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Abstract

The ATLAS ITk will replace the Inner Detector of the ATLAS experiment for the High-
Luminosity phase of the LHC. To ensure an excellent tracking performance of the silicon
pixel sensors of the ITk under the harsher environment, their performance has to be
thoroughly tested and validated in laboratories and beam test facilities before installation.
Electrical properties of several HPK and Micron Test structures from pre-production
sensors were investigated in the scope of this thesis. Bonded pre-production modules
from HPK and Micron using the ITkPixV1.1 and ITkPixV2 were investigated in CERN
SPS beam tests. The performance of unirradiated and irradiated planar quad modules
in beam tests from 2022 to 2024 has been analysed. All investigated test structures and
pre-production modules satisfy the ITk requirements.

A beam test measurement was conducted for the investigation of the in-time efficiency of
an ITkPixV1.1 readout chip. The front-end clock was probed with a time resolution of
780 ps, although the sub-optimal time resolution of the utilised scintillators only allowed
for a timing precision of 2-3ns. While no front-end clock effects were detected at this
time resolution, the measurement principle proved to be successful and paves the way for
an investigation of the final design readout chip with an improved time resolution and
charge information.

Additionally, beam test simulations using high-intensity beams are investigated regarding
the feasible track reconstruction using one-dimensional feature cuts and a machine
learning approach. Due to the high energies of the particles, proper track reconstruction
was achieved with all approaches, with the implemented classifier only performing slightly
better.
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Kurzfassung

Der ATLAS ITk wird den Inneren Detektor des ATLAS-Experiments fiir die Hochlumi-
nositdtsphase des LHC ersetzen. Um eine exzellente Spurrekonstruktion der Siliziumpix-
elsensoren des I'Tk unter den verschiarften Strahlungsbedingungen sicherzustellen, muss
ihre Leistung vor der Installation in Laboren und Teststrahlanlagen umfassend gepriift
und validiert werden. Im Rahmen dieser Arbeit wurden die elektrischen Eigenschaften
mehrerer Teststrukturen von HPK und Micron aus der Vorproduktion untersucht. Zudem
wurden gebondete Vorproduktionsmodule von HPK und Micron mit den ITkPixV1.1
und ITkPixV2 Auslesechips in Strahltests am CERN SPS vermessen. Die Leistung
unbestrahlter und bestrahlter planarer Quad-Module in Strahltests der Jahre 2022 bis
2024 wurde analysiert. Alle untersuchten Teststrukturen und Vorproduktionsmodule
erfiillen die Anforderungen fiir den ITk.

Eine Strahltestmessung wurde zur Untersuchung der In-Time-Effizienz eines ITkPixV1.1
Auslesechips durchgefiihrt. Die Taktrate des Auslesechips wurde mit einer Zeitauflosung
von 780 ps untersucht, wobei die suboptimale Zeitauflésung der verwendeten Szintil-
latoren lediglich eine Zeitprézision von 2-3 ns zulief. Fiir diese Zeitauflosung wurden
keine Takteffekte des Auslesechips nachgewiesen, jedoch erwies sich das Messprinzip als
erfolgreich und ermdglicht eine Untersuchung des finalen Auslesechips mit verbesserter
Zeitauflosung und Ladungsinformation.

Zusétzlich wurden Strahltestsimulationen mit hochintensiven Teilchenstrahlen hinsichtlich
der realisierbaren Spurrekonstruktion unter Verwendung eindimensionaler Merkmalsselek-
tionen und maschineller Lernverfahren untersucht. Aufgrund der hohen Teilchenenergien
konnte in allen Ansétzen eine zuverldssige Spurrekonstruktion erreicht werden, wobei die
Merkmalsselektion des Klassifizierers nur geringfiigig besser ist.
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1 Introduction

Understanding the fundamental nature of the universe requires the continuous develop-
ment and refinement of particle physics theories. These theories are rigorously tested
using experimental data to improve their explanatory power. To achieve this, numerous
particle physics experiments have been designed and built to collect the necessary data.
Among the most crucial of these experiments are particle accelerators, such as the Large
Hadron Collider at CERN. By colliding particles at extremely high energies, accelerators
facilitate the study of fundamental interactions and enable the production of various
particles, including the heaviest known ones, such as the top quark and the Higgs boson.
Since these particles are often short-lived, their properties must be inferred from their
decay products. To achieve this, highly specialised detectors measure key quantities of the
high-energy particles produced in collisions. Given the vast range of particle interactions,
multiple sub-detectors must be incorporated into a single large-scale detector experiment
to ensure the comprehensive measurement of essential particle properties such as energy,
momentum, charge and trajectory.

One of the major detectors at the Large Hadron Collider is the ATLAS experiment,
located at one of the four interaction points of the collider. As a general-purpose detector,
it is designed to explore a wide range of particle physics phenomena. A critical component
of the ATLAS experiment is its tracking system, which reconstructs the trajectories of
charged particles with high precision. To achieve this, silicon pixel detectors are employed
in the innermost layers of the detector, positioned close to the interaction point. These
detectors are designed to measure particle signals with high precision while enduring
significant radiation exposure over many years of operation. To enhance the study of rare
processes at the Large Hadron Collider, a High-Luminosity phase is planned to commence
after the Long Shutdown 3 in 2030. Over 12 years, the High-Luminosity Large Hadron
Collider is expected to deliver a total integrated luminosity of approximately 4000 fb—!
with an instantaneous luminosity of up to 7.5-103* ecm=2s~!. Consequently, the expected
particle fluxes increase with the instantaneous luminosity, posing new challenges for silicon
pixel detectors. This necessitates extensive research and development to enhance their
radiation hardness and tracking performance while maintaining a low leakage current
and minimised material budget.

Hybrid planar and 3D silicon pixel detectors have demonstrated a promising balance
between these critical properties. Before their installation in the Inner Tracker, these
detectors undergo rigorous testing at various research facilities and institutions worldwide.



1 Introduction

Prior to full-scale production, pre-production batches of detector modules and test struc-
tures must be thoroughly evaluated to ensure they meet the stringent requirements for
the upgrade. Beam tests play a vital role in assessing the performance of these modules
by benchmarking their detection efficiency with high-energy particles, using minimum
ionising particles. Beam tests for the ATLAS Inner Tracker have been conducted at
CERN using particle beams extracted from the Super Proton Synchrotron. A sophisti-
cated tracking setup, incorporating multiple high-precision tracking layers with spatial
resolutions on the order of &~ 5 pum, is employed to reconstruct particle trajectories with
high accuracy.

This thesis presents investigations into test structures at TU Dortmund and pre-production
module performance at CERN beam tests. Chapter 2 provides an in-depth discussion of
the CERN accelerator complex, the ATLAS experiment, and the Inner Tracker upgrade.
Chapters 3 and 4 explore the principles of silicon sensors and hybrid detectors, respec-
tively. Performance studies on pre-production test structures and hybrid quad modules
are presented in Chapters 5 and 7. The beam test results of the hybrid quad modules are
currently being prepared for publication. Furthermore, the effect of front-end clocking on
Inner Tracker pixel module performance is analysed in Chapter 8. Beam test simulations
employing high-density beams are also conducted to benchmark the current tracking
setup, as detailed in Chapter 6. Finally, a summary of the results and their implications
for the upcoming Inner Tracker upgrade is provided in Chapter 9.



2 The ATLAS Experiment at the Large Hadron
Collider

The investigation of subatomic particles in the high-energy regime is crucial for advancing
our understanding of particle physics. Particle accelerators are essential tools in this
endeavour, enabling the study of fundamental particle properties and their interactions.
By accelerating particles to high energies and facilitating their collisions, we can observe
processes under conditions akin to those of the early universe.

The largest particle accelerator in the world, the Large Hadron Collider (LHC) [1], is
located at the European Organization for Nuclear Research (CERN) near Geneva. Among
its most notable achievements is the discovery of the Higgs boson [2], an elementary
particle predicted by the Standard Model of particle physics. Despite such milestones,
many questions remain unanswered within our current theoretical framework. For
instance, the nature of dark matter [3] is still unknown, driving the search for new
particles and phenomena beyond the Standard Model. As such, collider physics continues
to be of paramount importance in deepening our understanding of fundamental physical
processes. The following sections go into further detail about the LHC and specifically
the ATLAS Experiment [4] at the LHC.

2.1 The Large Hadron Collider

The Large Hadron Collider (LHC) began operations in 2009 and is currently the most
powerful particle accelerator in the world. It allows scientists to accelerate protons to a
centre-of-mass energy of /s = 14 TeV since the start of Run 3 in 2022 [5]. Previously, the
maximum centre-of-mass energy was /s = 7TeV during Run 1 (2009) and /s = 13 TeV
during Run 2 (2015). In addition to protons, the LHC also accelerates and collides lead
ions to study quark-gluon plasma [6].

Before particles are injected into the LHC, they pass through a series of four pre-
accelerators, each increasing their energy incrementally. Initially, protons are extracted
from hydrogen gas using a duoplasmatron [7]. These protons are then accelerated to
160 MeV by the LINear ACcelerator, LINAC4 [8]. Subsequent accelerations occur in
the Proton Synchrotron Booster, the Proton Synchrotron (PS), and the Super Proton
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Synchrotron (SPS), bringing the total energy to 450 GeV [9]. In addition to preparing par-
ticles for the LHC, these pre-accelerators also supply particles for fixed target experiments.
Figure 2.1 provides a schematic depiction of the CERN acceleration complex.

The CERN accelerator complex
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Figure 2.1: Schematic representation of the CERN accelerator complex [10].

The accelerated protons enter the LHC in one of two beam pipes, circulating either
clockwise or anticlockwise. Superconducting magnets stabilise and focus the proton
beams during circulation, while accelerating structures increase the energy of the protons
to 7TeV [11].

There are four interaction points where the particles collide, corresponding to the locations
of the four major LHC experiments: ALICE (A Large Ion Collider Experiment) [12],
LHCb (Large Hadron Collider beauty) [13], CMS (Compact Muon Solenoid) [14], and
ATLAS [4]. Each of these detectors has a distinct design and purpose.

ALICE is a general-purpose detector with a focus on lead-lead and lead-proton collisions,
enabling the study of quark-gluon plasma. LHCD is dedicated to b-physics and the study
of CP-violating processes. Both ATLAS and CMS are general-purpose detectors designed
to search for a wide range of phenomena beyond the Standard Model.
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2.2 The ATLAS Experiment

The ATLAS experiment is a cylindrical general-purpose detector with a length of 46
meters, a diameter of 25 metres, and a weight of 7000 tonnes [15]. The detector is
depicted in Figure 2.2.

Muon Detectors Tile Calorimeter Liquid Argon Calorimeter

Toroid Magnets  Solenoid Magnet SCT Tracker Pixel Detector TRT Tracker

Figure 2.2: Schematic representation of the ATLAS detector and its components [16].

The proton-proton collisions within the ATLAS detector produce a variety of particles,
each passing through different detector systems designed to measure specific properties.
The primary properties of interest are the mass, momentum, energy, and trajectory of
these particles, which help identify their types.

The Inner Detector [17] tracks charged particles and determines their momentum. The
electromagnetic and hadronic calorimeters measure the energy of photons, electrons, and
hadrons. These detector systems are arranged in layers around the interaction point
in a cylindrical structure known as the barrel. The detector systems are also used in
several end-cap disks that are positioned orthogonally to the beam direction to cover
most of the solid angle. Figure 2.3 illustrates the interactions of various particles with the
corresponding detector systems. The following subsections provide a detailed description
of the different detector systems of the ATLAS experiment.
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Figure 2.3: Schematic representation of various particles interacting with the detector
systems of the ATLAS experiment [18].

2.2.1 The Muon Spectrometer

Since muons have a significantly higher mass than electrons, they produce less bremsstrahlung
when traversing the detector at high energies. Additionally, muons rarely interact with the
Inner Detector and calorimeter systems. Therefore, identifying muons and determining
their trajectories is primarily accomplished by the outermost detector system, the Muon
Spectrometer [19].

To maximise detection, the Muon Spectrometer spans a large area, extending radially
from the end of the hadronic calorimeter at 4.25m to the outer edge of the detector at
11m. This design allows the spectrometer to cover a pseudorapidity range up to |n| = 1,
while the end-caps cover a pseudorapidity of 1 < |n| < 2.7. The spectrometer comprises
resistive plate chambers and monitored drift tubes in the barrel region, while the end-caps
make use of cathode strip chambers, thin gap chambers and monitored drift tubes.

The superconducting barrel toroid and the end-cap toroid magnets generate a 4T mag-
netic field, causing the muons to curve due to the Lorentz force. By analysing this
curvature, both the charge sign and the momentum of the muons are determined. The
stand-alone relative momentum resolution of the Muon Spectrometer is approximately
4%, increasing to 11 % for transverse momenta of 1 TeV.



2 The ATLAS Experiment at the Large Hadron Collider

2.2.2 The Electromagnetic and the Hadronic Calorimeter

Different sampling calorimeters [4] are installed in the ATLAS detector between the muon
spectrometer and the solenoid to measure the energy of a multitude of particle types. The
hadronic calorimeter in the outer region covers a radius of 2.28 m to 4.23 m in the barrel
and 0.475m to 2.03m in the end-caps with two wheels in each end-cap. It is used to
measure the energy of hadron particle showers to infer the energy of the initial hadronising
particle. This is achieved by using alternate layers of absorber and scintillating materials.
The active material produces scintillation light, which is transmitted by a wavelength
shifter to photomultiplier tubes. In the barrel region, steel is used as an absorber to
contain the particle shower within the calorimeter, and plastic scintillator tiles are used
to sample the energy of the hadronic shower. In the end-cap region, the absorber and
sampling materials are changed to copper and liquid argon, respectively, due to the higher
radiation exposure.

The electromagnetic calorimeter [20] is located in the inner region of the calorimeter
system, spanning over a radius from 1.15m to 2.25m in the barrel and 0.33 m to 2.098 m
in the end-caps with one wheel in each end-cap. The energy of electrons, positrons,
photons and partially hadrons is measured in the electromagnetic calorimeter. It features
an accordion structure of lead as the absorber and liquid argon as the sampling material
for optimal energy measurements in the radial direction without gaps. The end-cap region
uses the same absorber and sampling materials. A cryostat surrounds the electromagnetic
calorimeter to keep the argon in liquid form. A total pseudorapidity of up to |n| = 1.7 is
covered by the hadronic and electromagnetic calorimeters of the central region and up to
|n| = 3.2 by the calorimeters in the end-cap region. The forward calorimeter uses liquid
argon for sampling and copper and tungsten as absorbers for the electromagnetic and
hadronic showers, respectively. It covers a region of up to |n| = 4.9.

2.2.3 The Inner Detector

Being positioned closest to the interaction point at a distance of 1.2 cm, the Inner Detector
(ID) [21] is used to track charged particles with high spatial resolution. It has a highly sen-
sitive area, covering a pseudorapidity of up to |n| = 2.7 and is designed to be sufficiently
radiation hard to maintain a high detection efficiency for many years. Furthermore, as
the innermost detector system, the material budget of the ID is minimised to reduce
energy loss and deflection of charged particles due to multiple Coulomb scattering.

A 2T inhomogeneous magnetic field parallel to the beam axis is generated by a super-
conducting solenoid [22], which curves the trajectories of charged particles. The ATLAS
solenoid is 5.8 m long, 2.56 m in diameter, and surrounds the entire ID. The ID comprises
three sub-detector systems: the Pixel Detector (PD), the Semiconductor Tracker (SCT)
and the Transition Radiation Tracker (TRT), which are depicted in Figure 2.4.
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Figure 2.4: Schematic representation of the different sub-detector systems of the Inner
Detector [23].

The Transition Radiation Tracker

The outermost layer of the ID is the Transition Radiation Tracker (TRT) [24, 25], which
consists of 300,000 thin-walled drift tubes distributed across the barrel region and both
end-caps. It is used to track particles that ionise the Xe/CO,/0O, gas mixture in the drift
tubes, commonly referred to as straws. Due to the applied electric field, the generated
electron-ion pairs are separated, inducing a measurable charge.

The straws are made of Kapton with a gold-plated tungsten wire at the centre, and have
a diameter of 4mm. In the barrel region, the straws are 144 cm long and are arranged
parallel to the beam axis in a total of 73 layers. The straws in the end-caps are 39 cm long
and are arranged radially in wheels. Additionally, polypropylene fibers are placed between
the straws to generate transition radiation, which is useful for particle identification.
This is particularly effective for determining the mass m of electrons and pions with a
known energy F, as the transition radiation effect depends linearly on the Lorentz factor
v = E/(mc?).

The TRT is designed to cover a large volume of 12m? at the expense of spatial resolution,
which is approximately 130 pm in the direction perpendicular to the straws. On average,
30 hits are registered from an ionising particle traversing the TRT.
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The Semiconductor Tracker

The middle subsystem of the ID is the Semiconductor Tracker (SCT) [26, 27], which
surrounds the Pixel Detector and spans from 29.9 cm to 51.4 cm in the radial direction.
It consists of 4,088 two-sided silicon detector modules, arranged in four cylindrical barrel
layers and nine planar end-cap disks on each side.

In the barrel region, each module is composed of four rectangular silicon microstrip
sensors with a strip pitch of 80 pm and a length of 12 cm. Two modules are glued together
at a 40 mrad angle relative to each other, with one module on the front side and another
on the back side. By combining the information from the front and back sensors, a spatial
resolution of 17 pm in the R¢ direction and 580 pm in the Rz direction is achieved.

The sensors used in the end-caps have a trapezoidal shape and are oriented perpendicular
to the beamline. The strip modules are designed to withstand a fluence of 2 x 1014 Do,/ cm?,
which is estimated to be reached during the lifetime of the SCT.

The Pixel Detector

The innermost subsystem of the ID is the Pixel Detector (PD) [28], which is positioned
at a distance of 5cm from the beam line and extends to a radius of 12.25 cm. It consists
of 1,744 silicon pixel modules distributed across three barrel layers and three end-cap
disks on each side. The majority of pixel modules have a pixel size of 50 x 400 pm?, with
47,232 pixels per module, which are read out by an integrated readout ASIC, called the
FE-I3.

The PD can precisely measure three hit positions of ionising particles close to the
beam pipe. This information significantly contributes to the identification of short-lived
particles and to the reconstruction of particle tracks. Furthermore, the deposited charge
in the sensor can be determined using time-over-threshold information. The modules
are designed to operate up to a bias voltage of —600V to maintain their efficiency under
increasing radiation exposure over time. To minimise leakage current, the modules are
cooled to —10°C.

The detector is designed to withstand a fluence of 1 x 10%° Ne,/ cm?; although the fluence
after ten years was expected to reach 5 x 101° N,/ cm? for the innermost layer, called the
B-Layer. Consequently, the B-Layer was initially designed to be replaceable, although
the final design did not include this feature. Instead, an additional layer was installed
during Long Shutdown 1 in 2013, called the Insertable B-Layer (IBL) [29]. The IBL
surrounds the beam pipe at a distance of 3.3 cm and consists of 280 silicon pixel modules
using the newer FE-I4 readout ASIC. This module features an even smaller pixel size
of 50 x 250 pm?, further improving the tracking capabilities of the PD. Due to its close
proximity to the beam pipe, the IBL is designed to minimise the material budget and
withstand a fluence of 5 x 10" n_, /cm?.
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At the end of 2024, the B-layer and the IBL had to withstand a fluence of 1.4 and
1.9 x 1015 g /cm?, respectively. Thus, the pixel detector is operated well beyond its life
expectancy during Run 3, while still reaching efficiencies of approximately 94 % [30].

2.3 The High Luminosity LHC

To increase the potential for discovering new physics, the CERN project of the High
Luminosity LHC (HL-LHC) [31] was approved in 2016. With the HL-LHC, the peak
instantaneous luminosity for proton-proton collisions is expected to reach up to 7.5 x
1034 cm—2s7!, which will lead to an average pile-up of 200 interactions per bunch crossing
at the same rate of 40 MHz. Thus, a total integrated luminosity of 4000fb~! will
be collected over the period of twelve years. This allows physicists to study rarely
occurring processes in greater detail, as particles like the Higgs boson will be produced
approximately five times more often in the same amount of time.

The HL-LHC upgrade will be installed during the Long Shutdown 3 period from 2026
to 2028, with operations starting in 2029. Upgrades for all four large experiments at
the LHC are planned to be installed during this period, as the increasing instantaneous
luminosity demands improved radiation hardness, precision, and data acquisition. Figure
2.5 depicts the overall timeline of the different LHC phases, including the installation of
detector upgrades for the primary LHC experiments.

The focus of this thesis lies on the upgrade of the ID of the ATLAS experiment for the
HL-LHC, called ATLAS Inner Tracker. Thus, the following section further elucidates
this project.

10
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Figure 2.5: Depiction of the timeline of the HL-LHC plan from the design studies to
installation and operation [32].

