurements. This thesis focusses on the latter. The demon-
strator that is being investigated is the Hybrid-to-Monolithic (H2M) chip.

4.2 Hybrid-to-Monolithic (H2M) chip

H2M is a monolithic pixel sensor chip manufactured in a modi�ed 65 nm CMOS Imaging Tech-
nology [32]. The chip contains a pixel matrix of 64� 16 squared pixels with a pixel pitch of
35µm. The total active area of the chip is approximately 1:25 mm2. Each pixel is equipped are
a collection electrode, analog front-end and digital logic.

4.2.1 Sensor design

Figure 4.1 shows a cross sectional illustration of one H2M pixel. The full CMOS circuitry (de-
noted in pink and green at the top) and active sensor volume (denoted in blue) are merged into
one silicon volume, characteristic for MAPS. Charge carriers are collected in the small n-well
collection electrode. The use of a small collection electrode design increases the signal-to-noise
ratio which results in a lower power consumption in the analog front-end compared to large
collection electrode designs, as now the needed signal ampli�cation is reduced. To shield the
CMOS electronics, consisting of both NMOS and PMOS transistors embedded in their corre-
sponding p- and n-wells, from the sensor volume and ensure that charge is only collected in
the n-well provided for this purpose, the electronics circuit is embedded in a deep p-well [33].

15



16CHAPTER 4. THE TANGERINE PROJECT AND HYBRID-TO-MONOLITHIC (H2M) CHIP

Figure 4.1: Cross sectional illustration of H2M, modi�ed from [34].

The sensor consists of a p+ substrate on which a p� epitaxial layer is grown. The epi-layer is
chemically purer and characterized by a higher resistivity than the substrate, allowing gener-
ated charge carriers to be detected more e�ciently [24]. The sensor layout of H2M is a so-called
modi�ed with gap layout, due to the presence of a low dose n-type implant with gap. This
modi�ed layout improves the sensor's performance. First of all, the presence of the implant
deep inside the sensor, shifts the pn-junction deeper in the sensor which allows the creation of
a larger depletion region. Secondly, the gap in the deep implant increases the lateral electric
�eld at the pixel edge, enhancing the amount of charge collected in one pixel and therefore the
signal-to-noise ratio [32]. The sensor is reverse biased by applying a sensor bias voltage to the
deep p-wells and substrate. The total thickness of the chip is 50µm of which about 10µm is
the epi-layer.

4.2.2 The on-pixel analog front-end and digital logic

In the analog front-end the induced signal in the n-well collection electrode is ampli�ed by
means of a processor with a Charge-Sensitive Ampli�er (CSA) which features a gain stage with
a Krummenacher type feedback network which controls the rate at which the signal returns to
baseline [35]. The ampli�ed signal is provided to a comparator with a globally provided thresh-
old voltage, set by an 8-bit DAC in the periphery. In the in-pixel comparator, the incoming
signal is compared to the set threshold value. Signals that exceed the threshold value are identi-
�ed as hits; therefore, the comparator threshold is also referred to as the hit detection threshold.

The digital logic, based on an 8-bit counter per pixel, is responsible for the storage of the hit
information. Which information is stored, depends on the acquisition mode in which the chip
is operated. There are four possible acquisition modes, of which only one can be employed at a
time [36]:

ˆ Time-over-Threshold (ToT) in which the amount of time the signal exceeds the hit de-
tection threshold is measured, which is proportional to the amount of collected charge, as
can be seen in Figure 4.2;

ˆ Time-of-Arrival (ToA) identifying the moment the signal crosses the hit detection thresh-
old for the �rst time;
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Figure 4.2: CSA output as a function of time in the readout electronics for an event in which a
high (left) and low (right) number of charge carriers were generated in the sensor, illustrating
how the ToT value is proportional to the amount of created charge.

ˆ Photon counting in which the number of times the signal exceeds the hit detection thresh-
old value is counted;

ˆ Triggered providing a binary output identifying whether a hit occurred in the DUT within
a de�ned time window following a hit in the trigger plane.

All data analysed in this thesis are recorded in ToT mode. The ToT information is given in
clock cycles (cc), where one cc unit corresponds to 10 ns. The integration time of the readout
circuit depends on the readout mode. For ToT this is approximately 10 ms. More technical
details on the chip are provided in the H2M reference manual [36].



5. Research objective and approach

This chapter outlines the objective of the thesis project, explaining both its signi�cance and
the approach that will be taken to achieve it. It justi�es the choices made in the experimental
setup and the types of data collected, which will be discussed in the following chapters.

