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Abstract

Monolithic Active Pixel Sensors (MAPS) are a tracking detector technology that
is expected to be highly important for future experiments due to their rapid
integrability. The ALICE experiment is at the forefront of the R&D of MAPS
detectors with the ITS2 and currently ongoing ITS3 project.

This thesis provides a detailed investigation into amplitude measurements
using MAPS detectors, utilizing prototype sensors developed in the scope
of the ITS3 project. The ability of amplitude measurement would have an
immense impact on the performance of MAPS trackers of the future. One
way of implementing this is based on the Time-over-Threshold (ToT) method.
To demonstrate its feasibility, studies were conducted with the DPTS and
BabyMOSS sensors, along with simulations.

Utilizing the DPTS, an FPGA-based readout was implemented using a TRB3
board with TDC-in-FPGA technology. This setup is capable of decoding the
time-encoded hit position and Time-over-Threshold (ToT) information, making
it suitable for large-scale experiments. The performance of this readout was
evaluated and found to be almost equivalent to the existing picoscope readout
method. This result paves the way for next-generation detectors that employ
technology similar to the DPTS.

In the work with the BabyMOSS sensor, successful demonstrations of ToT
measurements were achieved using the digital oversampling method, both with
a radioactive source and in a test beam environment. This approach not only
confirmed the feasibility of ToT measurements but also allowed for extrapolation
towards a multi-layer detector system. Findings indicate that such a system
could significantly enhance energy resolution. To support these studies, Geant4
simulations were conducted involving multiple silicon layers, investigating the
energy deposition of various particles at different momenta. These simulations
explored the effects of key parameters, including the sampling period, analog
signal length, and sensor thickness, on the separation power. Results suggest
that with optimized parameters, sufficient separation of pions and protons can
be achieved up to 0.7 GeV/c.

These findings are particularly relevant for future experiments with inte-
grated MAPS detectors, such as the planned ALICE3 project, which could
greatly benefit from enhanced particle identification and additional amplitude
information.
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1 Introduction

1.1 Particle Tracking Detectors

Particle detectors are essential tools in modern physics experiments, enabling
scientists to study the fundamental properties of matter and the underlying
forces of nature. One of the hot spots for studying these properties is the Large
Hadron Collider (LHC) at CERN in Geneva. At the accelerator complex,
ultra-relativistic protons and heavy ions collide, producing up to thousands
of particles per collision that are measured to gain insights into the physics.
However, many of the primary particles produced in these collisions are short-
lived and decay before being measured, creating secondary vertices some
distance away from the original interaction point. To accurately reconstruct
these particles and, in general, understand the underlying processes with high
precision, one needs a dedicated detector system that can precisely measure
the trajectories and properties of the particles. A simple example of what
a detector system could incorporate is a tracking detector, calorimeters to
obtain information on the energy, as well as detectors for particle identification
(PID) such as Time-of-Flight (TOF) or Ring Imaging Cherenkov (RICH)
detectors. This thesis will focus specifically on tracking detectors and the
possibility of obtaining information on the energy of the particles.

Figure 1.1: Left: Aerial view of the LHC accelerator complex at CERN in Geneva,
Switzerland [4]. Right: A picture of the tracks that were captured
using a bubble chamber, which led to the discovery of the Z boson
and the associated evidence for the weak neutral current [5].
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Particle trackers come in various forms, including older technologies devel-
oped in the early to mid-20th century, such as bubble chambers [6] and cloud
chambers [7], in which the tracks were made visible and recorded with a camera,
leading to significant discoveries like the Z-boson. Later pioneering tracking
detectors included Multi-Wire Proportional Chambers (MWPCs) [8], which
can be used to construct Time-Projection Chambers (TPCs) that are capable of
producing a 3-dimensional reconstruction of the particle tracks. However, in
the last decades and years, a focus has been laid on using silicon devices for
particle tracking purposes, such as silicon strip or pixel detectors [9]. Silicon
trackers [10, 11] can have several advantages over other technologies, such as
high spatial resolution, fast response time, low material budget, etc.