2.4 The ATLAS Inner Tracker

The ATLAS Inner Tracker (ITk) [33] will replace the Inner Detector for the HL-LHC
phase starting in 2030. It is designed to cope with the harsh environment of the HL-LHC,
such as the increased pile-up requiring improved readout rates. To keep the occupancy
of the detector below 1%, the granularity of the detector will be increased. Furthermore,
it has to withstand the higher radiation damage for many years while the performance
is aimed to be equal to or better in comparison to the ID. The ITk will be built as an
all-silicon detector to fulfil these requirements while minimising the material budget,
thereby ensuring accurate energy measurements in the calorimeter system. It will consist
of several inner layers of pixel sensor modules and outer layers of strip modules covering
pseudorapidities of up to |n| = 4. Figure 2.6a depicts the layout of the detector and
2.6b shows a distribution of the number of hits of the silicon sensors as a function of the
pseudorapidity. A 3D visualisation of the ATLAS ITk including its layers and support
structure is shown in Figure 2.6c.
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Figure 2.6: a) Layout of the layers of pixel modules in red and strip modules in blue
of one quadrant of the ITk. b) Simulation of the number of registered hits as a function
of the pseudorapidity. A sample of 1 MeV muons is used, which were generated with
a flat distribution in transverse direction for the different values of z = —15cm, Ocm
and 15cm in equal amounts. ¢) Visualisation of the detector modules and the support
structure layout of the ITk [33].
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The entire I'Tk will be permeated by a 2T magnetic field produced by the solenoid for
momentum measurements of charged particles. Occupying the same volume as the ID,
the ITk will span the radius from 3.3 cm to 100.8 cm. The following sections will describe
the ITk layout and the detector modules in more detail, while even further detailed
descriptions of the ATLAS ITk can be found in the technical design reports of the ITk
pixel [34] and strip detectors [35].

2.4.1 The Strip Tracker and the ITk Strip Modules

At a distance of 40 cm to a 100 cm from the beamline, silicon strip modules are used for
particle tracking. The strip tracker consists of four layers of strip modules in the barrel
region and six disks on each side in the forward region, referred to as the end-caps. With
the Strip tracker, an area with a pseudorapidity of |n| = 2.7 will be covered. In the barrel
region, rectangular short (SS) and long (LS) strips with a length of 2.5 cm and 5cm will
be utilised in the inner two and outer two layers, respectively. Figure 2.7 shows an SS
module on a test frame.

Each stave holds 28 modules and is arranged cylindrically to form the barrel, which
will contain approximately 11,000 strip modules. The disks consist of 32 trapezoidal
petals that are arranged in a circular shape. Fach petal holds twelve strip modules of six
different sizes, RO to R5. In total, approximately 7000 strip modules will be mounted on
the petals in the end-caps. Figure 2.8 shows a schematic of a loaded stave and a petal.
The modules are operated at —35 °C, which is achieved by a flowing bi-phase CO, that
is transported via titanium pipes to the modules.

Both the SS and the LS modules have a similar size of 10 x 10 cm?, with the SS using
four rows of strips and the LS using two rows. Each row consists of 1280 signal strips
and two edge strips.

The barrel strips are supported by a flexible circuit board, called a hybrid. One hybrid is
required for two strip segments. A short strip sensor uses two hybrids and a long strip
sensor uses one. Two ASICs are mounted on a hybrid. The binary readout chip of the
strip, called ABCStar (ATLAS Binary Chip), processes the hit information, while the
HCCStar (Hybrid Control Chip) controls the readout of the ABCStar. Additionally, a
flex circuit board, called the power board, distributes the power to the different parts
of the module and holds a monitoring chip, the AMACStar (Autonomous Monitor and
Control Chip). All the electrical components were designed to be compatible with the
strip design of the barrel and the end-caps.
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Short strip
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Figure 2.7: A short strip module mounted on a short strip test frame. Two hybrids are
mounted between two strip segments with one powerboard in the centre. The prototype
of the ABCStar, called the ABC130 was utilised [35].
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Figure 2.8: Schematic of a petal and a stave that hold various strip modules and the
End of substructure cards [35].
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2.4.2 The Pixel Tracker and the ITk Pixel Modules

This section describes in detail the I'Tk pixel detector and ITk hybrid pixel modules that
were investigated in the scope of this thesis. A more general introduction to hybrid pixel
detectors is given in Chapter 4.

The ITk Pixel Tracker is the detector system closest to the beam pipe and therefore
crucial for particle tracking and vertex reconstruction.

It consists of five layers of pixel modules, loaded on staves, in the cylindrical barrel region,
called LO to L4, and several concentric rings in the respective layers, called RO to R4.
The Inner System consists of the two innermost layers of staves and rings. Three different
designs for the Inner System rings exist. Coupled rings cover the layers LO and L1 and
are utilised closer to the barrel. The intermediate rings and the L1 rings cover the layers
L0.5 and L1, respectively.

The 2m long staves in the outer barrel, so-called longerons, are loaded with modules
parallel to the beam line. Inclined half rings are used in between the longerons and
the outer end-caps to keep the orientation of the modules normal to the particle tracks.
Approximately 8400 modules will be loaded into the Pixel Tracker.

Electrical and cooling services run along the staves and the ring support cylinder. Similar
to the ITk Strip Tracker, a biphase CO, cooling system is used to cool the modules via
thin-walled titanium pipes. Figure 2.9 shows the support structures of the inner system,
the outer barrel and the outer end-cap.

At a distance of 3.4 cm from the beamline, the innermost layer has to withstand fluences
of up to 2 x 1016 meq/cm2 over a period of six years, which is expected to be half the
operation time. Afterwards, the inner two layers and rings will be replaced by an identical
second inner system.

Silicon hybrid 3D modules will be installed on the first layer only, due to their high
radiation hardness in comparison to planar sensors. A single 3D module has a pixel
matrix of 384 x 400 pixels that span over an area of 2 x 2cm? and an active thickness
of 150 pm. It was determined that 3D sensors with a pixel size of 25 x 100 pm? in the
barrel and 50 x 50 pm? in the end-caps improve the tracking performance of the detector.
Most 3D modules will be loaded as triplets, which means that three front-ends (FEs) will
be bonded on a single silicon tile each and connected to one flexible PCB. The Layers
L1 to L4 and their corresponding rings will be loaded with 150 pm thick n"-in-p planar
hybrid quad modules. A quad module consists of four FEs bonded on a single silicon tile.
Thus, the pixel matrix of a quad module spans 768 x 800 pixels in a 4 x 4cm? area. A
gap between the four readout chips is inevitable. Therefore, four rows and columns of
large 100 x 50 pm? and 50 x 100 pm? pixels are incorporated in the design as an interchip
region to avoid an inactive area between the readout chips. The 16 pixels in the centre
have a dimension of 100 x 100 pm?.
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Figure 2.9: a) Quarter shell structure of the inner system, including the layer L0 and
L1 staves and coupled rings. Only four rings are shown for better visualisation. b)
Longerons and inclined rings in the outer barrel and layer [36]. ¢) One of the outer
end-caps of the Pixel Tracker [34].
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Figure 2.10a and 2.10b show a quad module and a magnified view of the quad sensor
pixel structure, including interchip pixels.

An ITk pixel module is manufactured in two major steps. First, the FE is bump-bonded
to the silicon tile. Afterwards, the bare module is glued to the flex PCB, which manages
and distributes the necessary power to the electrical components. Planar and 3D sensors
are described in more detail in Section 4.2. Optimising the sensor technology incorporated
in the Pixel Tracker was achieved with extensive studies and is described in more detail
in [37].

SLHC ATLAS
OHMON HYBRID U3.
046

Figure 2.10: a) Example of an assembled RD53a quad module. The PCB that is glued
to the sensor tile is visible [38]. b) Close-up photo of the pixel matrix of a quad sensor
tile, including the bias structure and the interchip region. Four rows and columns of
large pixel implants are utilised (purple areas). ¢) Close-up of an ITkPixV1 FE on a
single chip card [39].

17



2 The ATLAS Experiment at the Large Hadron Collider

All hybrid modules in the Pixel Tracker will use the ITkPixV2 readout chip based on
65 nm technology and developed by the RD53 Collaboration [40]. The FE chip prototype,
called RD53a, contained three different design architectures for both the ATLAS and the
CMS collaborations to investigate their needs. With the prototype, it was demonstrated
that the FE met the expected requirements of ATLAS and CMS regarding radiation
tolerance, low threshold operation and trigger rate.

Eventually, the ATLAS collaboration chose to pursue the differential FE architecture,
which stems from its differential precomparator design. Using differential signals allows
for improved signal integrity, reducing the signal-to-noise ratio and the effect of signal
distortions.

The FE chip was further refined to the needs of the ATLAS collaboration until the newer
ITkPixV1 pre-production chip was submitted in 2020, which is shown in Figure 2.10c. A
few bugs, most notably the high power-up current of the chip that made system tests
impossible, led to an updated version of the chip, called ITkPixV1.1. Most of the ITk
pixel modules that were investigated within the scope of this thesis had the ITkPixV1.1
incorporated. The final design FE ITkPixV2 was equipped to modules starting from 2024
and fixed several issues found during extensive testing of ITkPixV1.1 modules. Figure
2.11 depicts the differential analog FE and the main components for the signal processing
schematically.

In the following, the fundamental processing of an incoming signal in the differential FE
is briefly explained. A charge signal is induced into the analog FE by a detector diode,
when ionising particles traverse the bonded sensor, or by an injection input for testing
purposes. The signal charges the feedback capacitance Cy of the charge-sensitive amplifier.
Afterwards, the discharging effect of the constant current source Iy creates a triangular
voltage signal for the precomparator inputs proportional to the initial charge signal. The
detection threshold of the precomparator is defined by the crossing points of the two
input voltages and can be adjusted with the supply voltages of the precomparator globally
and per pixel with the TDAC register. Both signals get amplified by the precomparator
before being fed in to the comparator, which converts the inputs into a binary signal.
The output is digitised and further processed.

The FE of the ITk pixel modules is designed to support the serial powering of up to
14 modules, so material for the serving cables is saved, which improves the tracking
performance. The readout chip assumes a constant current instead of a constant voltage
power supply and generates a constant internal voltage with a shunt low-dropout voltage
regulator. These regulators are based on the successful regulators of IBL modules,
although no serial powering was used in the IBL.
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Figure 2.11: a) Schematic of the differential analog FE. Its main components from left
to right are the current input, the preamplifier, the precomparator and the comparator.
The boldfaced signals are controlled globally, while the underlined italic signals are
controlled per pixel. b) A current flows from the sensor diode. ¢) A signal after being
processed by the preamplifier. d) The two output signals of the precomparator. e¢) The
digital signal after the comparator [41].
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Detectors play a fundamental role in particle physics research, enabling the study of
particle properties. Since different types of particles interact with their surroundings
in distinct ways depending on their type and properties, detectors must be optimised
for specific experimental requirements. At the LHC, particle detectors are specialised to
identify and analyse high-energy particles produced in proton-proton collisions, measuring
key properties such as energy, momentum, and trajectory.

A broad range of detector technologies is employed both in particle physics and other
fields. Among these, semiconductor-based detectors are particularly prominent. In
addition to their widespread use in scientific research, they find extensive applications in
industry, particularly in general-purpose electronic devices.

This chapter provides a brief introduction to semiconductor physics and hybrid pixel
detectors.

3.1 Semiconductors

Semiconductors are a class of materials with unique electronic properties that lie between
those of conductors, such as metals, and insulators, such as ceramics. These properties
arise from the behaviour of charge carriers, electrons (e¢~) and holes (h), within the
crystal lattice.

In isolated atoms, electrons occupy discrete energy levels. However, in a lattice, each atom
is influenced by its neighbouring atoms through electromagnetic interactions. Considering
the entire lattice, these discrete energy levels split many times, forming energy bands [42].
The highest energy band in which electrons remain bound to atoms is called the valence
band, while the lowest energy band available for electron conduction is the conduction
band.

In conductors, the valence and conduction bands partially overlap, allowing electrons to
move freely within the lattice. Conversely, insulators have a wide energy gap between
these bands, referred to as the band gap, preventing significant electron movement
from the valence to the conduction band. Semiconductors have a smaller band gap, in
the range of approximately 0.1 to 4eV, compared to insulators, enabling electrons to
transition from the valence to the conduction band if sufficient energy is provided. This
energy can be supplied through thermal excitation or ionising particles. The band gap
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of semiconductors at room temperature is typically on the order of 1eV. Figure 3.1a
illustrates the energy bands for conductors, semiconductors, and insulators.

When electrons move into the conduction band, they leave behind holes in the valence
band. These holes can be filled by other electrons, allowing the holes to act as positive
charge carriers that can move through the lattice.

One of the most widely used semiconductor materials is silicon, due to its abundance
in the Earth’s crust in the form of silica and silicates. This abundance makes silicon
relatively inexpensive and easily accessible for both industrial and academic applications.
Silicon has a stable diamond cubic crystal structure, as shown in Figure 3.1b, and can be
produced with high purity.

Silicon exhibits a band gap of 1.12eV at room temperature (300K). However, the
minimum energy states of the conduction band and the maximum energy states of the
valence band are offset in momentum space. As a result, a momentum transfer from
electrons to the crystal lattice is required for a transition into the conduction band.
Semiconductors with this characteristic, such as silicon and germanium, are classified as
indirect semiconductors.

In contrast, materials like gallium arsenide are examples of direct semiconductors, com-
monly used in light-emitting diodes due to their efficient electron-hole recombination.
Consequently, the average energy needed to create an electron-hole (e/h) pair in silicon,
3.65 eV, is significantly larger than its band gap.
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K
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Figure 3.1: a) Band structures of insulators, semiconductors and conductors. Here,
E denotes the energy gap. b) Cubic face-centred lattice structure of semiconductors
such as silicon and germanium [43].
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3.2 Doping of Semiconductors

The conduction properties of semiconductors can be modified by introducing impurities
into the crystalline structure, a process known as doping. A doped semiconductor is
referred to as extrinsic, while an intrinsic semiconductor is one that is essentially pure,
with no significant amount of impurities present.

Silicon and germanium atoms are tetravalent, meaning they form bonds with four
neighbouring atoms. Impurities introduced by doping are typically pentavalent or
trivalent, possessing one valence electron more or less, respectively, than the semiconductor
atoms. A pentavalent atom, known as a donor, contributes an additional valence electron,
while a trivalent atom, called an acceptor, introduces a hole. The extra electrons from
donor atoms are only weakly bound and can be easily ionised because their ground state
lies just below the conduction band.

Phosphorus and boron are commonly used as donor and acceptor atoms, respectively, due
to their high diffusion rates. Semiconductors with a high concentration of donor atoms
are classified as n-type materials, characterised by an excess of free electrons. Conversely,
semiconductors with a significant number of acceptor atoms are p-type materials. Figure
3.2 illustrates a silicon lattice with both a donor and an acceptor impurity.

Figure 3.2: Schematic representation of a silicon lattice and the introduction of a
donor (a) and an acceptor (b) [43].
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3.3 The p-n Junction

A p-n junction is the interface between an n-type and a p-type semiconductor. When
these two types of semiconductors come into contact, the excess holes from the p-type
region and the excess electrons from the n-type region diffuse across the junction due to
the concentration gradient, creating a diffusion current I4. As electrons recombine with
holes near the boundary, a region depleted of free charge carriers forms, known as the
depletion zone.

An electrostatic field develops due to the space charge of the dopant ions, generating
a drift current I,y that opposes the diffusion current. The drift current increases as
more electrons and holes recombine, until an equilibrium is reached where the diffusion
and drift currents balance, stabilising the depletion zone. Depletion zones can also form
within semiconductors of the same type if the doping concentrations differ. In this case,
regions with higher and lower doping levels are denoted as n™ and n™—, respectively.

The electric field within the depletion zone creates a built-in voltage V,;, which is ap-
proximately 0.6 V for silicon. Applying an external voltage V., across the p-n junction
alters the size of the depletion zone by shifting the balance between diffusion and drift
currents. When a positive voltage is applied to the p-side, the depletion zone narrows, and
the junction is forward-biased, allowing current to flow. Conversely, a negative voltage
applied to the p-side widens the depletion zone, creating a reverse bias that inhibits
current flow. This mechanism underlies the basic operation of a diode, where current
flows predominantly in the forward-bias direction. Figure 3.3 schematically illustrates
the behaviour of the depletion zone in forward and reverse bias conditions.

The width dg,, of the depletion zone depends on the built-in voltage V};, the external volt-

age V., the doping concentration Np 4, the elementary charge e, and the permittivities
of vacuum ¢, and the material €,:
2¢pe, 1
daep = \/ . - ND/A(Vbi + Vext) (3.1)

Electron-hole pairs generated within the depletion zone do not recombine, as they are
driven toward the opposite electrodes by the electric field created by both the electrodes
and the space charge. Consequently, ionising particles passing through the depletion
region can be detected by measuring the current induced by the movement of electrons
and holes. This property makes p-n junctions highly suitable for use in sensors designed
to detect charged particles. During operation, a sufficiently high external voltage is
applied to fully deplete the p-n junction, maximizing the sensitive volume for particle
detection.
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Figure 3.3: Schematic representation of the width of the depletion zone for different
applied bias voltages and the corresponding shift of the energy states. Here, E denotes
the conduction band, Ey; the valence band and Ep the Fermi energy [43].
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3.4 Leakage Current of a p-n Junction

A current flowing through a material that is typically insulating is known as leakage
current. In an ideal p-n diode, it is assumed that charge carrier generation and recombi-
nation within the depletion region are negligible. However, a measurable leakage current
I, 40, Originates from the diffusion of minority charge carriers outside the depletion region

and depends exponentially on the applied external voltage. This behaviour is described
by the Shockley diode equation:

eV
Ligeas = Is | exp —22 — 1) , (3.2)
deal S ( kBT

where I is the reverse bias saturation current. The current-voltage (IV) characteristic
of a p-n junction is shown in Figure 3.4. In forward bias, the leakage current increases
exponentially with rising voltage. In reverse bias, the leakage current remains nearly
constant until the breakdown voltage Vg, is reached. Beyond this point, the current
rises rapidly due to the acceleration of charge carriers in the electric field. These carriers
gain sufficient energy to ionise additional atoms, initiating an avalanche process that can
cause large currents and potentially damage the diode.

In real p-n diodes, leakage current is also generated within the bulk and on the surface of
the material. Bulk leakage current arises from the thermal excitation of electrons, known
as the generation current I,,,. This generation current depends on the depleted volume
Viep and the concentration of impurities that serve as generation and recombination
centres, often introduced through radiation exposure.

Chapter 3.7 provides a more detailed discussion of radiation-induced damage in silicon
sensors. The generation current is given by:

7y Ty N oA
Igen = evdep? = €Ad? ~ CA? ‘/ext y (33)
g g g

where A is the area under the electrode, d is the depth of the depletion region, n; is the
intrinsic carrier density, and 7, is the carrier generation lifetime, defined as the average
time it takes for thermally generated electron-hole pairs to recombine. The generation
current can also be expressed as a function of temperature T*

E
Ly = T%exp—-2 4
gen exp 2]€BT’ (3 )

where kg is the Boltzmann constant, and E, ~ 1.21 eV represents the activation energy
required to move a charge carrier from the valence band to the conduction band.
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Surface leakage current is primarily caused by damage to the surface, often introduced
during fabrication or handling. This current is strongly dependent on the geometry of
the device and scales linearly with the applied external voltage. However, bulk leakage
current typically dominates the overall leakage behaviour [43].

In semiconductor detectors, minimising leakage current is crucial, as it constitutes one of
the major sources of noise in the measurement process and contributes to heat generation
in the sensor.

| A

forward
bias

== o} / \7

/ reverse bias S ext

Figure 3.4: Current-voltage characteristic of an ideal diode for forward and reverse bias
operation. The dashed line describes the breakdown of the diode and Ig the saturation
current [43].

3.5 Capacitance of a p-n Junction

The depletion region of a p-n junction exhibits a capacitance C, which can be approximated
by modelling the junction as a parallel plate capacitor with a dielectric material:
A
C = epe,—, (3.5)
ddep

where €, is the permittivity of free space, €, is the relative permittivity of the dielectric,
A is the area of the plates, and d,,,, is the depth of the depletion zone [43].
The capacitance of a p-n junction decreases as the depletion volume increases. Therefore,
the depletion voltage of a sensor can be determined by measuring the capacitance as

26



3 Silicon Detectors

a function of the applied external voltage, where V,, o 1/C?. When full depletion is
reached, the capacitance of the depletion region stabilises, as the depletion depth no
longer increases with further bias voltage.

3.6 Energy Deposition of lonising Particles in Silicon Sensors

Silicon detectors used in high-energy particle physics measure signals created by the
ionisation of atoms by charged particles. This is accomplished by operating a p-n junction
in reverse bias, which creates a sufficiently large depletion region. Charged particles that
enter the depletion region ionise atoms via electromagnetic interactions. The electron-hole
pairs generated by this process do not recombine due to the presence of the electric field
and instead drift towards the electrodes.