5.1 Research objective

As this thesis is conducted as part of the Tangerine project, its general objective is to contribute
to the characterization of one of the prototypes under investigation: the H2M chip. This char-
acterization involves systematic measurements and analysis of the chips performance, properties
and behaviour under certain conditions. This knowledge will shape future decisions on silicon
detector designs and more generally informs further developments in the Tangerine project and
the international community working towards future lepton collider experiments.

This thesis investigates a speci�c property of H2M: the charge collection as a function of depth
within the sensor, also referred to as the charge collection pro�le. From this information it is
possible to determine the active thickness of the sensor, i.e. the thickness of the silicon layer
from which charge is collected. The active thickness of H2M is reported to be approximately
10µm, though the exact value remains unknown [32].
In general, the more thoroughly the prototypes are characterized, the clearer the insights into
potential improvements for the �nal chip design. Insights into the charge collection pro�le and
active thickness are especially important for providing feedback to chip designers and those
involved in simulations.
First of all, if the thickness of the active region is known and one makes an assumption about
the amount of charge generated perµm traversed in the sensor, one can in principle have an idea
about the expected amount of collected charge in the sensor [20]. This information is valuable
for the chip designers since it gives an idea about the way in which the front-end parameters in
the �nal chip design should be tuned with respect to their settings in the prototype. A concrete
example of one of these parameters is the hit detection threshold voltage, which is set by an
8-bit DAC in the periphery. Having this rather large dynamic range1 for the threshold value
enables precise measurements over a rather large energy range. This can be useful for certain
types of measurements performed as part of the chip characterization2, but in the �nal chips
a smaller dynamic range that covers the MIP regime will be su�cient. In principle, having a
precise value for the active thickness of the sensor, helps to have an idea about this MIP regime.
For those working on the sensor simulations using generic doping pro�les, con�rming the active

1An 8-bit DAC corresponds to 256 possible discrete output levels.
2 It for example enabled the measurement of the K � peak in the 55 Fe spectrum for DAC calibration.
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Figure 5.1: Ionizing particle (indicated by the arrow) interaction with a pixel sensor. Left:
Orthogonal impact, charge collected in one pixel (gray). Right: Grazing angle impact, charge
collected in multiple pixels, illustrating the grazing angle method. Denoted in blue is the
rotational angle � . Varying shades of gray indicate the amount of charge collected by each
pixel. Illustrations are not to scale.

thickness is particularly valuable, as this parameter is used as an input in the TCAD simulations.
The more accurately this value is known, the better the simulations will re
ect the actual sensor
behavior, allowing for more reliable investigation of its properties [29].

5.2 Grazing angle method

The approach taken in this thesis to achieve the objective of measuring the charge collection
pro�le of H2M is based on a technique called thegrazing angle method[37]. This method allows
to determine the charge collection pro�le by means of ionizing particles impinging the sensor
plane under shallow angles, i.e. grazing angles. The charge generated in H2M when a particle
impinges orthogonally, will be collected in about one pixel due to its relatively large pixel pitch
of 35µm and the small active thickness. In the grazing angle approach, where the particle
impinges the sensor under shallow angles instead of orthogonally, the charged particle crosses
several pixels, each one at a di�erent depth. Therefore, the charge will be collected in several
pixels and the charge collected in each of these pixels corresponds to the charge generated at a
certain depth inside the sensor. The position in terms of location in the track can be translated
into depth within the sensor, and thus the grazing angle measurements allow to determine the
charge collection pro�le. A schematic illustration of the grazing angle approach can be found
in Figure 5.1. This illustration shows an ionizing particle traversing a pixel sensor consisting
of �ve pixels. On the left, the particle impinges orthogonally on the sensor, resulting in charge
collection in a single pixel, which is highlighted in gray. On the right, the particle strikes the
sensor at a shallow angle, causing charge collection across multiple pixels. This demonstrates
the principle of the grazing angle method.
The angle between the sensor plane and the reference plane, shown as a light blue dashed line
orthogonal to the particle trajectory, is indicated in blue in Figure 5.1. This angle is called
the rotational angle � . The larger � , the more pixels will be crossed, and thus the better the
sampling of the depth will be. The relation between rotational angle and the track length,
i.e. the amount of pixels crossed by the particle, is shown in Figure 5.2. From this �gure it
also becomes clear that the grazing angle approach is only possible for rotational angles above
about 80°; and if a reasonable sampling of the depth is desired, this angle should be no less than
89°. It is important to note that the angle at which particles must impinge upon the sensor for
grazing angle measurements depends on the pixel dimensions. For pixel sensors with a smaller
pixel pitch and/or larger active thickness than H2M, the required rotational angle to traverse
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Figure 5.2: Track length as a function of rotational angle � .

a signi�cant number of pixels may be less than 89°. As shown in Figure 5.2, a rotational angle
of 89.5° corresponds to the particle crossing around 27 pixels. Assuming that the thickness of
the active layer is about 10µm, this comes down to a sampling step of about 0:4µm.