The number of electron-hole pairs generated depends on the energy deposited by the
particle in the sensor material. The energy deposited by an ionising particle in the
sensor depends on several factors, including the particle’s properties and the material of
the sensor. Low-energy particles predominantly deposit energy through ionisation and
excitation of atoms via inelastic collisions, while bremsstrahlung becomes the dominant
energy loss mechanism at higher energies. For relativistic heavy charged particles,
the mean energy loss per unit distance travelled in the material is described by the
Bethe-Bloch formula [44]:

dFE B 47 2 2 ne? 1 2m60252 5(vB)  C(By,T)
_<da:>mec2(47reo> ﬁz[an(M>—52— s g | (36)

where m, is the electron mass, Z is the atomic number, v is the Lorentz factor, n is the
electron density, z is the charge of the particle, I is the mean excitation potential, and
B = v/c is the ratio of the relativistic velocity v to the speed of light ¢. Deviations from
the energy loss predicted by the Bethe-Bloch formula become significant at both high
and low energies. These deviations are accounted for by the density correction §(y/53) and
the shell correction C(5v,1)/Z, respectively. Figure 3.5a illustrates the mean energy loss
of pions in silicon over a wide energy range, as an example.

Equation 3.6 is valid only for particles that are much heavier than the electron and
positron, for which additional corrections must be considered. Due to their low mass,
energy losses from bremsstrahlung are significantly larger for electrons and positrons, and
deflection effects become more pronounced. Moreover, annihilation effects of traversing
positrons with shell electrons, as well as the indistinguishability of a traversing electron
from shell electrons, must also be accounted for.

27



3 Silicon Detectors

Particles with an energy of approximately v5 &~ 3 deposit the least amount of energy
and are thus referred to as minimum ionising particles (MIPs). Since high-energy silicon
detectors are typically designed to detect a broad range of charged particles, MIPs are
often used to test sensor performance due to their relatively low signal generation.
With the Bethe-Bloch formula, only the mean deposited energy and, consequently, the
mean number of generated electron-hole pairs are determined. The fluctuations in the
number of electron-hole pairs generated by a single ionising particle differ between thick
and thin sensors and are described by the Gaussian [45] and Landau [46] distributions,
respectively:

1 _(@—p)?
flx) = =l (3.7)
1 oo
g(x) = 7T/ e~tloe ()=t gin (7t) dt (3.8)
0

where f(x) and g(x) are the probability density functions (PDFs) of the two distributions,
1 is the mean value, and o is the standard deviation. The peak of the Landau distribution
represents the most probable value, which differs from its undefined mean due to the
distribution’s asymmetric shape. Both distributions are shown in Figure 3.5b. The long
tail of the Landau distribution, characteristic of energy deposition by ionising particles,
arises from so-called d-electrons, which are ejected with enough energy to ionise additional
atoms. For instance, approximately 32,000 electron-hole pairs are produced by a MIP
traversing 300 pm of silicon at 300 K [43].
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Figure 3.5: a) Mean energy loss of charged pions in silicon according to the Bethe-
Bloch formula with and without the density correction [43]. b) Computed Gaussian
and Landau distributions using the equations 3.7 and 3.8 with y =0 and 0 =1
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3.7 Radiation Damage in Silicon Sensors

The operation of silicon sensors in environments with high particle fluxes, such as the
LHC, leads to degradation of the sensor material due to radiation-induced damage. The
extent of this damage depends on both the number of particles traversing the sensor and
the type of particles, as different particles interact with the sensor material in distinct
ways. lonising energy loss processes are largely reversible and primarily contribute to
surface damage. The surface damage is mostly relevant for the readout electronics of
detector modules, due to the degradation of transistor performance in the CMOS circuits.
The dominant damage to the sensor bulk from non-ionising particle interactions, such as
the displacement of lattice atoms, can be approximated using the non-ionising energy
loss scaling hypothesis, which aligns well with experimental irradiation data [47]. This
hypothesis posits that the extent of radiation damage caused by a particle is proportional
to the non-ionising energy it deposits, independent of the particle’s properties. This allows
radiation damage from different particles to be scaled for comparison. The standard
convention scales damage to the equivalent damage caused by 1MeV neutrons (1n,,).
The total radiation exposure is quantified by the fluence, defined as the number of neutron
equivalents per unit area, typically expressed in 1n,, Jem?.

Various types of defects are introduced into the silicon lattice upon irradiation, such as
displaced lattice atoms creating vacancies and interstitial atoms. Figure 3.6 illustrates
some of the defects introduced by particle radiation. Defects are often unstable and may
either recombine and dissolve or migrate through the lattice, where they can form stable
complexes with impurities. The process of annealing, which occurs when the material is
heated to a specific temperature, can help repair some of these radiation-induced defects.
During annealing, the migration of atoms can lead to the recombination of vacancies and
interstitials, reducing the overall defect density and restoring the material’s electrical
properties. However, excessive annealing can cause further sensor damage, such as the
formation of new defect complexes, which negatively affect sensor performance. For this
reason, it is essential to cool sensors during and after irradiation to prevent uncontrolled
annealing and minimise long-term damage.

Similar to introduced dopants, defects affect the band structure of the semiconductor
and alter its electrical properties. This leads to several unwanted effects caused by
the newly introduced energy levels. The leakage current increases due to a higher
probability of electron-hole pair generation. Defects can also act as recombination centres
for electron-hole pairs or as traps and scattering centres for charge carriers, thereby
impairing charge collection efficiency. Additionally, dopants may be displaced from
the crystal lattice or become bound in defect complexes, resulting in changes to the
effective doping concentration. This effect predominantly affects n-type dopants, such as
phosphorus, causing a shift in n-type material toward p-type doping. The shift is further
enhanced by defects that capture electrons from the conduction band, effectively acting as
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Figure 3.6: Illustration of various types of defects in a doped silicon lattice. The red
circles indicate impurities, the V denotes vacancies and Cg denotes a carbon atom
impurity [43] (modified).

acceptors. As a result, at high fluences, type inversion can occur, where n-type material
transforms into p-type material. This type inversion alters the required depletion voltage,
as it is directly proportional to the effective doping concentration. Figure 3.7 illustrates
this phenomenon, which can occur at fluences as low as 103 Ne,/ cm?.

In experiments at the LHC, such as ATLAS or CMS, sensors near the beamline are
expected to be exposed to fluences on the order of 10*® N,/ cm?. Since type inversion at
these fluences is unavoidable, most silicon sensors for the high-luminosity phase of the
LHC are designed as n™-in-p sensors. The p-type bulk generally does not undergo type
inversion, making these sensors more resistant to radiation damage.
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There are several designs for detecting particles with silicon detectors, each offering
distinct advantages and trade-offs. Pixel detectors provide superior radiation hardness
and spatial resolution for hit position measurements compared to strip detectors, but at
higher manufacturing costs. This advantage is attributed to the smaller segmented areas
on the silicon sensor.

Additionally, there are two fundamentally different designs for the readout electronics of
pixel detectors: monolithic and hybrid. Monolithic detectors integrate the sensitive sensor
volume and either part or all of the readout electronics into a single piece of silicon. They
offer high granularity, approximately (20 pm x 20 um), and small thicknesses of around
50 nm. However, the large LHC experiments ATLAS and CMS have relied exclusively on
hybrid detectors for the first three operational phases as well as for the HL-LHC phase
[48, 49]. This preference is due to the significantly better performance of hybrid pixel
detectors in environments with high particle fluxes and intense radiation [50].

This chapter provides an introduction to hybrid pixel modules, as all devices tested in
this thesis belong to this category.

4.1 Architecture of Hybrid Modules

Hybrid detectors are composed of a separately manufactured sensor and readout chip.
The pixel cells on the sensor are connected to corresponding channels on one or more
readout chips using small conducting solder balls, referred to as bump bonds, through
a process known as bump bonding. This design allows for separate optimisation of the
active (readout) and passive (sensor) components, ensuring superior performance tailored
to specific requirements. However, the material budget is significantly higher compared
to monolithic detectors because particles experience multiple scattering in the readout
chip and the support structure. Additionally, manufacturing costs are expected to be
generally greater due to the complex assembly process, particularly the bump bonding
step. Figures 4.1a and 4.1b illustrate a single pixel cell, including the readout chip of a
hybrid detector and a complete hybrid pixel matrix, respectively.
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Figure 4.1: a) Ilustration of a hybrid pixel cell and a traversing ionising particle. b)
Layout of a hybrid pixel matrix with the pixel implants shown separately from the
sensor for better visualisation [43].

4.2 The Sensor of Hybrid Modules

The silicon bulk is typically a weakly doped region where charge carriers are generated
by ionising particles traversing the material. It contains multiple highly doped electrodes
that create the depletion zone under an applied external voltage and collect the generated
charge carriers. N-type implants are preferred for charge collection because electrons,
having higher mobility than holes, lead to faster signal generation compared to p-type
implants. The higher mobility also decreases the trapping probability of the electrons,
which makes the sensor more radiation hard.

In the first three phases of the ATLAS and CMS experiments, most silicon sensors were
of the planar n"-in-n type due to their solid radiation hardness and easier manufacturing
at the time. However, extensive research on n*-in-p sensors has demonstrated significant
advantages for the High-Luminosity phase of the LHC. Unlike n"-in-n sensors, n*-in-p
sensors do not undergo type inversion in the p-type bulk, allowing for simpler one-sided
processing and reduced production costs. This is particularly beneficial for experiments
like the ATLAS ITk, which require large-area hybrid pixel detectors. Additionally, n™-in-
p sensors have shown adequate radiation hardness for the HL-LHC environment [51].
In n"-in-n sensors, double-sided wafer processing is required because the depletion zone
can expand either from the n* implants on the front side or the single p* implant on the
back side. Guard rings are implemented on one side of the sensor to manage the voltage
drop at the edges.
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To supply external voltage to the pixel cells before the bump bonding process, several
different methods are used. A bias rail consisting of metal traces connects the bias grid
ring and the pixels through a bias dot. All pixels are brought to the same potential using
the punch-through effect. When the applied voltage reaches the punch-through voltage
Vpr, the depletion zone around the bias dot expands laterally until it merges with the
depletion zone of the pixel implant, establishing conductive contact. This way, complex
metal routing on top of the pixels can be prevented

Two other bias structures are also used, depending on the module vendor: A thin polysili-
con layer is deposited right above the silicon substrate and provides a continuous resistive
path connecting the pixel electrodes to a bias voltage.

Alternatively, a temporary metal layer is applied to the wafers during fabrication, cov-
ering the pixel array to provide an electrical path for biasing during testing and initial
measurements. After bump bonding, the pixels are biased through the readout channel
of the FE.

There are two major sensor designs, differentiated by the structure of their electrodes:
planar and 3D sensors, which are illustrated in Figures 4.2a and 4.2b, respectively. The
previously described doping structures apply to planar sensors, which consist of highly
doped silicon layers on both the top and bottom sides of the silicon bulk. In these sensors,
generated electron-hole pairs drift toward opposite electrodes, with the sensor thickness
being the maximum distance the charge carriers must travel before collection. Planar
silicon sensors are well understood and are widely used in modern particle detectors.
The newer 3D silicon sensor design utilises n™ and p™ doped electrodes in the form
of pillars etched directly into the silicon. This design enables much shorter distances
between the bias and charge collection electrodes, resulting in a lower depletion voltage,
reduced leakage current, and faster charge carrier drift times. These advantages make 3D
sensors more radiation-hard compared to planar sensors, making them especially suitable
for high radiation environments. However, due to the complex processing required, 3D
sensors are more expensive to produce, which limits their application to smaller areas. As
a result, 3D sensors are used in the ATLAS experiment only in the innermost layer, the
Insertable B-Layer (IBL), where the required area is relatively small and the sensors must
withstand high radiation fluences. The 3D sensor technology will also be implemented in
the innermost layer of the ATLAS ITk detector.
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Figure 4.2: Illustration of a planar (a) and a 3D (b) sensor cross section [52, 53].

4.3 The Readout Chip of Hybrid Modules

The signal generated at the electrodes of a hybrid module undergoes additional processing
by a readout chip, where it is amplified, discriminated, and digitised. Signal amplification
is essential to enhance the signal-to-noise ratio. To further reduce noise, readout chips
employ comparators to set a charge threshold, ensuring that only signals above this
threshold are measured.

The time over threshold (TOT) of a signal can be measured by the chip to estimate the
amount of energy deposited by ionising particles. To ensure accurate operation of the
readout electronics for each pixel, the FE must undergo a tuning procedure. The details
of this tuning process are described in Section 4.4.

After the measured data is processed by the analogue part of the readout, it is digi-
tised using an analogue-to-digital converter (ADC), which facilitates easier processing,
transmission, and analysis of data.

Currently, the hybrid modules of the Inner Detector use the FE-I3 readout chip [54],
with its successor, the FE-14 [55], used for the IBL. For the ITk upgrade, the ITkPixV2
[34] will be employed, which is optimised to handle the more challenging conditions near
the beamline of the HL-LHC. All the hybrid pixel modules investigated in this thesis are
equipped with the ATLAS ITkPixV1.1 FE, which serves as the pre-production version
of the final design readout chip. The ITkPixV1.1 chip is described in more detail in
Chapter 2.4.2.
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4.4 Tuning of Hybrid Pixel Detectors

Ideally, all pixel readout channels of a hybrid pixel module should respond identically to
an incoming signal in terms of amplification, discrimination, and TOT response. However,
small differences between the individual channels of the readout chip are inevitable due
to its inherent complexity and sensitivity. These differences are further amplified when
the readout chip is exposed to radiation.

To ensure proper calibration of the pixels during operation, the individual channels
of the readout chip are tuned. This tuning is achieved by adjusting both global and
local parameters, which affect all pixels and individual pixels, respectively. The most
significant of these parameters are the global and local thresholds, which determine the
charge threshold at which the sensor registers a signal. The global threshold is controlled
by the GDAC register and influences the mean threshold across all pixels. Additionally,
the local threshold is fine-tuned via the comparators in each readout channel, with the
adjustment managed by the TDAC register. Ideally, the threshold for all pixels is set to
the expected value. However, the limited number of available register entries restricts
local tuning, resulting in a threshold distribution that typically follows a Gaussian shape,
with a preference for a small standard deviation. A notable effect of an induced charge
signal is the rising flank that reaches its peak after a time that is independent of the
magnitude of the charge signal. As a result, larger charge signals rise faster and cross
the threshold earlier, increasing the time over threshold, which is called timewalk.
Similarly, global and local parameters are used to tune the TOT response. This is done by
adjusting the slope of the falling edge of the signal. Local tuning is implemented through
a feedback current for the amplifiers, which is controlled by the FDAC register. As
with the threshold, the TOT distribution also exhibits a Gaussian shape after successful
tuning, due to the constraints of local tuning.

To ensure accurate calibration, a well-defined amount of charge must be injected into
the pixels. This is achieved by directly injecting charge into the readout system through
an injection capacitance. The influence of tuning on both the threshold and TOT is
schematically shown for two charge injections in Figure 4.3.
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Figure 4.3: Depiction of initial charge signals and the corresponding processed signals
which depend on the tuning configuration.

Several scans can be performed to evaluate the tuning results and, more generally, the
entire charge collection and readout process. The tuning and scan options are highly
dependent on the software used, as hybrid pixel sensors have different readout system
designs, and most software is developed to support only a limited number of designs.
Notably, the STControl framework for the USBpix readout system [56] is commonly used
to tune the FE-I4. For the RD53A and ATLAS ITkPix readout chips, the BDAQ [57]
and YARR [58] frameworks are commonly employed in testing setups. The FELIX [59]
framework is the readout system for the final design FE and it will be used in the data
acquisition pipeline of the ATLAS experiment.
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5 Investigation of ITk Pixel Pre-Production Test
Structures

The planar pixel sensors for the [Tk upgrade are manufactured by the vendors Hamamatsu
Photonics (HPK) [60], Fondazione Bruno Kessler (FBK) [61], and Micron [62], selected
through a market survey campaign [63]. During the pre-production phase, these vendors
produce a limited number of test structures (TS), allowing the ITk collaboration to
investigate their performance. This early evaluation helps identify potential sensor issues
before large-scale production begins.

The vendors conduct an initial investigation of the TS by measuring key electrical
characteristics, including current-voltage (IV), current-time (It), and capacitance-voltage
(CV) responses of sensor tiles and diodes. This process is referred to as quality control. In
parallel, I'Tk testing sites perform similar measurements, along with additional optional
tests such as inter-pixel resistance and charge collection efficiency studies. These extended
investigations fall under the category of quality assurance (QA). QA measurements
were carried out at several institutes, including IJCLab, KEK, MPP, TU Dortmund, the
University of Gottingen, and Lancaster University.

As part of this thesis, the IV, It, and CV characteristics of several I'Tk TS were measured
at TU Dortmund and the corresponding results are presented in this chapter.

5.1 ITk Pre-Production Test Structures

At TU Dortmund, several diodes and sensor tiles from unirradiated HPK and irradiated
Micron test structures were investigated. In this context, a test structure refers to a
diced segment of the full wafer. The different test structures, designated T'S1, TS2, and
TS3 from an HPK wafer, are shown in Figure 5.1a, while a close-up image of TS1 is
presented in Figure 5.1b. The larger diode has an area of 10 x 5 mm?, whereas the two
smaller diodes measure 5 x 5mm? each. Throughout this thesis, the HPK TS and diodes
are referred to by their respective numbers, as depicted in the Figures 5.1a and 5.1b.
The diodes on the TS serve as representations of the pixel implants within the sensor,
enabling the characterisation of the bare sensor. Additionally, the TS contain other
elements designed for further investigations, such as inter-pixel capacitance structures,
mini-sensors, and strips. However, these structures were not examined within the scope
of this thesis.
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Figure 5.1: a) Unirradiated HPK pre-production wafer. The circled areas indicate the
different parts of the wafer with the TS that were investigated [64]. b) Close-up image
of an HPK TS, including several diodes and structures for various measurements. In

the upper left corner is an image of the diodes’ bias and guard rings under a microscope
[65].

Figure 5.2a illustrates the layout of the 150 pm Micron TS, highlighting its named
substructures, while Figure 5.2b shows a close-up picture of a quad sensor tile. The
naming convention used in the Micron wafer schematic is retained throughout this
chapter to describe these substructures. The investigated structures, the quad TS and the
MSLTSF, have areas of 16 cm? and 4.25 cm?, respectively. The Micron TS, investigated
in this thesis, were irradiated to fluences of 2 x 1013 N,/ cm? and 5 x 101° N,/ cm? and
annealed likely until the saturation of the long-term annealing effects.

Unlike fully processed pixel modules, the TS utilise bias pads, which are accessible by
probe needles to supply the sensor with a bias voltage. The various bias structures are
described in more detail in Section 4.2. A summary of the different TS, including their
active thicknesses and biasing mechanisms, is presented in Table 5.1. In this thesis, T'S
from HPK and Micron were analysed.

Table 5.1: List of the different ITk pre-production TS including the vendor, the bias
structure and the active thickness.

Vendor Active Thickness Bias Structure
HPK 150 pm Poly-Silicon

FBK 150 pm Temporary Metal
Micron 150 pm, 100 pm Punch-Through
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Figure 5.2: a): Schematic of the Micron TS layout. The large blue tiles in the centre
are the quad sensors and the small tiles are primarily diodes [66]. b) Close-up image of
a Micron quad sensor tile.
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5.2 QA Measurements

A brief introduction to the current-voltage and capacitance-voltage characteristics of a
diode is provided in Sections 3.4 and 3.5. Measurements for unirradiated and irradiated
TS were conducted at (20 + 2)°C (room temperature) and (—25 4 1) °C, respectively.
The QA measurements performed in this thesis include IV, CV, and It measurements,
which are described in the following sections.

IV Measurement

During the operation of the ATLAS ITk, sensors degrade due to radiation exposure. To
ensure full depletion, the applied bias voltage V; is increased over time. For planar sensors,
the pixel electrode structure is comparable to a diode, meaning that at a sufficiently high
voltage V4, breakdown occurs, rendering the sensor unusable. Breakdown is defined
here as an increase in the leakage current I, of more than 20% for a 5V increase
in bias voltage. The purpose of IV measurements on diode TS is to confirm that the
sensor operates reliably within a sufficiently high voltage range. Therefore, the leakage
current must remain low across the applied voltages. The investigated voltage range,
along with the acceptable leakage current and breakdown voltage thresholds, depends on
the received fluence of the TS. Since the leakage current scales with the diode area, all
leakage current values are normalised to the diode area.

Table 5.2 outlines the requirements a sensor must meet to pass the QA measurements.
Additionally, unirradiated sensors must not undergo breakdown within 70 V above the
full depletion voltage Viy.

40



5 Investigation of ITk Pixel Pre-Production Test Structures

Table 5.2: Summary of the IV measurement requirements. The voltage range and
the maximum allowable leakage current for a sensor to pass the test depend on the
irradiation and the active thickness of the sensor.

Irradiation Active Thickness | Voltage range Maximum I},
0 100 pm 200V 0.75 1A /cm? (Vg +50V)
2 x 10" n, /cm? 100 pm 300V 20 nA /cm?
2 x 10" n, /cm? 150 pm 400V 25 1A /cm?
5 x 10" n,, /em? 100 pm 400V 351A /cm?
5 x 10" n,, /cm? 150 pm 600V 45 pA /em?

It Measurement

For sensors, it is essential that the leakage current remains stable over extended periods of
time. To assess this, the sensors are operated at their typical bias voltage for 48 hours at
low temperatures. Leakage current measurements are taken every 10 minutes, excluding
the first 10 minutes during the voltage ramp-up, since the changing voltage may induce
unwanted effects in the sensor, potentially causing increased instability in the leakage
current. Throughout the measurement period, the leakage current must remain within
+25 % of its mean value for the diode TS to pass the test. The maximum fluctuation,
I, is defined as:

m

CV Measurement

To optimally operate the I'Tk modules, it is crucial to measure their depletion voltage
accurately. The depletion voltage can be determined from the saturation of 1/C? using
Equation 3.5. This value is measured in 5V steps to precisely identify the crossing point
between the linear and constant regions of the curve.

An unirradiated sensor is considered acceptable if the depletion voltage, Vj, is below
60V for sensor thicknesses of 100 pm and below 100 V for sensor thicknesses of 150 pm.
No specific depletion voltage is defined for irradiated sensors. Therefore, the results are
evaluated based on the probed voltage range during IV measurements of the irradiated
sensors.
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5.3 QA Measurement Setup

To ensure the proper measurement conditions described in Section 5.2, a wafer prober
is utilised, specifically designed for the precise probing of small wafer structures in a
controlled environment. The wafers are placed on a gold chuck, which creates a vacuum
through small holes, securely holding them in place. During measurement, the wafer is
shielded from light. Inside the wafer prober, temperatures can be controlled within a
range of —60 °C to 300 °C using a chiller with water as a coolant. Small tungsten needles
are used to probe the TS and can be positioned with high precision using an integrated
microscope. These needles are connected to external electronic devices that supply the
required voltages and currents for the QA measurements. Figure 5.3a shows the wafer
prober used for all QA measurements presented in this thesis.

(b)

Figure 5.3: a) Photo of a quad TS placed on the chuck of the wafer prober used for
the QA measurements. b) Close-up photo of the 10 mm diode under the microscope of
the wafer prober.

To perform the IV measurements, a Keithley 2410 [67] power supply was connected to
the needle prober. The device is connected to the network via GPIB and is controlled
remotely using the E4control software [68]. This software allows for the operation and
configuration of the measurement setup, including the specification of the voltage range
Vianges voltage steps Vi, the number of measurements per voltage point n and the
delay time 4),, between the voltage change and the current measurement. A larger bias
voltage step size of 10V was taken for the irradiated modules due to the broader range
of applied bias voltages.

The It measurement was performed in a similar manner, with adjusted configuration
parameters. Table 5.3 summarises the configuration parameters used for the IV, CV,
and It measurements presented in this thesis. The individual measurement parameters

for each investigated TS are detailed in Section 5.4.

meas’
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Table 5.3: Configuration parameters of the Keithley 2410 and the wafer prober for the
IV, CV and It measurements. Different parameter values were chosen for the different
TS based on their properties.

Configuration IV Measurement CV Measurement It Measurement

Vrange 200 — 600V 100 — 300V 100 V/260 A%
Vitep 5—10V 5V -
Mmeas 10 10 1
Ldelay 3s 3s 30s —600s

For the CV measurement, the Keithley 2410 is used to apply a bias voltage to the bias
pad of the diode, similar to the IV and It measurements. To calculate the capacitance
of the depletion region, an Agilent 4284 A LCR meter [69] is employed. This device
determines the capacitance of electronic components by sending an AC signal and mea-
suring the resulting changes in voltage and current. The AC signal is superimposed with
the constant bias voltage using a bias box, allowing capacitance measurements at each
voltage step. The amplitude and frequency of the AC voltage pulse can be adjusted.
For the presented measurements, an amplitude of 1V and a frequency of 10 kHz were
chosen. Larger amplitudes would introduce greater disturbances to the bias voltage, while
smaller values could reduce measurement precision due to a lower signal-to-noise ratio.
Frequencies in the range of approximately 1 — 10 kHz were found to be viable, avoiding
unwanted leakage current effects and ensuring the signal stability of the LCR meter.
Open corrections were applied to the measurements to account for parasitic capacitances
in the measurement setup.

Figure 5.4 schematically depicts the configuration of the devices used for the CV mea-
surement.
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Figure 5.4: Schematic of a CV measurement setup including the devices used to generate
the constant bias voltage, the AC voltage pulse and the bias box to superimpose the
two voltages [52].

5.4 QA Measurement Results

The IV, CV, and It measurements were conducted on multiple diodes and quad TS from
HPK and Micron. A comprehensive list of all tested components within the scope of this
thesis is provided in Table 5.4. For the Micron TS, the primary focus was on the quad
structures MSL A and MSL C. The smaller diodes on the MSL wafer were examined for
their IV characteristics, with partial investigations of their CV properties.

The following subsection presents and discusses the results of the IV, CV, and It mea-
surements separately.
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Table 5.4: Summary of investigated TS, diodes and corresponding received fluences.

Vendor Test structure Substructure Fluence
HPK W1 TS1 10 x 5mm? (1. diode) 0

HPK W1 TS1 5 x 5mm? (2. diode) 0

HPK W1 TS1 5 x 5mm? (3. diode) 0

HPK W1 TS3 10 x 5mm? (1. diode) 0

HPK W1 TS3 5 x 5mm? (2. diode) 0

HPK W1 TS3 5 x 5mm? (3. diode) 0

HPK W1 TS4 10 x 5mm? (1. diode) 0

HPK W1 TS4 5 x 5mm? (2. diode) 0

HPK W1 TS4 5 x 5mm? (3. diode) 0
Micron ~ WO0006 MSL A 5 x 10" n,, /cm?
Micron ~ WO0006 MSLTSF 1 5 x 10" n,, /cm?
Micron ~ WO0006 MSLTSF 2 5 x 10" n,, /cm?
Micron ~ W0022 MSL C 2 x 10" n,, /cm?
Micron  W0022 MSLTSF 1 2 x 10" n,, /cm?
Micron ~ W0022 MSLTSF 2 2 x 10" n,, /cm?

5.4.1 CV Measurements

The CV characteristics of the tested HPK TS are shown in Figure 5.5. All structures
show the expected linear and constant part of a CV curve for diodes. The 10 mm diodes
have a noticeably smaller 1/C? proportionality due to their larger area in comparison to
the 5 mm diodes.

Another increase of 1/C? after the plateau for high bias voltages is not typically expected.
This effect is attributed to further depletion of silicon in the TS. The slight discrepancy
in the CV behaviour of the 5 x 5mm? diodes of TS4 likely stems from minor production
differences in those regions of the wafer as similar deviations were observed at the
University of Gottingen for other HPK pre-production wafers [65].
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Figure 5.5: Capacitance of HPK TS as a function of the applied bias voltage.

To determine the depletion voltage of the sensors from their CV characteristics, a fit
function is used to describe the transition from the linear to the constant proportionality
of the 1/C? term before and after full depletion. Rather than fitting separate lines
to each section, a single fit function is utilised, incorporating a parameter z, that
defines the optimal voltage at which the linear proportionality ends and the constant
behaviour begins. For the irradiated structures, a second linear fit provides a more
accurate representation of the sensor capacitance than a constant fit. The fit functions
f(z,zy,a,b) and g(z,zy,a,b,c) for the CV data of the unirradiated and irradiated TS
are then defined as:

f(z,zy,a,b) = —alx — xy| + ax + b (5.2)
g(z,zy,a,b,¢) = alx — xy| + (a4 )z + b — cxy (5.3)

Here, x represents the bias voltage, while a, ¢ and b correspond to the slopes and offset
of the fit functions, respectively. For the fits of the HPK TS, data from the second slope
onwards is omitted, as these data points do not accurately represent the capacitance of
the depleted structures. Figure 5.6 illustrates the fit function applied to the MSLTSF A
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structure of the Micron TS. All uncertainties in the fit parameters are assumed to be
Gaussian. A summary of the parameter values obtained from the fits of the HPK and
Micron CV curves is presented in Table 5.5.
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Figure 5.6: Capacitance of the Micron TS 0006 MSL A as a function of the applied
bias voltage. Also shown are the fits according to Equation 5.3. The depletion voltage
is defined by the intersection of the two linear slopes.

The depletion voltage of the HPK TS varies between 59V and 63V, with uncertainties
of up to 1.2V. A major contributor to these uncertainties is the limited number of data
points used, particularly at higher bias voltages due to the presence of the second slope.
The Micron MSL A structure exhibits a significantly higher depletion voltage than
the other Micron TS, primarily due to its substantially higher received fluence of
5 % 10" n,, /em?, compared to 2 x 10'® n, /em? for the MSL C structure. As described
in Chapter 3.7, this behaviour is expected. With depletion voltages below 50V, the
structures require remarkably low bias voltages to reach full depletion, even after irradia-
tion. However, the defined depletion voltage is determined solely by the transition of
the fit function, which does not fully capture the depletion of the sensor volume, as the
capacitance continues to increase slightly at higher bias voltages. This effect is known
for irradiated silicon, where traps alter the expected depletion behaviour.
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Table 5.5: Fit parameters of the CV data fit functions for the HPK and Micron TS.
Values in brackets denote the standard deviation based on the last significant digit.

TS Substructure zy [V] a [nF/V] b nF] ¢ [nF/V]

HPK W1 TS1 10 x 5mm? (1. diode) 59.5(8) 15.0(3) 855(12)
HPK W1 TS1 5 x 5mm? (2. diode)  60.6(11) 78.7(17) 4510(90)
HPK W1 TS1 5 x 5mm? (3. diode)  60.7(12)  79.5(17 )  4540(90)
HPK W1 TS3 10 x 5mm? (1. diode)  60.3(9) 15.0(3) 869(13)
HPK W1 TS3 5 x 5mm? (2. diode)  62.0(12)  79.0(17)  4610(90)
HPK W1 TS3 5 x 5mm? (3. diode)  62.3(11)  78.4(16)  4620(80)

(
HPK W1 TS4 10 x 5mm? (1. diode)  62.6(7) 14.1(2) 862(9)
HPK W1 TS4 5 x 5mm? (2. diode)  67.8(8)  69.8(10)  4680(50)
HPK W1 TS4 5 x 5mm? (3. diode)  68.7(10)  68.3(13)  4660(70)
Micron W0006 MSL A 47.7(7)  -0.00494(1)  1.409(6)  0.0103(3)
Micron W0022 MSL C 37.2(5) -0.00601(12) 1.385(5) 0.0125(3)

The saturation of the capacitance occurs through a smooth transition that the fit function
does not accurately describe. Therefore, the uncertainty in the depletion voltage is
non-negligible, despite the relatively small uncertainties in the measured capacitances.
Since all investigated structures have a thickness of 150 pm and a depletion voltage well
below 100V, they pass the bulk capacitance measurement test.

Results from the same wafers, measured at the University of Gottingen, exhibit noticeable
variations [65]. The higher depletion voltages observed at Gottingen are attributed to
differences in sensor annealing.

5.4.2 IV Measurements

The leakage current per unit area for voltages up to 200V is shown in Figure 5.7a. The
first 5mm? diode of TS1 was omitted from the results due to significant surface damage.
No breakdown voltage is reached for any structure, and all remain well below the maximum
allowed leakage current of 750nA /cm? required to pass the test for unirradiated TS. The
significant fluctuations in the leakage current around the nA range suggest additional
influences on the IV characteristics, as the Keithley 2410 power supply should be capable
of resolving these currents with sufficient precision. Noticeable surface damage, as shown
in Figure 5.3b for the second 5 x 5mm? diode of TS1, is likely to have a dominant impact
on the leakage current at this scale. Despite the substantial fluctuations, the leakage
currents of the HPK TS show consistent behaviour. The relative standard deviations,
o/, range from 2 to 20 % and show no significant dependence on either the structure or
the applied bias voltage.
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To investigate the bias voltage at which breakdown eventually occurs, the bias voltage was
further increased for two diodes. As shown in Figure 5.7b, breakdown in the 5 x 5 mm?
and 10 x 5mm? diodes occurs at bias voltages exceeding 1kV, far beyond the required
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Figure 5.7: a) Leakage current per area as a function of the applied bias voltage for all
tested HPK TS diodes. b) Leakage current per area for increasing bias voltages until
breakdown occurs for two HPK TS diodes.

The TS of wafer 0006 exhibit higher leakage currents due to their higher received fluences
compared to wafer 0022 and the HPK wafer. All Micron T'S meet the IV requirements,
as they do not experience breakdown for bias voltages up to 600 V. The noticeably larger
increase in leakage current for the MSL A structure at a bias voltage of 300V is likely a
consequence of increased radiation damage.

All measured leakage currents exhibit negligible fluctuations, with relative standard
deviations of up to 0.2 %, highlighting the stability of the TS. As the leakage currents
are much larger in comparison to the unirradiated HPK TS, small surface damages that
might impair the signal-to-noise ratio only have minor influences. Results from different
wafers of the same batch, measured at the University of Gottingen, show compatible

results [65].
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Figure 5.8: Leakage current per area as a function of the applied bias voltage for all
investigated Micron TS diodes and quad structures.

5.4.3 It Measurements

The results of the 32h to 48 h long It measurements at a bias voltage of 100V are shown
in Figure 5.9. These measurements primarily focus on the performance of the 10 x 5 mm?
diodes. An It measurement of a single 5 x 5mm? diode is also included, although
temperature stability was lower, varying between 19.5°C and 20.5°C. In contrast, the
temperatures during the measurements of 10 x 5mm? diodes remained stable within
(20.0 £0.1) °C. The measurement of the TS1 10 x 5 mm? diode proved to be too unstable
for extended periods, allowing only a 32 h measurement. However, these instabilities were
unrelated to the TS itself.

Figure 5.10 shows that both investigated Micron TS exhibit very low fluctuations through-
out the entire measurement period, for which stable temperatures of (—25.0 4+ 0.1) °C
were maintained. Due to their larger mean leakage current compared to the unirradiated
structures, the fluctuations do not scale as significantly, making them more stable than the
HPK TS. Table 5.6 lists the TS along with their maximum leakage current fluctuations
I ¢, calculated according to Equation 5.1. The first 10 min of leakage current data is

m
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excluded from this calculation to prevent influences from unwanted effects of the bias
voltage ramping. All investigated TS exhibit leakage current fluctuations below 25 %,
thereby meeting the leakage current stability requirement. Comparable results were
obtained from the QA measurements conducted at the University of Gottingen [65].
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Figure 5.9: Leakage current per area as a function of time for a bias voltage of 100 V
for HPK TS diodes.
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Figure 5.10: Leakage current per area as a function of time for a bias voltage of 100V

for Micron quad TS.

Table 5.6: Maximum fluctuations of the leakage current of the investigated TS.

TS Substructure I ¢

HPK W1 TS1 10 x 5mm? (1. diode) 23.55%
HPK W1 TS1 5 x 5mm? (3. diode)  23.02%
HPK W1 TS3 10 x 5mm? (1. diode) 23.92%
HPK W1 TS4 10 x 5mm? (1. diode) 21.49%
Micron W0006 MSL A 7.74%
Micron W0022 MSL C 6.65 %

The investigated HPK and Micron TS satisfy the requirements for the ITk Pixel Phase
IT upgrade, regarding their depletion voltage, leakage current stability and breakdown

behaviour. This indicates that pixel sensors fabricated using these wafers are expected

to operate reliably, without significant issues arising during sensor production. Further
QA measurements will be conducted on TS from production batches in the future to

ensure their electrical properties remain suitable for the operation of pixel modules in

the ITk.
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6 Track Reconstruction for High-Intensity Beam
Tests

The performance of tracking detectors must be thoroughly evaluated before their installa-
tion in an LHC experiment. To assess these modules, beam tests are conducted, in which
high-energy particle beams traverse a setup comprising the devices under test (DUTSs)
and the tracking sensors used for track reconstruction, commonly referred to as the beam
telescope. While the physical setup is referred to as a hodoscope, this terminology is
rarely used in the literature. Therefore, the term telescope is adopted throughout this
thesis. The reconstructed tracks can be compared with the hit information from the
DUTs to quantify the performance of the modules. Since accelerating particles to high
energies is a complex endeavour, beam test facilities are located primarily near particle
accelerators. Beam test data presented in this thesis were acquired at the beam test
facility located at CERN.

This chapter provides an introduction to the beam test setups employed at CERN for
data collection. Furthermore, it details the track reconstruction and beam test simulation
software utilised. Subsequently, dedicated studies are presented to investigate the issue
of fake track reconstruction. Different methods to identify fake tracks are compared in
order to select an optimal strategy for mitigating fake tracks within the scope of this
thesis and in future beam tests.

6.1 CERN Beam Tests

Several beam test areas at CERN are supplied with high-energy particles from either
the PS or the SPS. For the studies presented in this thesis, all beam test data collected
at CERN were acquired in the SPS North Area, specifically in the H6 beamline of the
Experimental Hall North 1 (EHN1). The process of generating and delivering the particle
beam to EHNT1 is outlined in the following.

For data acquisition, particle beams with an energy of 120 GeV were utilised. These
beams are produced by extracting and transporting the primary proton beam of the SPS,
which has an energy of 400 GeV to 450 GeV [9], using a series of magnets and collimating
elements. Typically, about 10°-107 protons per spill are achievable [70].
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The extracted beam is split into three beam channels, where it collides with beryllium or
lead targets to generate secondary particle beams. To select particles with the desired
momentum, so-called wobbling stations are employed. These stations consist of multiple
sets of dipole magnets positioned upstream and downstream of the primary target, which
are used to filter the secondary particles. The selected particles are then directed to the
respective beam areas.

For the beam test, a variety of software and hardware components are essential for
a successful data acquisition. The most prominent of these components is the beam
telescope, which is used for track reconstruction of the particle trajectories. At CERN,
this consists of six Mimosa26 sensors [71], two pairs of plastic scintillators used to trigger
on the passing particles, a trigger logic unit responsible for distributing the trigger signal
to the various sensors, and readout software for processing, transmitting, and storing the
acquired data. Figure 6.1 illustrates the Aconite telescope [72], which was employed in the
beam tests at CERN for the studies presented in this thesis. The different components
of the beam test setup are explained in greater detail in the following sections.

Figure 6.1: Image of the Aconite telescope at CERN, showing the six Mimosa26 sensors
and two DUTs inside the cooling box. An FE-I4 module is mounted on the second
Mimosa26 from the left [38].
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6 Track Reconstruction for High-Intensity Beam Tests

The Beam Telescope and the Mimosa26 Sensor

The beam telescope consists of three Mimosa26 sensors in both the upstream and
downstream arms, with the DUTs positioned in the cold box between them. This
configuration ensures that a sufficient quality of the reconstructed tracks is achieved on
both sides of the DUT, which is crucial for obtaining accurate track intercepts with the
DUTs and, consequently, for a reliable performance evaluation.

The tracking sensors of a beam telescope must meet specific requirements. While the
sensors do not need to be exceptionally radiation hard, they must provide excellent
spatial resolution for effective track reconstruction. The Mimosa26 sensor is a monolithic
active pixel sensor that has proven successful in charged particle tracking, due to its
small pixel pitch of 18.4 x 18.4 pm? and its thickness of only 50 pm. It has an active area
of 21.1 x 10.6 mm?, with 1152 columns and 576 rows of pixels. The pixels are read out
using a column-parallel rolling shutter, with an integration time of 115.2 ps. Since the
DUTs have different integration times from the Mimosa26 sensors, an additional sensor
is typically installed in the beam telescope to provide a time reference. In the case of the
Aconite telescope, an FE-I4 module is used to filter out tracks that fall outside its 25 ns
integration time window. In addition, an ITkPixV1.1 module was usually installed as a
second time reference, in case problems occurred with the FE-I4 module.

To ensure the DUTs are kept at temperatures around —35 °C and to avoid significant
leakage currents, they are housed in a cold box. This box is fully sealed to minimise light
exposure to the sensors and is filled with cold nitrogen gas to prevent condensation of
water. A cooling circuit connected to a chiller provided stable, low temperatures.

The Trigger System

After particles deposit energy in the sensors of the beam telescope and the DUTs, a
trigger signal must be sent to all the sensors to ensure that the hit information from
the same particle is read out. This approach ensures that the recorded events contain
consistent information, which can be further analysed after data taking.

When particles traverse the telescope, signals of two pairs of scintillators positioned in
front and behind the telescope are sent to the trigger logic unit (TLU) [72]. The TLU
is a device specifically designed to process and respond to trigger conditions. It also
provides a time stamp and trigger ID for the particles passing through the system. This
guarantees that only particles that traverse the entire telescope are triggered. The time
resolution of the scintillators is discussed in Chapter 8.2.
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6 Track Reconstruction for High-Intensity Beam Tests

For the CERN beam tests involving the quad modules investigated in this thesis, the
EUDET-type TLU [72] was used. For subsequent beam tests and the in-time efficiency
measurements performed at CERN, as presented in Chapter 8, the newer AIDA TLU
[73] was utilised. This system provides significantly improved timestamping accuracy,
capable of measuring events with a precision of up to 780 ps in comparison to the 20.83 ns
timing precision of the EUDET TLU [74]. Figure 8.1 in Section 8.1 shows one possible
setup of a TLU in a beam test.