5.3 Other possible approaches

The technique applied in this work is not the only possible method to investigate the active
thickness of a silicon sensor. Other methods such as theEdge Transient-Current Technique or
Capacitance-Voltage Measurementscan also be applied to gain insight into the sensor's active
region.

The Edge Transient-Current Technique (Edge-TCT) [38] for strip sensors, utilizes infrared (IR)
laser pulses impinging at a certain depth parallel with the surface of the sensor and perpendicu-
lar to the strips. Changing the laser beam position, and thus the depth at which the carriers are
generated, enables the measurement of collected charge as a function of depth within the sensor,
i.e. the charge collection pro�les. In principle this technique is also applicable for pixel sensors,
however for example charge sharing between pixels can make the method less convenient. Apart
from this, the biggest advantage of the grazing angle technique with respect to the Edge-TCT
is the precision with which the active thickness can be determined. The spatial resolution of
Edge-TCT measurements are limited by the employed optical system in the experimental setup.
The width of the IR laser beam can be assumed to be multiple micrometers wide. This is not
optimal when sampling an active thickness of about 10µm. The grazing angle method, where
sampling steps of sub micrometers can be achieved, is more suitable for the DUT in this work.
In fact, for H2M this type of measurements is unfeasible simply due to the fact that a polished
edge is required, which is currently not the case for the samples. Instead of impinging the sensor
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from the edge, one can also consider illuminating the sensor from the top or back, to get an
idea about the amount of charge collected in the epitaxial layer. Although, the H2M chip is
suited for neither of these approaches as on the top of the sensor a metal stack of about 5µm is
placed and the about 40µm thick substrate on the backside makes it complicated to focus the
laser on the epitaxial layer.

In principle, Capacitance-Voltage (CV) Measurements can also be used to investigate the ac-
tive thickness of a silicon sensor. Namely, as explained in Chapter 3, reverse biasing the sensor
creates a depletion region, which behaves as a capacitor. The capacitance arising from this de-
pleted region is inversely proportional to the width between "the electrodes", i.e. the depletion
width [24]. Thus, measuring the capacitance when the sensor is fully depleted, allows to deter-
mine the depletion depth inside the sensor. As this re
ects the region where an electric �eld
exists, it is not accounting for charge collection via di�usion from undepleted regions. Thus,
CV Measurement could be used to investigate the electrical structure inside the sensor, but is
not suitable for a study of the full charge collection behaviour, which is the objective of this
work.



6. Test beam measurements at DESY II Test
Beam Facility

To determine the active thickness of H2M using the grazing angle method, the DUT must be
exposed to a particle beam under shallow angles, as discussed in the previous chapter. For this
purpose, the particle beam provided by the DESY II Test Beam Facility is used. This chapter
outlines the experimental setup employed at the DESY II Test Beam Facility for the grazing
angle measurements.

6.1 DESY II Test Beam Facility

The DESY II Test Beam Facility [39] is being operated at the DESY II synchrotron, installed
in a tunnel located at the DESY campus in Hamburg. The primary function of DESY II
is to serve as the last pre-accelerator stage for the PETRA III [40] synchrotron light source.
Apart from accelerating electron or positron bunches to inject them into PETRA III, it is
also used to generate electron or positron beams for the DESY II Test Beam Facility. The
beams are generated by a double conversion instead of direct extraction of the primary beam in
DESY II. The beam generation mechanism is illustrated in Figure 6.1. The �rst conversion takes
place inside the DESY II synchrotron where carbon �ber targets are placed in the beam orbit.
Interactions between the particle bunches and the target materials produce bremsstrahlung
photons. These photons are then converted into electron-positron pairs using metal converter
target plates. Three primary targets are positioned at di�erent locations within DESY II,
providing the test beam facility with three independent beam lines: TB21, TB22, and TB24,
also visible in Figure 6.1. Each beam line is equipped with a dipole magnet whose polarity and
magnetic �eld strength can be adjusted, allowing users to select the desired particle species,
electrons or positrons, and momentum, ranging from 1-6 GeV/c. The uncertainty on the selected
momentum is on the order of 5% [39]. The beams are characterized by a particle rate of up to
40 kHz and a divergence of approximately 1 mrad. The selected particles are collimated by the
controllable primary collimator before they pass the beam shutter and enter the test beam area
in which the experimental setup, including the DUT, is established. The shutter is controlled
by a safety interlock system and enables safe access of the test beam area. Once the particle
beam is turned on and data is being collected, the users cannot access the test beam area. To
minimize radiation exposure, the test beam area is shielded by concrete blocks. To reduce the
dose even further, additional beam dumps are installed in front of the concrete walls. The layout
of these dumps varies across the di�erent test beam areas. In the test beam area of TB22, in
which all data investigated in this work has been recorded, the dump consists of an array of
lead blocks at the wall. Once the beam is turned on, users are not permitted inside the shielded
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Figure 6.1: Generation of the particle beams at DESY II Test Beam Facility. Schematic repre-
sentation taken from [39].