The EUDAQ Software

The measured data processed by the readout chip of the detectors must undergo further
processing before being stored in raw data files. For the beam telescope, this is achieved
using the data acquisition (DAQ) software EUDAQ [75], which was developed to provide
versatility in the operation of beam telescopes and DUTs.

The core component of the system is the Run Control module, which connects to all other
components of the DAQ system and the user interface. This module sends commands to
the other modules and collects information from them.

All log messages generated by the DAQ system are collected and displayed by the LOG
collector module, providing the user with information on the status of data acquisition
and any potential issues.

The producer modules link the DAQ system to the hardware of the detectors, enabling
access to the measured data via the EUDAQ library. New detectors require additional
readout software that serves as an interface between the specific readout system’s DAQ
software and the EUDAQ library. For the ATLAS ITkPix readout chip, the YARR
readout software [58] was used during the CERN beam tests.

The data received from all producers is then collected and synchronised online by the
collector nodes, a process known as event building. A single event corresponds to one
trigger signal from the TLU. All data processed by the data collector is stored and can
be monitored online to detect any issues that may arise during data acquisition.
Figure 6.2 illustrates the different modules of the EUDAQ DAQ system and their
relationships to one another schematically.
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Figure 6.2: Schematic depiction of the DAQ system of EUDAQ. The red arrows
represent the commands sent by the run control module, the blue arrows represent
the flow of the data and the gray arrows represent the logs that are sent to the LOG
collector. [76].

6.2 The Beam Test Simulation Software Allpix Squared

Allpix Squared [77] is a versatile simulation framework designed for simulating particle
interactions in semiconductors. Originally developed at CERN for the simulation of beam
tests, it has since been extended to broader applications in semiconductor simulation.
Using beam test simulations, various aspects of the setup and track reconstruction of
customisable particle beams can be investigated under controlled conditions.

Allpix Squared relies on the Geant4 [78] toolkit to simulate energy deposition, while the
ROOT [79] framework is employed to store the data. The simulation process is divided
into individual modules, making the software more user-friendly, while still allowing for
the realisation of complex detector simulations.

The core of the framework manages the instantiation and processing of the modules,
which are organised into four subsystems. All modules are executed through the module
instantiation logic. The detector geometry subsystem provides information about all
detector types, their position and orientation, and additional passive materials. Further
properties, such as the pixel matrix, pixel size, and thickness, can be specified to override
the default properties of the given detector type or to design a custom detector. Objects
are tracked and moved in the simulation by the messaging subsystem, which interacts
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with all modules in the simulation chain. The fourth subsystem is the user interface,
which enables users to interact with the framework. Figure 6.3 illustrates the structure
of the Allpix Squared core and its connection to the modules.

/ Allpix Squared Core \ Modules

o . ( Charge Deposition )
Module Instantiation Logic

| Interaction of particle
Unique modules with sensor material
—

Modules executed per detector

Propagation
Detector Geometries > Dritt & diffusion of
charge carriers
Coordinate transformations
Detector properties, fields Transfer

—>| AcorDC coupling
Messaging System to readout chip

Relay objects between modules

Digitisation
Preserve object history 3
Noise, threshold,
ADC response
User Interface
(o = )
Logging Simulation Output

history & MC truth

\Configuration parsing / Storage of objects,

Figure 6.3: Allpix Squared subsystems and their connection to the modules [77]. The
red, gray and blue lines depict the interaction of the modules with the messaging system,
the detector geometry and the user interface, respectively.

The main modules that define the simulation chain are outlined below. All simulations
begin with the main Allpiz module, which defines global parameters such as random
seeds, file paths, verbosity, and the number of simulated events. The surrounding material
is then specified separately, either as vacuum or air, using the GeometryBuilderGeantj
module.

Electric fields, including constant, linear, parabolic, and custom fields, can be simulated
within the sensors using the FElectricFieldReader module. The electric field of each sensor
can be customised individually, though only the linear model is used in the scope of this
thesis. For linear electric fields, it is necessary to specify the depletion depth and bias
voltage within the module, which together define the constant slope.

Next, the propagation of charge carriers is simulated. This is achieved through several
modules that employ different approaches, each with its own advantages and limitations.
Focusing on precision at the expense of computational speed, the GenericPropagation
module is the preferred choice for beam test simulations. Propagation is modelled as a
combination of diffusion and drift of grouped charge carriers. To determine the drift, the
module uses the charge carrier mobility. Both types of charge carriers are considered
during propagation. Customisable parameters include the mobility model, the number
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of charge carriers grouped together for propagation, temperature, integration time, and
more advanced options such as impact ionisation, trapping, and detrapping models and
the magnetic field. No magnetic field was applied in any beam tests related to the results
presented in this thesis.

The individual sets of propagated charges are then combined into a set of charges on the
corresponding sensor pixel by the Simple Transfer module. This step prepares the charges
for processing by the readout electronics. Charges located outside the pixel grid or those
too far away from the implants will be discarded. The collected charges are subsequently
digitised into a signal proportional to the input charge using the DefaultDigitizer module.
A positive signal threshold can be defined, which is compared to the absolute value of
the collected charge. If the charge does not exceed the threshold, all collected charge
for a pixel in an event is discarded. Additionally, a Gaussian distribution representing
the input noise of the preamplifier is added to the collected charge. A charge-to-digital
converter can be simulated to obtain a digitised output in bits. Parameters for noise
effects during the charge-to-digital conversion, as well as the threshold value and gain
factor, can be specified to simulate more realistic FE electronics.

In addition to storing simulated data in the form of ROOT files, the LCIOWriter module
allows the creation of files that are directly compatible with the track reconstruction
software Corryvreckan, which is discussed in more detail in the following section.

6.3 The Track Reconstruction Software Corryvreckan

Measured and simulated data are reconstructed after the data taking to analyse the
detector performance. The currently most developed track reconstruction software for
beam test data is the Corryvreckan framework [80]. It was designed to be fast and
lightweight, with a modular structure similar to Allpix Squared. The software aims
to provide a user-friendly application while ensuring adequate track reconstruction in
complex data-taking environments.

To initiate the reconstruction chain, the entire detector setup, including the detector type,
position, orientation, pixel pitch, and material budget, must be specified in a geometry
file. All other parameters related to the modules that define the reconstruction chain
are specified in the main configuration. Global framework parameters are defined within
the Corryvreckan module, including the maximum number of events and tracks to be
processed, as well as the paths to the raw data and geometry files.

Information is temporarily stored and accessed via the so-called Clipboard. This infra-
structure allows the metadata of the currently processed events to be stored and accessed
by the various modules.

Figure 6.4 illustrates the track reconstruction chain of Corryvreckan. The main modules
used for track reconstruction in the scope of this thesis are described below.

29



6 Track Reconstruction for High-Intensity Beam Tests

DUT Hit
Association

DUT
- -
Alignment

Figure 6.4: Track reconstruction chain of Corryvreckan with the commonly used
modules. Additional modules are available for more specialised use cases.

Event Loading

Measured data are loaded via the EventLoader modules, which depend on the type of
module under investigation and the format of the data. For ITk pixel test beams at
CERN, the FventLoaderEUDA(Q and FventLoaderEUDAQ2 modules were used. Multiple
EventLoader modules can be employed in a single reconstruction, with the first module
defining the event on the clipboard through a time window or trigger numbers.

To load simulated data from Allpix Squared or data stored in ROOT format, the
FileReader module is used instead. The loaded data contains information about the pixel
hit coordinates in both space and time.

Masking

Noisy and dead pixels can be masked using the MaskCreator module, which provides
various methods for defining the criteria that determine whether a pixel is considered
noisy. The commonly used approach is to set a frequency cut factor, which is multiplied
by the global average pixel hit rate to define a threshold. Any pixel with a hit count
exceeding this threshold will be masked. However, the global average pixel hit rate of a
sensor depends on the size of the beam spot relative to the sensor area, as pixels with
zero hits are also included in the calculation. Therefore, an optimal frequency cut value
cannot be universally defined and is dependent on the specific beam test setup. Masked
pixels are excluded from any subsequent reconstruction steps.

Clustering

Charge carriers generated by a single particle can propagate to multiple electrodes, leading
to hits being registered in several neighbouring pixels. Pixel hits are then combined into
clusters based on their spatial and temporal information using the Clustering/D module.
The cluster centre can either be calculated as the arithmetic mean of the pixel centres or
determined using the centre-of-gravity algorithm, which takes into account the amount
of charge deposited in the pixels. The latter method improves the spatial resolution of
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the sensors, particularly for clusters containing more than one pixel.
Cuts can be applied to the spatial distance and the time window for clustering pixel hits
together, though no cuts were applied for the beam test results presented in this thesis.

Tracking

Track reconstruction is performed by the Tracking/D module, which uses the cluster
centre position and time information. Cluster centres from the tracking planes are
included in the reconstruction of a track only if their positions are within a predefined
distance of each other. These spatial cuts can either be defined by a distance in the
x- and y-directions, or by a factor, which is multiplied by the spatial resolution of the
individual tracking planes. Initially, large distance values are set to account for significant
misalignments, as little to no tracks would be reconstructed otherwise.

Different track models can be used to fit the track. The two most commonly employed
track models are the straight line and the General-Broken-Lines (GBL) algorithm [81].
In the straight line model, a track is fitted through the clusters of the participating
planes, assuming no scattering effects. This model provides an adequate approximation
of particle tracks when scattering is minimal. In contrast, the GBL algorithm fits a track
with kinks at the sensor planes and it models their volume as thin scattering layers near
the sensors.

The tracking module fits a track through all possible combinations of clusters within the
defined spatial and temporal cuts. Regardless of the tracking model used, a straight line
is used when trying to determine all possible track fits.

Telescope Alignment

For the reconstruction of high-quality tracks, the geometry file must accurately describe
the physical setup, ideally down to the single-micrometre scale. Since the positions of the
sensors are only measured approximately, the geometry file provides an approximation of
the actual positions and orientations. As a result, directly connecting the cluster centres
of the individual sensors does not precisely describe the particle tracks. To address this,
the alignment of all planes participating in the track reconstruction is required, which is
performed using the AlignmentChi2 module. This module performs both translational
and rotational alignment of the tracking planes to optimise the track fits. The quality of
the track fit is determined by the x? value:

X3 = Z((Tx,i/ax,i)Q + (ryi/0,)?%) (6.1)

%

X%}BL = Z((rx,i/ax,i)2 + (Ty,z‘/ay,i)2) + Z(@g,j/ff@z,ﬂz + (éz,j/o—@y,j>2> (6.2)

i j—1
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Here, i denotes the number of tracking planes, and j represents the number of scatterers
at which the particle tracks can have an angle. The quantities ¢ correspond to the
scattering angles, while the terms o, and oy ; refer to the spatial resolution and the
uncertainty of the scattering angle, respectively. The residuals r describe the distance
between the reconstructed track intersection and the corresponding cluster centre of a
tracking plane in the x- and y-directions. For a uniform distribution of particles traversing
a sensor pixel, the residual distribution of one-pixel clusters ideally follows a uniform
distribution with a standard deviation of o = pixel pitch/v/12. However, due to noise
and finite spatial resolution, this uniform distribution is convoluted with a Gaussian
distribution.

Successful alignment is assessed by analysing the shape and position of the residual and
scattering angle distributions, particularly for the GBL algorithm. A common metric for
evaluating the quality of reconstructed tracks, which is independent of the number of
degrees of freedom (ndof) of individual track fits, is given by x?/ndof. Multiple alignment
iterations are typically required until the geometry converges and the x? /ndof distribution
exhibits a most probable value of one.

DUT Alignment and Analysis

To analyse the performance of the DUTs, the reconstructed tracks are associated with
cluster centres on the DUTs within predefined spatial and temporal cuts. This task is
performed by the AlignmentDUTAssociation module. Since the DUTs are initially mis-
aligned, an additional iterative alignment procedure is required. During this process, the
reconstructed tracks remain unchanged, and only the DUTs are shifted and rotated until
their residual distributions are optimised. After successful alignment, optional analysis
modules can be executed to extract key performance metrics. The AnalysisEfficiency
module is used to determine the average efficiency e of the DUTs, based on the number

of tracks with an associated cluster n,.,, and the total number of tracks 7,,.s:

€= nassoc (6 3)
Tracks
The statistical uncertainty o, ., of the efficiency is estimated using the binomial uncer-
tainty:
e(l—e)
Ue,stat = o (64)
Mracks
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6.4 Simulation and Track Reconstruction of High-Density
Beams

The accuracy of track reconstruction strongly depends on the beam’s particle density. As
discussed in Section 6.3, the track-finding algorithm attempts to fit tracks by combining
clusters from different tracking sensors based on predefined spatial and temporal con-
straints, referred to as the matching radius. A larger spatial matching radius increases the
number of successfully reconstructed tracks. However, if multiple clusters are registered
in an event by the tracking planes, the algorithm may form tracks from clusters that do
not originate from the same particle trajectory. For high particle densities, the number of
reconstructed tracks per event can significantly exceed the actual number of particle hits
recorded by the tracking planes. This effect can degrade the reconstruction quality and
compromise the evaluation of the DUT performance. Therefore, it is crucial to assess
the severity of this issue and to implement appropriate mitigation strategies.

The challenge of tracking high-density particle beams is not exclusive to high-energy
particle physics but also arises in fields such as proton computed tomography [82, 83].
A study on the reconstruction of high-density proton beams using Corryvreckan in the
context of proton computed tomography has already been conducted [84].

Since all beam test results presented in this thesis originate from the ACONITE telescope
at CERN, the Allpix Squared simulations were designed to closely replicate this specific
setup. The simulation includes six Mimosa26 sensors for tracking and two IBL planar
sensors as DUTSs, which also serve as potential scatterers. To match the real experimental
conditions, two aluminium boxes surrounding the DUT were incorporated as passive
material. No misalignments were introduced in the simulation, as the focus of this study
is on track multiplicity in high-density beams. A linear electric field model is employed
to describe the internal sensor fields, assuming full sensor depletion. Charge transport is
simulated using the more accurate GenericPropagation module. A uniform threshold of
600 e is applied across all planes, ensuring the detection of traversing particles. Gaussian
noise fluctuations with a standard deviation of 150 e are superimposed on the signals.
The outer and inner aluminium boxes have thicknesses of 10 mm and 5 mm, respectively.
The simulation environment is set with air as the surrounding material and a temperature
of 293 K (room temperature).

A 120 GeV pion (1) beam is simulated with Gaussian-distributed beam profile width
Owidth = Smm, opening angle distribution 0,,,, = 0.1 mrad, and energy resolution
Opres = D00MeV. The opening angle distribution and energy resolution are chosen to
be equal to or slightly higher than the expected values in the actual particle beam.
This ensures additional variation in particle tracks, which is beneficial for subsequent
training processes of machine learning algorithms, as discussed in Section 6.5. For the
CERN SPS H6 beam line [85], a maximum relative momentum spread of Ap/p =1.5%
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is achievable. Given that energy and momentum are approximately linearly proportional
at high energies, this corresponds to an energy uncertainty of roughly 1.8 GeV. However,
in practice, a lower relative momentum spread of approximately 0.5 % is typically used.
The exact value was not known at the time of the simulation. Therefore, an estimation
of 500 MeV was chosen for this study, which corresponds to a relative momentum
uncertainty of approximately 0.42 %. The angular distribution of the particle beam has
a standard deviation of approximately 100 prad, which is adopted for the simulation.
The beam profile is modelled as a Gaussian distribution with a standard deviation of
3 mm, a common value for collimated beams in beam test experiments, representing a
standardised case.

To investigate a high beam density, a simulation comprising 5000 events, each containing
200 pions, is performed. Particle hits within a single event cannot be temporally resolved
any further. The geometry of the experimental setup and the particle beam is illustrated
in Figure 6.5. Given the small material budget of the setup, the probability of high-energy
pions undergoing large-angle scattering in the telescope and passive material is low. The
track reconstruction of the simulated pions is discussed in the following chapter.

0 150 304 439 509 780 932 1085
1 1 1 1

Z[mm]

Figure 6.5: CERN beam test simulation using six Mimosa26 sensors as tracking planes
and two IBL planar sensors as DUTs inside an aluminium box. The blue lines are
traversing pions and the red lines are secondary electrons.

The track reconstruction of the simulated pions is highly dependent on the parameters
chosen for the module, particularly the track fit model, the matching radius, and the
number of participating tracking planes. In this study, a track is only fitted if there is a
hit on all six tracking planes and the clusters are within a matching radius of ten times
the spatial resolution of the tracking planes, where o, = 18.4pm/ V12 ~ 5.31 pm.
In most ITk pixel beam tests, a matching radius of 100 pm is typically selected as a
good compromise between the number of reconstructed tracks and the exclusion of false
tracks. A smaller matching radius is deliberately chosen here to emphasise the issue of
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tracking multiplicity, even for a conservative choice of spatial cuts. The GBL algorithm
is employed as the track model to account for the scattering of particles, ensuring a more
accurate representation of the particle tracks.

Figure 6.6a demonstrates that almost all pions traversed the entire telescope, as indicated
by the nearly identical number of clusters on both the first and last planes. Ideally,
with 200 particles per event, a track should be reconstructed for each particle. However,
Figure 6.6b shows that a significant number of events result in the reconstruction of more
tracks, with a track multiplicity reaching up to 400 tracks per event, culminating in a
total of 1.54 million tracks.

Such a high track multiplicity is expected due to the high particle density per event,
which is substantially greater than what is typically encountered in actual beam tests.
In this thesis, a higher density was deliberately chosen to estimate and mitigate the
reconstruction of fake tracks in real beam test setups involving high-density beams. If
the reconstructed tracks contained even 1% of fake tracks in an actual beam test, the
determined average efficiency of the DUTs would be severely reduced. Therefore, it
is essential to explore strategies in order to prevent the inclusion of fake tracks in the
analysis of the DUT performance.

Several approaches can be applied to address this problem. In this thesis, results from
one-dimensional cuts on the x2/ndof-values are compared with those from a machine
learning approach and are discussed in Section 6.6. The following chapter provides an
overview of the employed machine learning methods.

1 Plane 1, u=178.2
400 T 80 J
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Cluster multiplcity Track multiplicity
(a) (b)

Figure 6.6: Number of clusters (a) and reconstructed tracks (b) per event. A total of
5000 events, each containing 200 pions, were simulated. Here, u denotes the mean of
the distribution.
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6.5 Introduction to Supervised Learning and Boosted Decision
Trees

Solving a binary classification problem like the identification of real and fake tracks in
track reconstruction can also be done with a machine learning approach. In order to
minimise the risk of including fake tracks in the analysis, a classifier may be beneficial
for taking correlations of multiple input features into account in comparison to one-
dimensional cuts used in Corryvreckan. In this thesis, the XGBoost [86] library is used
to train on and identify reconstructed tracks from simulated Allpix Squared data.

This is achieved by the implementation of boosted decision trees (BDTs) for a supervised
learning problem. BDTs are highly efficient with optimised training on large datasets,
while still being robust to feature scaling and outliers. The following subsections briefly
explain the concepts of supervised learning and BDTs. A detailed introduction of
XGBoost and the implementation of its BDT's is found at [86].

6.5.1 Supervised Learning

Supervised learning involves predicting a target variable y; using training data z, that
consists of several features. The model defines a mathematical relationship that generates
predictions from the input data. A typical example is a linear model, where predictions
are made by computing a weighted sum of the input features:

b= 0, (6.5)
J

Here, the coefficients ©,; are parameters that must be learned from the training data.
The process of training the model involves finding the optimal values of these parameters
to accurately predict the target variable y,; from the inputs ;. This requires defining and
optimising an objective function, which evaluates how well the model fits the training
data. The objective function typically combines the training loss function L(©) and a
regularisation term 2(O):

0bj(6) = L(O) + 2(6) (6.6)

The mean squared error (Equation 6.7) is commonly used as a training loss function for
regression tasks, predicting continuous values, while logistic loss (Equation 6.8) is used
for binary classification tasks, such as logistic regression.
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LO) = (y,— ;) (6.7)

%

LO) =) [y;In(1+e )+ (1—y)In(l+e¥)] (6.8)

%

Logistic regression is a statistical method that models binary dependent variables using
logistic functions. Its advantage over the mean squared error model lies in its better
penalisation of incorrect predictions due to the proper definition of a probability score
associated with the output.

Regularisation helps to control the complexity of the model by increasing the loss
depending on properties aimed to be pruned, thereby preventing overfitting. Overfitting
occurs when the model becomes too tailored to the training data, capturing noise and
random fluctuations rather than the underlying pattern. This negatively impacts the
model’s performance on new, unseen data, as it fails to generalise effectively.

6.5.2 Boosted Decision Trees

Decision trees are structured diagrams used to classify a target variable based on a series
of decisions. These trees consist of internal nodes, which represent tests on attributes,
branches that indicate the outcomes of these tests, and leaf nodes, which are the terminal
points that do not split the data further.

The XGBoost library employs an ensemble of decision trees known as classification and
regression trees (CARTSs) [87]. Each CART assigns a prediction score to its leaves. Since
the prediction from a single tree is typically not very accurate, the predictions from
multiple trees are aggregated. The process of combining multiple weak learners into an
individual strong learner is known as boosting. This can be expressed mathematically
as:

K

b= fulz), feF (6.9)

k=1
K
obj(©) = D Uy; i) + Y (), (6.10)
i k=1
where K is the number of trees, [(y,,y;) is the loss function measuring the difference
between the predictions and the target variable, F is the set of all possible CARTSs, and
fi represents an individual decision function within the ensemble.

Unlike random forests [88], which create a multitude of independent decision trees and
combine their results, gradient boosting methods like XGBoost build trees sequentially,
combining them iteratively to improve performance [89].
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Optimising the objective function for BDTs is done using additive training, where
previously trained trees are kept fixed, and a new tree is added at each step t. This
process is described by:

t
i =3 fulw) = 3 + fulzy) (6.11)
k=1

Each newly added tree is optimised to improve the objective function, which at step t is
given by:

. 1
b = |afu(w) + ghif ()| + 2(1) (612
i=1
9 = O nlly 3 (6.13)
hy = 02Uy, 3") (6.14)

Using the second-order Taylor expansion of the loss function provides a more accurate
approximation compared to regular gradient boosting algorithms [90]. Additionally, the
objective function’s dependence on g; and h; allows XGBoost to employ custom loss
functions, including logistic regression. However, a regularisation term must be defined.
XGBoost uses the following definition:

T
Q0f) =T+ %Azwi, (6.15)
j=1

where w is the vector of scores on leaves, v is the minimum loss reduction required to
partition a leaf, T'is the number of leaves, and \ is the Ridge regularisation term [91] that
penalises the w; to control the regularisation term. The first term of the regularisation
discourages deep trees by adding a penalty for each additional leaf, while the second
term shrinks large weight values to prevent extreme predictions, making the model more
stable. With this definition, the objective function for a single tree simplifies to:

1 GF
bj=—— J T 6.16
obj Z;HJ’JFAJW, (6.16)

where G; and H; are the sums of g; and h; over all data points, respectively. This
equation evaluates the quality of a tree structure, with a lower score indicating a better
structure. Since enumerating all possible trees is impractical, optimisation occurs one
level at a time. For each potential split of a leaf into new left (L) and right (R) leaves,
the gain in structure score is:

G} Gk (GL+GR)?

1
Gain — ~
T HL N T Hy+ N Hy + Hy + A

(6.17)
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This definition allows the classifier to determine an optimal split by calculating the gain
of all possible splits. The classifier operates using predetermined hyperparameters that
are not adjusted during training, like the parameters v and A. These parameters define
the properties of the learning process and must be optimised based on the learner’s
performance.

6.6 Utilisation of BDTs for Fake Track ldentification

In the context of track reconstruction, a track inherits several features that characterise
it. The most notable are the x?/ndof value, the scattering angles at the tracking planes,
and the cluster sizes of the particle hits. These features can be determined during the
track reconstruction process. In an Allpix Squared simulation, the Monte Carlo truth
information for each particle and its trajectory is accessible. This allows a machine
learning model to be trained using the input features of reconstructed tracks, enabling it
to distinguish between real and fake tracks based on these characteristics. As discussed
in greater detail in Chapter 6.5.2, the chosen machine learning method for identifying
real and fake tracks is based on boosted decision trees from the XGBoost library.

Three similar simulations were conducted to evaluate the performance of the machine
learning model: the training, validation, and test datasets, each containing 200 7% per
event. A total of 1 million 7t were simulated in the training dataset to enable the
machine learning model to optimise the weights of the splits in the boosted decision trees.
The validation set consists of 250k 7" and is used to determine the optimal number of
boosting rounds. This is achieved by monitoring the predictive power of the model on
the validation dataset until it ceases to improve for ten consecutive boosting rounds,
preventing overfitting. Once the optimisation process is complete, a final, previously
unseen test dataset consisting of 250k 7" is used to independently assess the performance
of the machine learning model.

Input features can be correlated with each other, which reduces their effectiveness in
distinguishing between real and fake tracks. To assess these correlations, the Pearson
correlation coefficient [92] is calculated for all feature pairs. This coefficient quantifies
the linear relationship between two variables and ranges from 1 (maximum correlation)
to -1 (maximum anticorrelation). Figure 6.7 presents the Pearson correlation coefficient
for all input features. A notable correlation exists between the scattering angles and the
x? value, which is expected, as the x? value depends on the scattering angle, as defined
in equation 6.2.
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Figure 6.7: Pearson correlation coefficients of all input features of the classifier.
Scattering angles on the first and last tracking planes are ill-defined and were therefore
excluded as input features.

Four hyperparameters are optimised in this study, as each additional optimised parameter
increases both complexity and computational time significantly. The four hyperparameters
are explained below:

o Learning rate (7):

Scales the feature weights during training to balance the

optimisation of the BDTs and the prevention of overfitting. A learning rate that is
too high may lead to overfitting, while a lower rate allows for more gradual and
stable convergence.
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¢ Maximum tree depth: Defines the maximum depth of the trees in the BDT.
Greater depth allows the model to capture more complex patterns but increases the
risk of overfitting, whereas insufficient depth may prevent the model from capturing
the complexity required for accurate track identification.

e Minimum loss reduction (7): Represents the minimum decrease in the loss
function required to make a further partition on a leaf node. Larger values make the
model more conservative by avoiding splits that only offer marginal improvements,
thus helping to control complexity.

e Minimum sum of instance weights (©): Specifies the minimum total weight
needed in a child node for a split to occur. This parameter limits unnecessary
splitting and contributes to regularisation by preventing the model from focusing
too much on small, potentially noisy subsets of the data.

A grid search is performed to find the optimal configuration for these four hyperparameters
using the Python [93] library Scikit-learn [94]. To limit computational time, four
commonly used values were selected for each hyperparameter. All values considered in
the grid search are listed in Table 6.1.

Table 6.1: List of hyperparameter values optimised in a grid search.

Tree depth 7 v O

3 0.05 05 1
4 0.1 1 25
5) 03 2 50
6 0.7 5

A 5-fold cross-validation is performed to quantify the performance of the classifier for
each combination of hyperparameter values. This means that the training dataset is
divided into five equally sized subsets, referred to as folds. Four of these folds are used
for training, while the fifth is reserved for evaluation. Each of the five folds serves as the
evaluation set once, resulting in five evaluations for each hyperparameter configuration.
The scoring function used to assess the results is the area under the receiver operating
characteristic (ROC) curve, known as the AUC. ROC curves are widely used graphical
representations for evaluating binary classification models. It illustrates the trade-off
between the true positive rate (TPR) and the false positive rate (FPR) at various
threshold settings of the classifier. The TPR measures the proportion of actual positives
correctly identified by the model (t,), while the FPR quantifies the proportion of actual
negatives that were incorrectly classified as positives ( fp). In the context of the track
identification problem, the TPR and FPR represent the proportions of real and fake
tracks that were classified as real, respectively:
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t

TPR = —2 (6.18)
to + fo

FPR = - {it (6.19)
P n

The false negative f, and true negative ¢, represent the number of real and fake tracks
that were classified as fake. Consequently, the area under the ROC curve provides a single
metric that summarises the overall performance of the classification model across all
possible thresholds. The AUC ranges from 0.5 to 1.0, where 0.5 corresponds to random
guessing and 1.0 represents a perfect classifier.

For the grid search, the highest mean AUC of the evaluation fold, AUC ., = 0.9956(2),
is achieved with the following hyperparameter configuration: tree depth = 6, n = 0.3,
v =5, and © = 1. These values will be used for training the classifier and for classifying
the test dataset.

Results for the training and test datasets are presented in the following to evaluate the
performance of the classifier and assess the effect of overtraining. The classifier outputs
normalised PDF's of the reconstructed tracks for both the training and test datasets, as
shown in Figure 6.8. Here, the PDF represents the assigned probability of each track
being real. The PDF of the real tracks is noticeably broader than that of the fake tracks,
with some real tracks assigned probabilities as low as approximately 90 %. This indicates
that the classifier encounters slightly greater challenges in correctly classifying real tracks
as real. Nevertheless, the majority of both real and fake tracks in the training and test
datasets were classified with high confidence. Small differences, within the range of
+0.1, between the output PDFs of the training and test datasets for real and fake track
classification suggest that the classifier did not suffer from significant overtraining.
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Figure 6.8: Track classification distribution of labelled real and fake tracks of the
trained classifier. Results of the training and test datasets are shown, as well as their
difference. The goal of the classifier is to assign high probabilities to real tracks and low
probabilities to fake tracks.

The separation power of the input features can be quantified by their total number of
splits, referred to as the feature importance (F Score) score. Figure 6.9 shows the F Score
score for all input features. The x?/ndof is the most frequently used feature for splits by
the classifier. Since x2/ndof quantifies the goodness of the track fit, it is expected to be
highly sensitive to tracks with incorrect cluster combinations. Similarly, the scattering
angles are used only slightly less often, as real high-energy particles are expected to
exhibit small scattering angles. In contrast, all features related to the cluster size have a
low impact on track separation.
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Figure 6.9: Feature importance scores of all features that are fed into the classifier.

The differences in the input features between real and fake tracks are highlighted in
Figure 6.10. Here, the x?/ndof, the cluster sizes and the scattering angles in the x-
and y-directions are shown for real and fake tracks as representative examples. While
the cluster size distributions are similar for real and fake tracks, the x?/ndof and the
scattering angles exhibit clear distinctions. Although small scattering angles are common
for both types of tracks, scattering angles above ¢ = 0.5 urad are almost exclusively
characteristic of fake tracks. The same applies to large x?/ndof values. The number of
fake tracks with small x?/ndof values is significantly lower than for real tracks, which
explains the strong separation power of this feature.

The predictive power of the classifier is evaluated using the ROC curve, shown in Figure
6.11a. Each working point on the ROC curve is determined by a threshold on the
probability of a track being classified as real. All three datasets yield compatible results,
with the TPR reaching values close to one even for small FPRs, and an AUC of 0.994
achieved for the test dataset.
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To accurately estimate the efficiency of DUTs in a beam test, filtering out fake tracks is
of high priority. Since the FPR depends on the number of true negatives, a low FPR, can
also result from the rejection of a large number of fake tracks. However, the efficiency of
a pixel detector is not influenced by the number of rejected fake tracks, but rather by
the number of accepted real and fake tracks. Therefore, a more appropriate metric for
this analysis is the precision, which depends solely on the positive predictions:

t
Precision = tip (6.20)
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Figure 6.10: Distributions of the x?/ndof (a), the cluster size (b) and the scattering

angles in x- and y-directions (c and d) for real and fake tracks.

The precision quantifies the ability of the classifier to correctly identify real tracks while
minimising the misclassification of fake tracks. It is commonly compared to the TPR,
referred to as recall in this context. Figure 6.11b shows the precision-recall curve for
the three datasets. Notably, high precision values are achieved while maintaining a high
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recall. This indicates that the classifier successfully identifies most real tracks while
correctly classifying fake tracks across a range of probability thresholds.

These results demonstrate that the classifier is highly effective in addressing the track
multiplicity challenge in high-density beams. However, alternative approaches may yield
similar results with significantly less computational complexity. A simpler method would
be to rely solely on the x?/ndof feature, which exhibited the strongest separation power
among all investigated features. The Corryvreckan software provides two one-dimensional
filtering strategies based on this feature: (1) removing all tracks with a x?/ndof value
exceeding a predefined threshold, and (2) retaining only the track with the lowest x? /ndof
value in each event. These two approaches are examined in the following sections and
compared to the classifier to determine the most suitable method for future beam test
analyses.
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Figure 6.11: a) ROC curve and AUC of the training, validation and test datasets.
The black diagonal line represents the performance of a random guesser for comparison.
b) Precision-recall curve and AUC of the three datasets.

6.7 Investigation of y?-based Cuts for Track Identification

Evaluating the separation power of the y?/ndof feature alone is performed in a similar
manner to the BDT. The corresponding precision-recall curves, shown in Figure 6.12a,
are now determined by applying arbitrary thresholds to the x?/ndof values. This allows
for the selection of an optimal x?/ndof threshold for the identification of fake tracks.

The precision-recall curves exhibit similar behaviour across all three datasets, although
their AUC is approximately 0.018 lower compared to the BDT results. A noticeable
discrepancy between the two approaches emerges at high recall values, indicating that
the BDT is more effective at identifying fake tracks while retaining a greater number of
real tracks. However, up to recall values of approximately 0.8, the precision achieved
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using the x?/ndof feature alone is not significantly lower. This demonstrates that a
one-dimensional cut on x?/ndof is a viable alternative for many track reconstruction
applications in high-intensity beam tests.
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Figure 6.12: a) Precision-recall curve and AUC of the training, validation and test
datasets for arbitrary thresholds of the x?/ndof value. b) Precision-recall curve and
AUC of the same datasets when only the track with smallest 2 /ndof value per event is
retained. The results of the BDT are included as a comparison in both plots.

Another approach to optimising fake track identification is the strict rejection of all but
one track per event, specifically the track with the smallest x?/ndof value. Corryvreckan
directly supports this method within its Tracking4dD module. The precision-recall curves
comparing the machine learning approach with the y2/ndof-cut method are shown in
Figure 6.12b. Significantly higher precision values are achieved for high recall values,
particularly when using only the x?/ndof feature for track separation. Although the high
recall indicates that most real tracks are retained, a substantial number of tracks are
discarded with this approach. In the simulations, the track multiplicity was approximately
300 tracks per event, meaning that more than 99 % of real tracks are lost. While the
rejection of fake tracks is a high priority for reliable beam test analysis, preserving a
sufficient number of real tracks is essential for accurate results. Consequently, the unique
track selection approach will not be used in the standard beam test analysis presented in
this thesis.
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6.8 Track ldentification of Beam Test Data

The particle density in the CERN SPS beam test facility is typically significantly lower
than 200 particles per recorded event, which corresponds to 230 ps in this setup. While
the simulation with such a high-density beam was chosen as a benchmark for the general
problem, beams with up to 150 particles are occasionally used at CERN SPS beam tests
to assess detector performance.

To compare the results obtained from the simulated data with real beam test data, a
high-intensity beam test from October 2021 is considered. This campaign was conducted
to investigate single chip cards (SCCs) and quad modules equipped with the RD53a
prototype readout chip. Several runs within this campaign featured particularly high
particle rates, which were used for this analysis. The telescope setup consisted of the same
number of tracking planes, comprising six Mimosa26 sensors. No time reference plane
was utilised during reconstruction, as it removes a significant portion of reconstructed
tracks. Since the focus of this study is to benchmark track reconstruction in high-density
beams, no additional constraints on timing were applied.

Before tracks can be properly reconstructed, the detector geometry must be aligned with
high precision to prevent a decrease in the quality of reconstructed tracks. The cluster
and track multiplicities after successful alignment are shown in Figure 6.13 in comparison
to the simulated training dataset.

For the beam test data, the cluster multiplicity exhibits a broader distribution with
significantly fewer clusters per event. This suggests that the particle density of the beam
during data taking was lower than in the simulation, which directly translates to a lower
track multiplicity. Similar to the simulated data, there is no noticeable shift in the cluster
multiplicity distribution between plane 1 and plane 6 for the beam test data, indicating
that only a negligible number of particles partially traversed the telescope. The number
of fake tracks is expected to be significantly lower than in the simulation, though they
may still not be entirely negligible.

The x?/ndof and scattering angle distributions of the second tracking plane are shown
in Figure 6.14. Discrepancies between these features and those from the simulated test
dataset are evident. The long tail of large x?/ndof values is significantly reduced for
tracks from the beam test data. This can be attributed to the substantially lower track
multiplicity, which results in fewer fake tracks, as these contribute almost exclusively
to the larger x?/ndof values. For similar reasons, the beam test data exhibits fewer
scattering angles with |®¢| > 0.5purad. Additionally, no sub-peaks are present in the
scattering angle distribution, which is attributed to the absence of misalignment in the
simulation.
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Figure 6.13: Normalised cluster (a) and track (b) multiplicities for 50k events of the
beam test data and 5k events of simulated data.
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Figure 6.14: The x?/ndof (a) and scattering angle (b) distributions of the reconstructed
tracks from run 1771 of the October 2021 beam test. The same features from the
simulated test dataset are shown for comparison.
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The track classification probabilities provided by the trained BDT for the reconstructed
tracks of the beam test data are shown in Figure 6.15. Fewer than 12.4 % of all tracks
have a probability of less than 50 % of being classified as real. The distribution of
high probabilities for real tracks in the beam test data follows a similar pattern to that
observed in the simulation data. However, due to the absence of a large number of fake
tracks, the probability distributions of the beam test data generally exhibit a higher
number of normalised events at high probabilities of tracks being real. In comparison,
applying a x?/ndof< 3 cut results in 6.1% of all tracks being discarded. While this
method likely filters out more real tracks than the BDT classifier, it is effective in filtering
out most fake tracks, due to the tail towards higher x?/ndof values.
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Figure 6.15: Track classification distribution of the reconstructed tracks of the beam
test data. The labelled real and fake tracks of the simulated test dataset are shown for
comparison.
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High-intensity beam tests and beam test simulations were conducted to investigate
the influence and identification of fake tracks that could impair the DUT performance.
The separation of real and fake tracks in high-intensity beam tests proves to be a
straightforward task. Simulations have demonstrated that classification remains effective
even at densities exceeding those currently observed in ITk beam tests. If a classifier
is required, both the machine learning approach and a simple cut on the x?/ndof have
proven to be highly effective. This also indicates that increasing beam density is a viable
option for enhancing data-taking rates in beam tests without compromising the quality
of reconstructed tracks.

For the analysis of beam test data in the following chapters, a cut on the x?/ndof was
chosen due to its simplicity and the better comparability of different analyses.
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Performance in Beam Tests

Numerous ITk pixel test beam campaigns have been conducted to thoroughly evaluate
the performance of planar and 3D ITk pixel modules. The key quantities of interest
include the average efficiency of the detector module, in-pixel efficiency, spatial resolution,
cluster size distribution, and the ratio of masked pixels to the total number of pixels.
Each of these quantities and their significance will be discussed in this chapter for several
planar quad modules. Additionally, the interchip region of the quad modules will be
analysed separately to assess its efficiency.

Recent ITk pixel test beam results for 3D sensors are presented in [95]. The data
underlying the results in this chapter were collected between 2022 and 2024 and include
the first-ever beam test measurements of quad modules with the ITkPixV2 readout
chip.

7.1 Beam Test Setup

All results presented in this chapter are based on data collected using the ACONITE
telescope, which is described in more detail in Section 6.1. In addition to the FE-14
time reference plane, which is mounted directly behind the second Mimosa26 plane,
an I'TkPixV1.1 SCC plane is installed inside the cold box for the same purpose. Since
either of the time reference planes occasionally experienced operational issues, having
two ensured more stable data-taking conditions.

Powering quad modules increases their temperature by several tens of kelvin, which the
air-cooled cold box alone cannot sufficiently counteract. To address this, additional cooling
circuits using oil and alcohol were developed over multiple test beam campaigns. As a
result, the quad modules were operated and studied under a wide range of temperatures.
While the target operating temperature was around —35 °C, temperatures often stabilised
between —30°C and 0°C.
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7.2 Investigated Planar Quad Modules

The performance of nine quad modules was investigated in the scope of this thesis. All
modules have an active thickness of 150 pm, and their properties are listed in Table
7.1. Most of the modules utilise the ITkPixV1.1, as the newer ITkPixV2 has only been
available for I'Tk beam tests since 2024.

Two different irradiation levels were studied: 2 - 10'°n,,/cm® and 4.3 - 10'° n,, /cm?.
These fluences correspond to the expected radiation levels in the second and third layers
of the ITk over its operational lifetime [34]. The modules did not undergo significant
annealing after being irradiated.

The modules named KEK and ADV were hybridised by KEK [96] and Advafab [97],
respectively, with sensors manufactured by HPK. All modules utilising Micron sensors
were hybridised by Advafab and Fraunhofer IZM [98].

The bias structure of the Micron modules operates via a bias dot, whereas the HPK
modules utilise a polysilicon layer, as described in Section 4.2.

Several other modules, for which stable operation could not be achieved, are excluded
from this analysis. All modules were tuned to a threshold of 1ke to balance detection
efficiency and noise suppression. In earlier beam tests, significant operational issues
with planar quads led to an increase in the threshold to 1.5ke and 2ke, at which the
modules were stable enough for data taking. This applies to the KEKQ9 and KEKQ16
modules in this study. Bias voltages in the range of 0 — 120V and 100 — 600V were
applied to unirradiated and irradiated modules, respectively. Since the depletion voltage
of the modules during operation depends on the received fluence, investigating module
performance across a wide range of voltages is crucial.