area and must remain in the designated control hut located outside the concrete barriers, as
indicated in Figure 6.1. Once the beam particles passed the shutter, they cross an exchangeable
�xed-size secondary collimator which enables further collimation of the beam via lead insets
with di�erent bore diameters and shapes. The one utilized for generating the data analysed in
this thesis was 12 mm� 18 mm. The test beam areas are equipped with essential infrastructure
for the testing of nuclear and particle physics detectors. The infrastructure available in each
of the three test beam areas di�ers slightly. In test beam area TB22 an ADENIUM [41] beam
telescope consisting of ALPIDE planes [28] is installed as a reference system to register the
location and timing of the passing particles. Global trigger signals and synchronization of the
data acquisition by di�erent devises of which the experimental setup is comprised, are provided
by the AIDA Trigger Logic Unit (TLU) [42]. For mechanical integration of the DUT, a x-, y-,
� -stage system with sub-µm- and sub-degree precision is provided. A more detailed description
of the functionality and interconnections of these systems is provided in Section 6.2.

6.2 Experimental setup

The experimental setup used to conduct the measurements listed in Chapter 7 is shown in
Figure 6.2. Denoted in yellow is the the particle beam, directed from right to left. Indicated
in green is the DUT, H2M, which is mounted onto the position stage. The DUT is positioned
in the middle of the ADENIUM beam telescope, with three ALPIDE telescope plane, denoted
in blue, on either side. In red TelePix2 [43], which is used as a Region-of-Interest (ROI) and
trigger plane, is indicated. Not visible in this image are the AIDA-TLU, power supplies, and bias
voltage sources for sensor biasing of TelePix2 and H2M. In the following, selected components
are discussed in greater detail, along with the description of their interconnection and the data-
taking methodology.
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Figure 6.2: Lateral view of the experimental setup employed at TB22 of DESY II Test Beam
Facility to conduct the measurements listed in Chapter 7.

6.2.1 Integration of H2M

For data acquisition, the H2M chip is integrated into the Caribou DAQ system [44], an open-
source project encompassing hardware, software and �rmware speci�cally designed for pixel
detector development. The hardware part of the system consists of three boards: theSystem-
on-Chip (SoC) board on which software (Peary) and �rmware for the con�guration, control and
readout of the chip are running, the chip board containing the sensor (H2M in this work), and
the Control and Readout (CaR) board which provides current and voltage sources and physically
connects the SoC and chip board. The chip board is application-speci�c. Remarkable about
the H2M chip board is the way in which the chip is mounted onto the board. As can be seen in
Figure 6.3, the chip is only partially attached to the Printed Circuit Board (PCB), such that
its active area extends beyond the edge of the board and is not enclosed by PCB material. As a
result, rotating the chip to grazing angles does not increase the material budget in the particle
beam trajectory, since the chip board con�guration prevents any PCB material from entering
the beam path. This makes the H2M chip especially suitable for grazing angle studies.

As previously mentioned, the DUT is mechanically integrated into the experimental setup us-
ing a position stage system that enables adjustments of its orientation. In the following, the
orientation of the DUT is consistently described in terms of the orientational angle � , de�ned
in Chapter 5 as the angle between the DUT plane and a reference plane perpendicular to the
particle trajectory. Figure 6.4 illustrates the de�nition of � based on a photograph of the exper-
imental setup. Although this de�nition may appear unintuitive in the context of grazing angle
measurements | which focus on the small angle between the sensor plane and the particle
trajectories | it was adopted to re
ect the natural choice of assigning � = 0° to the standard
con�guration, where the DUT plane is perpendicular to the particle trajectory. As the DUT
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