Table 7.1: List of the investigated ITk quad modules including their names, vendors,
FE version and received fluences.

Name Vendor Front-End Irradiation

KEKQ9 HPK ITkPixV1.1 0
KEKQ16 HPK ITkPixV1.1 4.3 - 10" n,,/cm?
HPKQV2 HPK ITkPixV2 0
ADVQV2 HPK ITkPixV2 0
Q18 Micron  ITkPixV1.1 0
Q19 Micron  ITkPixV1.1 0
Q8 Micron  ITkPixV1.1 2 - 10" n, /cm?
Q12 Micron  ITkPixV1.1  2-10'"n,,/cm?
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7.3 Masking of Quad Modules

To ensure that individual pixels are not malfunctioning, either by being too noisy or
unresponsive after tuning, several mask scans are performed. These scans send multiple
trigger signals and determine how often each pixel responds while not being exposed
to the particle beam. If a pixel fires too often, it is masked to prevent issues during
data taking and to avoid impairing the module’s efficiency. Unresponsive pixels are
identified by inducing a charge into each pixel via a capacitor. A new tuning and masking
procedure is carried out for each bias voltage configuration to ensure that the modules
are configured for optimal performance. During data taking, the goal was to collect
one million events per tuning to minimise statistical fluctuations while still completing
multiple batches of DUTs within a single beam test.

Since the track reconstruction framework, Corryvreckan, does not receive the masking
information from the tuning, it cannot distinguish between pixels that were intentionally
masked and those that did not register a hit. To prevent a misrepresentation of the
module’s performance, Corryvreckan applies a separate masking process, where all pixels
that did not receive a hit are masked. No additional masking for noisy pixels is performed
by the software.

Figure 7.1 shows a typical cluster map and the corresponding mask map of the ADVQV2
quad module. In the cluster map, the centres of clusters of multiple pixels determine
the corresponding pixel bin entry. The cutoff of the beam spot marks the edge of the
sensitive scintillator area. Due to the larger area, pixels in the interchip region register
more hits statistically, which highlights their position in the cluster map.

Only a few pixels within the beam spot are masked, which is expected since the mask
map labels all pixels without hits as masked. Many pixels outside the sensitive scintillator
area still register a few hits, as multiple particles per event may traverse the telescope,
and a single interaction with the scintillator material is sufficient for all hits to be read
out.

The mask map can vary significantly depending on the received fluence of the module
and its tuning. To accurately assess a module’s performance, the number of masked
pixels must be considered. While a module’s efficiency may appear high, a significant
number of masked pixels could simply conceal suboptimal performance.

Figure 7.2 shows the ratio of masked pixels to the total number of pixels for unirradiated
and irradiated quad modules at different applied bias voltages. Systematically disabled
areas or entire faulty readout chips are excluded from this analysis, as they typically
indicate operational issues during the beam test or physical damage rather than the
actual module performance. The ratio includes only the pixels masked during tuning,
excluding those additionally masked by Corryvreckan due to the absence of registered
hits. For unirradiated modules, the percentage of masked pixels remains below 1 % across
all bias voltages. This is expected, as unirradiated modules do not suffer from radiation
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damage and therefore exhibit greater stability. Fluctuations in the number of masked
pixels, such as the one observed for Q18 at a bias voltage of 40V, arise from suboptimal
tuning of one of the four chips but do not significantly impact the overall performance of
the module at this order of magnitude.

For irradiated modules, the percentage of masked pixels ranges from 0 to 4 %, with
a general trend of increasing masked pixels at higher bias voltages. The relatively
low number of masked pixels demonstrates that most pixels remain functional after
irradiation, allowing for a reliable evaluation of both average and in-pixel efficiency.
While the KEKQ16 module exhibits the lowest percentage of masked pixels, only one
chip was enabled during data taking due to operational issues. Additionally, the tuned
threshold influences the masking ratio significantly, as seen in the lower number of masked
pixels for the KEKQ9 and KEKQ16 modules in comparison to the other modules.
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Figure 7.1: a) Cluster map of the ADVQV2 quad module at a bias voltage of 80V,
zoomed in to emphasise the beam spot and the interchip region. b) Mask map of the
ADVQV2 quad module from the same run. Masked pixels are labelled as 1 and include
all pixels that did not register a hit.

Another key quantity in the analysis is the cluster size distribution of pixel hits. The
cluster sizes provide insight into the spread of charge in the sensor, which depends on the
tuned pixel threshold, the module’s orientation relative to the beam, and the received
fluence of the module. A particle beam is more likely to hit multiple pixels in tilted
modules, as the effective sensor area in relation to the beam incidence is reduced. This
is the typical scenario for ATLAS ITk pixel modules, where non-perpendicular particle
incidence is expected. Additionally, the presence of a magnetic field in the ATLAS
detector bends particle trajectories, increasing the likelihood of a non-straight traversal
through the sensor volume.
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Figure 7.2: Ratio of masked pixels to the total number of pixels for unirradiated (a)
and irradiated (b) quad modules at different bias voltages.

Figure 7.3a shows the normalised cluster size distribution for unirradiated and irradiated
HPK and Micron modules. Further measurements were conducted with a 15° tilt with
respect to the beamline for two quad modules, and their results are presented in Figure
7.3b. Irradiated modules tend to exhibit a slightly lower number of clusters with sizes
of two or more pixels. This can be attributed to radiation damage in the silicon,
which introduces charge carrier traps that impair charge propagation. This effect is
more pronounced in tilted modules, where the unirradiated ADVQV2 module shows
a significantly higher average number of pixels per cluster compared to the irradiated
Q8 module. The increased pixel threshold of 1.5ke in the KEKQ16 module does not
significantly affect the cluster size distribution. Since approximately 7.5 ke are generated
on average by a 120 GeV particle in 150 pm thick silicon, a difference of 0.5ke in the
threshold has a minor impact on the cluster size.
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Figure 7.3: Cluster size distribution of HPK and Micron quad modules for perpendicular
(a) and tilted (b) beam incidence. Here, u denotes the mean of the distribution.

7.4 Spatial Resolution of Quad Modules

To accurately evaluate the performance of the DUTSs using reconstructed tracks, the sensor
geometry in the software must be aligned with high precision. Misalignment can result in
missed cluster associations with tracks or cause in-pixel patterns to shift and distort. The
quality of the DUT alignment can be assessed by examining the corresponding residual
distributions. The shape of these distributions provides a measure of alignment precision
and also serves as an indicator of the spatial resolution of the pixels, as discussed in
Chapter 6.3.

For track reconstruction, the GBL algorithm was used to provide an accurate approxi-
mation of the actual particle trajectory. The corresponding x?/ndof distribution after
successful alignment is shown in Appendix A.1. A radius of 100 pm is defined for associ-
ating reconstructed tracks with cluster centres on the DUT. This distance corresponds
to twice the pixel pitch of the DUTSs, ensuring that nearly straight particle tracks are
correctly linked to cluster centres while keeping the likelihood of false associations between
tracks and clusters low.

Figure 7.4 shows the normalised residual distribution in the x-direction for unirradiated
and irradiated HPK and Micron modules with similar applied bias voltages. Only clusters
with a size of 1 are considered, so the standard deviation of the distributions is expected
to follow o = pixel pitch/v/12 ~ 14.43 pm. The measured standard deviations for the
DUTSs range from 13 to 17 pm, which gives a discrepancy of approximately —1.5 pm and
+2.5um. The track resolution of the ACONITE telescope is usually in the range of
2 —3nm [72], depending on the exact geometry of the tracking planes. Consequently, the
measured standard deviations are consistent with expectations after successful alignment.
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For proper alignment, the mean of the distribution should be close to 0 pm. This condition
is met for all modules except KEKQ16, which exhibits a noticeable deviation of 5.53 pm.
This discrepancy is attributed to the limited active area of the module during data
taking, as only a single chip was partially enabled, despite a comparable number of a
few 100k associated clusters for all investigated DUTs. This poses a greater challenge
for the alignment algorithm to converge to the accurate geometry. The corresponding
standard deviation of the KEKQ16 module is noticeably larger in comparison to the
other modules for the same reason. For further performance evaluation, such as assessing
module efficiency, this deviation causes no major issue, since the matching radius is
significantly larger than the translational shift. Overall, these distributions confirm that
the alignment process was successful and that the pixels exhibit the expected spatial
resolution.
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Figure 7.4: Residual distribution of 1-pixel clusters for unirradiated and irradiated
HPK and Micron quad modules.

The four middle rows and columns of each quad consist of special long pixels that make
up the interchip region as described in Section 2.4.2 and illustrated in Figure 7.5. The
performance of these pixels has to be investigated particularly to ensure that particle
hits are properly detected in that region. Normalised interchip pixel residuals for an
unirradiated HPK and an irradiated Micron sensor are shown in Figure 7.6.
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In these plots, the horizontal, vertical, and centre pixels are shown, which have long pixel
pitches in both directions. As the interchip region consists of only four rows or columns
and a centre of 16 pixels in total, the number of associated tracks is significantly lower
compared to the total number of associated tracks of the pixel modules. Depending on
the interchip region and the sensor for which the data was taken, this number ranges from
800 to 30k. This is more clearly seen for the residual of the centre pixels of the Q8 module,
which fluctuates significantly. The bin width has been increased to compensate for even
larger fluctuations. The bottom and left interchip regions are shown, as they cover a
larger portion of the beam spot and therefore exhibit lower statistical uncertainties.
The standard deviation of o = long pixel pitch/ V12 ~ 28.87 nm is achieved with good
precision, as seen from the box-shaped distribution with a width of approximately 100 pm.
Thus, the long pixels achieve the expected spatial resolution. Due to the very limited
sensitive area of the irradiated KEKQ16 module, no data from the interchip region could
be presented for an irradiated HPK sensor.

TopIC
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Bottom IC
Pixel size: 50x50pm?, 50x100um?2, ,100x100umM?2

Figure 7.5: Pixel sizes of the different interchip (IC) regions of a planar quad module.
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Figure 7.6: Interchip residuals of the long pixel direction for a vertical, horizontal and
the centre region of an HPK (a) and a Micron (b) quad module.

7.5 Efficiency of Quad Modules

The efficiency of the individual pixels has to be investigated to ensure that no large-scale
issues with the readout chip or hardware-related damage impair the performance of the
module. Figure 7.7 shows the pixel efficiency map of an unirradiated and irradiated HPK
and Micron quad module. The depicted shapes and sizes of the regions strongly depend
on the beam spot size of the respective beam test, which varied in different campaigns.
The efficiency map of the ADVQV2 and the Q12 were taken in the same beam test
campaign. Therefore, they exhibit very similar shapes. Both unirradiated modules
show no signs of large-scale inefficiencies across all four operated readout chips. The
irradiated KEKQ16 module had only one enabled chip, which was partially operational.
This is evident from the sudden drop in efficiency for columns exceeding pixel 490.
Furthermore, the constrained trigger window defined by the scintillators restricted the
efficiency investigation to a limited area of the sensor.

The efficiency map of the irradiated Q12 in Figure 7.7d also shows various large-scale
issues. The lower right readout chip had operational problems, which caused a significant
drop in efficiency across the entire readout chip region. Alongside the interchip regions,
the efficiency decreases due to partial delamination of bumps caused by improper bump
bonding. Additionally, many pixels in the interchip region were completely unresponsive
due to the masking procedure, which was not adjusted to the increased noise of the larger
pixels in that region. As only a finite amount of time can be spent on the module tuning
during a beam test, the optimisation of the pixel thresholds and masking sometimes
proves to be more challenging, and non-optimal tunings are still considered to be good
enough.
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The issues with the tuning process were addressed during beam tests in 2024 and have
been improved for upcoming beam tests in 2025 and beyond to treat the interchip pixels
separately. Determining a proper average efficiency of the entire pixel matrix is done by
selecting a region of interest around all areas of inefficiency that do not reflect the actual
performance of the quad module.
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Figure 7.7: Efficiency of the pixel matrix for the unirradiated ADVQV2 (a) at 80V
bias, the irradiated KEKQ16 (b) at 495V bias, the unirradiated Q18 (c) at 80V bias
and the irradiated Q12 (d) at 491V bias.

The average efficiency of the quad modules is calculated with Equation 6.3. All tracks
that intersect non-masked pixels are taken into account. The statistical uncertainty of the
efficiency, as defined by Equation 6.4, depends inversely on the number of tracks. Since
many 100k tracks are reconstructed for each tuning of the quad modules, the statistical
uncertainties become negligible.
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However, systematic uncertainties remain relevant. To estimate their magnitude, the
data from each tuning is divided into smaller subsets from which the mean and standard
deviation of the efficiency are calculated. This way, variations in the performance of the
DUTs during data taking are accounted for. While minor effects, such as temperature
changes or shifts in the position of the DUT, are not uncommon, they typically have only
a small impact. Temporary issues with the operation of the FE, the data acquisition
chain or the decorrelation of the trigger system with the DUT can significantly affect
performance, but can be filtered out if they only impact a subset of the data. The subsets
of the runs contain 200k events, which translates for most tunings to approximately 60k
tracks with associated clusters on the DUTs.

The efficiency of the quad modules is required to be 98.5% for unirradiated and 97.0 %
for irradiated modules to be considered performant enough for installation in the ATLAS
ITk. Figure 7.8 shows the average efficiency of the quad modules for different tunings
and the required efficiency threshold. For the unirradiated modules, the efficiency is
high for all applied bias voltages from 5 to 120 V. Fluctuations of the efficiencies are
mostly between 99 and 100 %, which is likely caused by the non-optimal tuning. The
larger uncertainties of the Q18 module are likely due to temporary problems in the data
acquisition chain.

For the irradiated quad modules shown in Figure 7.8b, a noticeable decrease in efficiency
becomes visible for a bias voltage of 100 V. However, for the given fluences, the modules
are not expected to be operated at these voltages anyway and only serve to benchmark the
performance of the modules. At more realistic bias voltages of above 250V, all modules
achieve the required efficiency. Additionally, no significant performance fluctuations arose
during data taking, resulting in small systematic errors. The higher thresholds of the
KEKQ9 and the irradiated KEKQ16 did not reduce the efficiency in any significant way,
pointing to the possibility of using higher thresholds to suppress noise.

The noticeably higher efficiency of approximately 2.5 % of the Q8 module in comparison
to the equally irradiated Q12 module comes from the tilted position of the Q8 module,
which counteracts inefficiency areas of the bias structure.

Besides the average efficiency of the module, it is also important to investigate the
performance of the sub-pixel structure to check whether any unexpected systematic
inefficiencies arise. This so-called in-pixel efficiency is determined by the intersection of
the reconstructed tracks and the sensor. As a single pixel would not deliver nearly enough
statistics, all enabled pixels are folded into a 2x2 pixel matrix. These dimensions are
chosen since four pixels are supplied by a single bias dot for the Micron quad modules.
Figure 7.9 shows the in-pixel efficiency of unirradiated and irradiated HPK and Micron
quad modules. Both HPK modules show no systematic pattern of inefficiency, which is
to be expected from their polysilicon bias structure. The Micron quad modules show an
area of inefficiency in the middle of every 2x2 pixel matrix. This results from the bias
structure utilising a bias dot.
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Figure 7.8: Average efficiency of unirradiated (a) and irradiated (b) HPK and Micron
quad modules.

In this area, free charge carriers are less likely to drift towards an electrode due to the
distorted electric field close to the bias dot. The distortion of the inefficiency area in the
in-pixel efficiency map of the Q18 module is caused by slight misalignments. As each
bin here represents 1 pm, even minor misalignments have a significant impact. A drop
in inefficiency is also present at the edges, left and right of the bias dot. This is likely
due to a combination of the charge sharing effect and the bias rail that stretches over
the sensor in the horizontal direction and overlays the bias dot. Charge sharing refers to
the drift of deposited charges to multiple electrodes, increasing the likelihood that the
smaller individual charge signals will not cross the detection threshold. The bias rail
influences the electric field of the sensor, hindering the drift of charge carriers towards
the electrodes. Both effects cause fewer charges to be registered in each individual pixel
and make it more likely that not a single pixel registers a particle hit.

The area of inefficiency is so prevalent in the in-pixel efficiencies since the particles
follow a straight path through these areas. As mentioned in Section 7.3, particles in the
ATLAS experiment traverse the sensors at different angles. This effect is mimicked by
tilting the sensor, thus preventing a perpendicular beam incidence. From the investigated
Micron sensors, only the irradiated Q8 sensor was used for measurements with a tilt of
15°. The in-pixel efficiency of the Q8 is shown in Figure 7.9e. The area of inefficiency
decreased significantly and is stretched along the y-axis. The stretched area arises from
the projection of the tilted module into a 2D map. The drop in efficiency to the side of
the bias dot also stretches accordingly in the projection.
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Figure 7.9: In-pixel efficiency of the unirradiated ADVQV2 at 80V bias (a), the
irradiated KEKQ16 at 495V bias (b), the unirradiated Q18 at 80V bias (c), the

irradiated Q12 at 491V bias (d) and the irradiated and tilted Q8 at 398 V bias (e).
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The average efficiency of the interchip region is a key measure of its performance, especially
since the number of tracks available for in-pixel efficiency analysis is often insufficient.
To calculate the average interchip efficiency, the bottom, top, right, left, and centre
regions for each quad module are evaluated separately, as shown in Figure 7.10. The
associated uncertainties are calculated using the binomial uncertainty formula, as outlined
in equation 6.4. Unlike the overall module efficiency, no data subsets were created to
estimate systematic errors due to the limited number of tracks, which varied from 800 to
30k, depending on the module and interchip region. The efficiencies presented here are
derived from runs with the highest track counts to minimise statistical errors, resulting in
different bias voltages across the modules, as illustrated. No interchip efficiency could be
determined for the KEKQ16 due to its small region of interest, which is mostly outside
the interchip regions.

The centre interchip region generally exhibits the highest uncertainties, as expected, due
to its smaller area. The unusually low efficiency in the centre region for the unirradiated
KEKQ9 module is considered an outlier, likely caused by a single non-optimally working
pixel that was not masked, leading to a noticeable drop in efficiency.

The irradiated Q12 module also shows lower efficiency across most regions compared to
the Q8 module, despite both being irradiated to the same fluence. This discrepancy is
likely due to the lower bias voltage applied to the Q12. Higher bias voltage runs could
not be used for the Q12 because the module’s interchip region tuning was suboptimal.
Aside from these outliers, all modules, including the irradiated ones, achieve efficiencies
above 98 % across all interchip regions, demonstrating that the interchip region can be
effectively utilised for track reconstruction in the ATLAS ITk.
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Figure 7.10: Average efficiency of the pixels in the interchip regions of the investigated

quad modules.

The results in this chapter demonstrate that all investigated planar quad modules from
the vendors HPK and Micron meet the 1Tk efficiency requirements. The clustering,
masking, and in-pixel behaviour of the modules show no systematic issues that impair
their performance. Despite suboptimal conditions for studying the interchip region of
the quad modules, such as limited statistics and unoptimised tuning and masking, the
efficiency in this region, for both unirradiated and irradiated modules, remains comparable
to that of the entire pixel matrix. The production of ITk modules is set to begin in 2025,

using sensors similar to those investigated in this thesis.
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8 Investigation of In-Time Efficiency of the ATLAS
ITkPixV1.1 Readout Chip

The LHC and its four large experiments operate with a 40 MHz clock, corresponding
to the bunch crossing frequency. This clock is synchronised with the 40 MHz clock of
the ITk pixel module FEs, ensuring that only hits occurring within a 25 ns time window
are read out. An L1 trigger signal is sent to the FE of a pixel module to read out the
respective data of a single bunch crossing. While it is possible for a module to read
out multiple bunch crossings from a single trigger, defined by the trigger multiplier,
this feature is not supported for the pixel modules in the ATLAS experiment, as the
bandwidth is not sufficient for the higher data rates.

During beam tests, a trigger multiplier is defined, allowing data to be read out over
multiple consecutive clock cycles, typically ranging from 16 to 20 cycles. The clock cycle
in which a hit is recorded is determined by the trigger identifier (TID), which simply
counts the number of clock cycles up to the configured trigger multiplier starting at
the time the trigger occurred. This ensures that hits are always read out during beam
tests, regardless of exact timing conditions. As the induced charge signals cross the
threshold with a delay dependent on both the signal amplitude and the configuration of
the beam test telescope and FE settings, as explained in Section 4.4, the timestamp of
the registered data may fluctuate and shift to a later TID. Additionally, the module may
exhibit a lower efficiency at the start of a cycle, as the clock edge does not transition to
a high state instantaneously. To assess the performance of I'Tk pixel modules in relation
to the FE 40 MHz clock, efficiency must be investigated on time scales smaller than the
25 ns window.

An unirradiated ITkPixV1.1 SCC module with a SINTEF [99] 3D sensor was used to
conduct a beam test study, focusing on data acquisition with a high-precision time
resolution setup. The methodology of this study is detailed in the following section.

8.1 Beam Test Setup

The ACONITE telescope, as described in Chapter 6.1, was utilised for this beam test
study. Six Mimosa26 planes were used for particle tracking, while an FE-I4 plane served
as a time reference.
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Two pairs of scintillators, positioned at the front and back of the telescope, provided
fast signals to the AIDA TLU, which distributed trigger signals to the various detector
modules. Additionally, the TLU timestamped events based on the scintillator inputs
using a 1280 MHz clock, corresponding to a time resolution of approximately 780 ps.
The ITk pixel module was interfaced via a BDAQ board using the BDAQ53 readout
system [57]. This framework facilitates the characterisation and testing of RD53 chips
and was employed in this beam test due to its precise determination of the TID.

Since both the AIDA TLU and the BDAQ board operate with independent 40 MHz
clocks, the TLU timestamps and trigger IDs can only be correctly correlated if the clocks
are synchronised. Otherwise, inevitable jitter would change the phase between the clocks
over time. To synchronise the clocks, the TLU clock is fed into the BDAQ board. Figure
8.1 schematically illustrates the beam test setup, including the AIDA TLU, the BDAQ
board, the telescope, the DUT and scintillators. A photograph of the setup, showing the
DUT and tracking planes, is provided in Appendix B.1.

ITkPixV1.1
Module (DUT)

Scintillators
1 2
Particle Beam |
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Scintillators
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Trigger Signals
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Figure 8.1: Beam test setup including the AIDA TLU and the BDAQ board with
synchronised clocks. The telescope consists of six Mimosa26 tracking planes and one
FE-14 module for time reference [57, 73].
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8 Investigation of In-Time Efficiency of the ATLAS ITkPixV1.1 Readout Chip

For a particle traversing the telescope, the timing of the TLU and the BDAQ board is
illustrated qualitatively in Figure 8.2 to enhance understanding of the correlation between
the TID and the TLU timestamps. Delays caused by cable lengths and communication
between the TLU, BDAQ board, and the module are omitted for clarity. Once the
TLU sends out a trigger signal, the BDAQ board processes it and verifies whether the
module’s data can be read out. It takes several clock cycles for the BDAQ board to
issue the command to retrieve the stored data from the module. Consequently, a latency
parameter is used to define the time elapsed since the data was stored in the module. As
the setup remains unchanged during operation, this latency only needs to be set once for
the beam test.

Each recorded hit is assigned a TID, which starts counting in 25ns increments from a
time preceding the hit registration, as determined by the configured latency. Ideally, all
recorded hits should correspond to a single TID, given that the time difference between
the scintillator and DUT hits remains largely constant for high-energy particles. However,
some hits may migrate to the next higher TID due to the discrepancy between the
transmitted trigger signal from the TLU and the actual threshold crossing of the induced
voltage signal in the FE. Within a specific range of the 25ns time frame, this TID
migration occurs when the timewalk effect is substantial enough to shift the registered
signal into the subsequent clock cycle of the module. For synchronised clocks with a
phase shift of 0°, migration to the next TID is expected to occur at the end of the 25 ns
window of the TLU. However, the synchronised clocks of the TLU and BDAQ maintain
a constant phase shift, which is not necessarily 0°. Due to the BDAQ board requiring a
160 MHz input clock, this phase shift can assume four discrete values, changing each time
the TLU is reconfigured. Consequently, TID migration is expected to occur at different
positions within the TLU timestamp range but remains stable throughout a single run.

In the ATLAS detector, only a single TID can be read out, meaning any hits that have
migrated to the next TID are lost, reducing the efficiency of the pixel module. However,
unlike in beam tests, where the particles traverse the telescope at random times, the
LHC beam is precisely bunched at a 40 MHz frequency. As a result, hits only migrate to
an incorrect TID if the threshold crossing of the hit is delayed by more than 25ns. Such
delays are primarily caused by significant timewalk effects for small charge signals below
approximately 1500 e [100].
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Figure 8.2: Simplified representation of how the TLU timestamp and the TID are
correlated with a particle hit. In this example, the TID migrates into the n+1 bin due
to the time delay. The delay shown in the image is exaggerated for better visualisation.

8.2 Timing Precision of the Beam Test Setup

The likelihood of TID migration depends on the magnitude of the timewalk effect and
the timing precision of the setup, specifically the scintillators and the AIDA TLU. This
section provides a detailed analysis of the time resolution of the setup.

The TLU’s 1280 MHz clock assigns timestamps based on the average timing of all
scintillator inputs. Each scintillator signal is associated with an 8-bit fine timestamp
word, corresponding to a time resolution of 780 ps. As this timestamp is highly dependent
on the stability of the scintillators, their precision must be ensured. While particle
arrivals occur at random times, leading to random individual fine timestamps as shown
in Figure B.2, their differences are correlated. The extracted particle beam consists of
120 GeV pions, which travel nearly at the speed of light in a straight path through the
telescope. Consequently, similar time differences are expected between the scintillators.
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Figure 8.3 presents the differences in fine timestamps among the four scintillators. The
scintillators were numbered as shown in Figure 8.1. Three of the four scintillators exhibit
similar behaviour, with their differences following a Gaussian distribution centred slightly
above zero. The shift in the mean timestamp difference between scintillators 0 and 3 arises
from the finite time required for light to traverse the telescope, which is approximately
3ns. A complete 25ns clock cycle comprises 32 fine timestamp values, meaning the
fine timestamps span a total of eight TLU clock cycles. Since the timing process and
data acquisition are identical across these eight cycles, the fine timestamp values are
mapped into a single representative clock cycle. Scintillator 2 exhibits significantly
deviating timestamp information, attributed to different cabling and generally less stable
performance. The configurations of the scintillators were optimised individually to achieve
comparable performance. This was accomplished by adjusting the supply voltage, which
ranged from 1.00 to 1.05V, and setting the discriminator threshold for incoming signals
at the TLU to —0.11V. Despite these optimisations, the instability of scintillator 2 could
not be resolved. As a result, scintillator 2 is excluded from the determination of the
average fine timestamp, with only the remaining three scintillators being utilised. The
timestamp differences of these scintillators exhibit standard deviations between 1.80 and
2.26 ns, introducing significant fluctuations that impair the timing precision of the setup.
Due to time constraints during the beam test, it was not possible to implement a setup
with a more precise time resolution.
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Figure 8.3: Fine timestamp differences of the four utilised scintillators. Scintillator 0
was used as the reference, from which the fine timestamp values of the other scintillators
were subtracted.
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8.3 In-Time Measurement Results

The data collected from the beam test is reconstructed under conditions similar to those
described in Chapter 7. All pixels that did not register a hit are masked. However, no
additional masking was applied in Corryvreckan, as the module tuning already accounts
for noisy pixels. The noise scan utilised 107 trigger signals per pixel, considering a pixel
as noisy if it recorded more than 10 hits. These values were selected based on prior
experience with operating unirradiated ITk pixel modules. A matching radius of 100 pm
was used to associate cluster centres with reconstructed tracks.

Several different configurations of the DUT were tested to analyse the potential influence
of various factors. These configurations included adjustments to the module’s bias voltage
and threshold, both of which can affect the timing of particle registration. Moving the
module to focus the beam spot on different regions of the pixel matrix allowed for an
investigation into the uniformity of clock distribution across the FE. Modifying the bias
current of the differential preamplifier influenced the amplifier’s response time, gain,
and noise level. Higher bias currents reduce noise and timewalk, but increase power
consumption. Table 8.1 summarises the different module configurations investigated. Due
to limited data-taking time, not all possible combinations were explored. The module’s
default configuration included a threshold of 1ke, a bias voltage of —10V, a bias current
DAC setting of 895 for the differential preamplifier, and a beam spot positioned at the
centre of the pixel matrix. Only one of these properties was varied at a time, except for
the beam spot position, which was measured for thresholds of 1ke and 1.5 ke.

Table 8.1: List of the different module configurations used for data taking. Lower DAC
values for the preamplifier correspond to lower bias currents.

Beam spot position Bias voltage Threshold Diff. preamp. DAC

Centre -5V 1ke 450
Top left —10V 1.5ke 550
Top right —15V 730
Bottom left —20V 895

Bottom right

The correlation between the TID of the hits and the event timestamps of the TLU is
depicted in Figure 8.4a for a threshold of 1.5ke. This configuration is presented due to
the largest number of reconstructed tracks recorded in this run. In this setup, the default
TID is 11, with a narrow time range in which the TID migrates to the next value. The
timestamp at which these migrations occur can vary significantly depending on the delay
in registering the hit and the phase shift between the synchronised TLU and FE clocks.
However, the duration of the time window in which TID migrations occur is primarily
influenced by the timewalk effect and the limited time resolution of the scintillators.
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The standard deviation of the timestamp distribution associated with TID = 12 is 3.07 ns,
which is slightly larger than the standard deviations of the scintillator signal distributions.
These variations in time delays are predominantly due to the timewalk effect, which is
influenced by the tested parameters.

The efficiency and corresponding uncertainty, as defined in Equations 6.3 and 6.4, are
used to calculate the module’s efficiency in this configuration. To account for the effect
of TID migrations, all associated hits that migrated are excluded, thereby reducing the
module’s efficiency. As these migrations depend on the timestamp, the average efficiency
of the module is shown in Figure 8.4b as a function of the 25 ns clock cycle. The resulting
dip, caused by the exclusion of clusters with migrated trigger IDs, nearly reaches zero
efficiency at its minimum.

To estimate the width of the dip, the full width at half maximum (FWHM) criterion is
applied due to its standardised definition and its suitability for asymmetric peaks. The
width of the dip is defined as the difference between the two points where the efficiency
reaches half of its minimum value. The positions at which this occurs are determined
by linear interpolation between the two relevant values on each side of the dip. For the
discussed configuration, the FWHM is 7.03ns. Table 8.2 lists all FWHM values of the
efficiency dips and the standard deviations of the timestamp distributions for TID= 12
across different configurations. Since the efficiency dip extends over a significant portion
of the total clock cycle, the overall average efficiency is notably reduced. The resulting
average efficiencies across all clock cycles are also listed in the table, with statistical
uncertainties determined using Equation 6.4. The influences of the different module
parameters are discussed in the following:

e Discriminator threshold: The highest FWHM of the efficiency dip, approxi-
mately 6-7ns, and consequently the lowest efficiency, is associated with the higher
discriminator threshold of 1.5ke. A higher threshold increases the time delay caused
by the timewalk effect, as also demonstrated in [100].

o Differential preamplifier bias current: The influence of lower differential
preamplifier bias currents on timewalk was observable. This behaviour is expected,
as the bias current affects the speed and response of the preamplifier. However, a
significant reduction in the FWHM of the efficiency dip was only observed for the
lowest bias current setting.

« Bias voltage: Lowering the module’s bias voltage reduces the strength of the
electric field, resulting in slower drift of charge carriers and an increased delay
before the charge signal crosses the threshold. An exception was found for the
default configuration at —10V, which exhibited similar FWHM values in the lower
corners as a configuration with —15V bias and a centred beam spot.
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o Beam spot position: Adjusting the module position to shift the beam spot into
different corners of the pixel matrix noticeably affected the FWHM of the efficiency
dip. For both threshold tunings, more pronounced TID migration occurred when
the beam spot was focused in the lower and central regions, indicating a non-
uniform clock distribution across the module. While this is not ideal for uniform
performance, it increased the FWHM by less than 1ns across the matrix. Notably,
no significant deviations in TID migration were observed in the lower and central
parts of the module.

Table 8.2: FWHM of the efficiency dips for different module configurations. Only the
modified parameters are listed. The default values for each parameter are: Beam spot
position = centre, threshold = 1ke, diff. preamp. bias current := 895, V;;,. = —10V.
The corresponding average efficiencies and their statistical errors are also listed.

Module configuration FWHM of eff. dip [ns] Average eff.

Upper Right 3.91(3) 0.771(3)
Upper Left 3.91(4) 0.752(2)
Lower Right 4.69(3) 0.748(3)
Lower Left 4.69(4) 0.730(3)
1.5ke 7.03(3) 0.6664(7)
1.5ke, Upper Right 6.25(3) 0.681(3)
1.5ke, Upper Left 6.25(4) 0.739(3)
1.5 ke, Lower Right 7.03(3) 0.648(2)
1.5 ke, Lower Left 7.03(4) 0.625(3)
Diff. Preamp. = 730 4.69(3) 0.757(2)
Diff. Preamp. = 550 4.69(4) 0.665(3)
Diff. Preamp. = 450 5.47(3) 0.739(3)
Vie=—5V 5.47(4) 0.74(2)

Vi=—15V 4.69(3) 0.762(3)
V=20V 3.91(5) 0.779(3)
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Figure 8.4: a) TID of the clusters as a function of the event timestamp. The clock
cycle repeats every 25ns. Therefore, the timestamp modulo 25 is plotted. b) Average
efficiency of the SCC as a function of the TLU timestamp for all TIDs and with TID=12
excluded. Approximately five million events were recorded in this run, with a threshold
of 1.5ke.

The average module efficiency, without excluding clusters with a TID migration, remains
consistently high, exceeding 98 % across the entire clock cycle. The decrease in the
average efficiency is attributed to the doping structure of the 3D module. The presence of
doped pillars reduces the sensitive silicon volume in those regions, resulting in undetected
hits. When particles traverse these areas, charge carriers are less likely to drift towards an
electrode, due to the non-optimal electric field. This efficiency reduction is noticeable in
this beam test, as the SCC was positioned perpendicular to the particle beam incidence.
To assess the impact of this effect, the in-pixel efficiency was analysed, following the
definition in Chapter 7.5. The results are shown in Figure 8.5, where all pixels are folded
into a single one to reflect the repeating doping structure across the pixel matrix. The
in-pixel efficiency follows the expected pattern, with a decrease to approximately 60-90 %
at the pT-doped pillars located at the pixel corners. These findings align with previous
beam test analyses of the SINTEF 3D sensor [101].

A decline in efficiency due to a non-instantaneous rising clock edge is not observed. While
uncertainties in the scintillator trigger signal could blur a sharp efficiency drop, a dip
would still be expected if the effect occurred on timescales of 780 ps or longer. This
suggests that any efficiency loss due to timing effects occurs on even smaller timescales,
making it negligible for the module’s overall performance and further emphasising its
detection capabilities.

105



8 Investigation of In-Time Efficiency of the ATLAS ITkPixV1.1 Readout Chip

For measurements with improved time resolution, the next-generation picosecond TLU,
which is intended to replace the AIDA TLU, would be more suitable, as it is designed
to provide O(100 ps) timing precision. However, since the timing resolution of the TLU
is fundamentally limited by the baseline timing references, scintillators in this case, the
performance of these references must be significantly enhanced. The most promising
alternatives include microchannel plate proportional photomultiplier tubes [102] and low
gain avalanche diodes [103], both of which can achieve timing resolutions of @(100 ps).
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Figure 8.5: In-pixel efficiency of the 3D SCC for perpendicular beam incidence and a
threshold of 1.5ke.

In summary, TID migration of detected hits can impair the module’s performance,
particularly for small charges, where the timewalk effect is more pronounced. To mitigate
TID migration, a higher bias voltage is recommended to minimise delays in charge
collection. Lowering the detection threshold to around 1ke and maintaining a higher
current in the differential preamplifier help counteract migration by reducing the timewalk
effect. Addressing the impact of non-uniform clocks is more challenging and cannot be
easily counteracted by tuning. However, this effect contributes only marginally to TID
migration. Optimising the investigated parameters influences the time delay at which a
hit is registered by the FE, with variations on the order of 1 ns.

106
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The investigation of ITk pixel modules is of paramount importance to ensure the optimal
operation of the future ATLAS ITk. To this end, several ITk pixel modules featuring
the ITkPixV1.1 and the final design ITkPixV2 readout ASICs were studied in beam
tests. Additionally, QA measurements were conducted on pre-production test structures
that mimic the sensor properties of the modules. The pre-production test structures
from HPK and Micron meet all requirements tested within the scope of this thesis. The
leakage current was found to be stable, remaining within 25 % of its mean value under
stable temperature conditions of +0.1°C. For all investigated TS, the leakage current
remained below 2nA /cm? and 30 pA /cm? for unirradiated and irradiated modules at bias
voltages of up to 200V and 600V, respectively. Breakdown in HPK structures was only
observed at bias voltages exceeding 1kV. The relative uncertainties in leakage current
measurements were higher for unirradiated sensors due to the limited resolution of the
utilised Keithley 2410, which was on the order of 100 pA. The determined depletion
voltages of up to 50V from CV measurements were significantly lower than expected for
the irradiated Micron TS, likely due to annealing effects and the gradual saturation of
1/C? with increasing bias voltage.

Planar quad modules from HPK and Micron satisfy the 1Tk efficiency requirements
in both unirradiated and irradiated states. While the operation of multiple readout
chips posed challenges during beam tests, no chip exhibited systematic issues related
to its performance. Fewer than 4% of pixels in the investigated irradiated modules
were classified as noisy or dead. No unexpected in-pixel structures were observed in any
module. The inefficiency areas in Micron sensors will not impact module performance in
the I'Tk, as particles are unlikely to follow straight trajectories through the bias dot while
traversing in a magnetic field. The interchip region exhibited high efficiencies across all
investigated modules. The more noticeable fluctuations in efficiency were attributed to
limited statistics, as the interchip region constitutes only a small area. Efficiencies below
97 % were likely due to suboptimal tuning of the interchip pixels, as the standard tuning
procedure was not specifically adjusted for the large pixels in this region. This issue will
be addressed in future beam tests.

Investigating the in-time efficiency of the ITkPixV1.1 FE proved feasible but challenging
with the current beam test setup at CERN. Achieving a time resolution of 780 ps using
the AIDA TLU to probe the FE clock was hindered by the lower time resolution of
approximately 2 — 3ns of the scintillators. Nevertheless, the measurement principle was
successfully demonstrated, as the expected TID migration due to the timewalk effect
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9 Summary and Outlook

was observed. Various module configuration parameters were adjusted to study their
impact on TID migration. Increasing the threshold from 1ke to 1.5ke led to the most
significant increase, with the FWHM of the efficiency dip for a single TID increasing by
approximately 2.5 ns. Higher bias voltages for the sensor and higher bias currents for the
differential preamplifier were shown to counteract TID migration. Consequently, reducing
the differential preamplifier bias current to lower power consumption is generally not
advisable if TID effects are a concern. While increasing the bias voltage mitigates TID
migration, factors such as leakage current and power consumption must be considered,
and decisions cannot be based solely on TID mitigation, though it is recommended for that
purpose. Applying bias voltages from —5V to —20 V reduced the FWHM of the efficiency
dip by approximately 1.5ns. The non-uniformity of the FE clock distribution across the
pixel matrix had only a minor effect on TID migration. No measurable efficiency loss was
attributed to the finite rise time of the FE clock with the current timing setup, implying
that any impact occurs on even shorter time scales and is insignificant for overall ITk pixel
module performance. The established measurement principle can be applied to the final
design FE, where TOT information is recorded for a more precise determination of in-time
efficiency. Moreover, examining the in-time efficiency of irradiated modules is essential to
assess whether radiation damage significantly degrades the in-time efficiency. Enhancing
the time resolution of scintillators by employing more advanced timing detectors, such
as low-gain avalanche diodes or microchannel plate photomultiplier tubes, is highly
recommended. Future timing setups using the forthcoming picosecond TLU are expected
to achieve time resolutions on the order of 100 ps.

The investigation of I'Tk pixel modules confirms that the module production is expected
to deliver high-quality planar pixel detectors for installation into the ATLAS I'Tk. Further
beam tests in 2025 will be conducted to validate the performance of the final design
modules in production batches.

To ensure optimal beam test conditions regarding the quality of reconstructed tracks, a
simulation study utilising high-intensity beams was conducted. The study demonstrated
that track reconstruction remains feasible without significant degradation in track quality.
Due to the predominantly straight trajectories of particles, a machine learning approach
to identify fake tracks provided only a marginal improvement over simple one-dimensional
cuts on the x2/ndof value of tracks. This finding supports the feasibility of increasing
beam intensity to enhance data collection rates for future ITk beam tests at the CERN
SPS North Area.
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A Track Fit Quality in a Beam Test
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Figure A.1: Normalised x?/ndof distribution of reconstructed tracks using the GBL
algorithm. All six Mimosa26 planes and a time reference plane using the ITkPixV1.1
were utilised to reconstruct the tracks. A most probable value close to 1 suggests
successful alignment and high-quality track fits.
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B In-Time Efficiency Measurement

B.1 Beam Telescope of the In-Time Efficiency Measurement
Setup

Figure B.1: Photo of the beam test setup including the tracking planes and the
SINTEF 3D module as DUT.
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B In-Time Efficiency Measurement

B.2 TLU Timestamp distribution
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Figure B.2: TLU timestamp modulo 25 distribution for approximately 5 million events.
As the particles from the beam traverse the telescope at random times, the distribution
is nearly uniform.
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