1.2 ALICE

The ALICE experiment (A Large Ion Collider Experiment) [12] is one of the
four major detectors at the LHC, positioned at Interaction Point 2. Its primary
objective is to explore the properties of Quantum Chromodynamics (QCD)
[13], which describes the fundamental strong interaction between particles such
as gluons and quarks, which make up the hadronic matter such as protons,
neutrons, or pions.

A central focus of ALICE is the study of the Quark-Gluon Plasma (QGP)
[14], a deconfined phase of quarks and gluons that is believed to have existed
in the early universe several microseconds after the Big Bang. Under extreme
conditions of temperature and energy density, such as those achieved in ultra-
relativistic heavy-ion collisions (e.g., Pb-Pb collisions), quarks and gluons are no
longer confined within hadrons but form a strongly interacting, nearly perfect
fluid. The ALICE detector is designed to study the properties and dynamics
of this QGP state by examining a broad range of collision products, including
hadrons, photons, leptons, and heavy-flavor quarks.
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Figure 1.2: A schematic layout of the ALICE experiment and the present subde-

tectors.

The ALICE experiment relies on a highly sophisticated and specialized detec-
tor system to achieve its physics goals and extract valuable data from collisions.
This complex system, illustrated in consists of several subdetectors,
each designed to perform specific tasks such as particle tracking, identification,
and energy measurement. Central to the tracking capabilities of ALICE are the
Inner Tracking System (ITS) and the Time Projection Chamber (TPC) [16],
which work together to provide a precise reconstruction of particle trajectories.

The TPC is a large, gas-filled chamber that utilizes Gas Electron Multiplier
(GEM) detectors [17]. These detectors enable the TPC not only to precisely track
charged particles but also to perform particle identification (PID) by measuring
the specific energy loss (dE/dx) as particles traverse the gas. As charged
particles move through the gas, they ionize the gas molecules along their path.
The energy loss depends on the particle’s velocity and charge, making it a key
observable for distinguishing between various particle species. For instance,
lighter particles such as pions will lose less energy compared to heavier particles
like protons at similar momenta. This difference in energy loss allows the TPC
to effectively separate different particle types, such as pions, kaons, and protons.

The Inner Tracking System (ITS), located closest to the collision point, is
based on silicon detector technology. During the Long Shutdown 2 (LS2), the
original ITS was upgraded and replaced with an advanced silicon tracker based
on Monolithic Active Pixel Sensor (MAPS) technology. This new ITS enhances
tracking precision and spatial resolution, allowing ALICE to detect particles
with much greater accuracy, particularly at low momenta.
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1.3 MAPS

Monolithic Active Pixel Sensors (MAPS) are advanced detectors that
integrate the sensing diodes and the readout circuitry into the same pixel,
distinguishing them from hybrid pixel detectors, where these components are
separate and interconnected via methods like bump bonding. The working
principle of MAPS is analogous to that of other silicon detectors and is funda-
mentally based on the generation of electron-hole pairs in the depletion region,
followed by the collection of charge on the collection diode.

When an ionizing particle passes through the detector volume, it interacts
with the silicon lattice, creating electron-hole pairs. The electrons diffuse
through the material until they either reach the depletion region or are generated
directly within it. The depletion region, represented in white in is
characterized by an electric field generated by the bias voltage applied across
the detector. This electric field causes the electrons to drift toward the collection
diode while the positively charged holes move in the opposite direction.
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DIODE TRANSISTOR / TRANSISTOR
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Figure 1.3: Working principle and schematic cross-section of a MAPS pixel.

This charge movement induces an electric signal in the readout circuitry,
which is then processed and transmitted as an output. The efficiency of charge
collection and the collection time can be influenced by factors such as the
thickness of the sensor, the applied bias voltage, and the doping profile of the
pixels. In general, silicon sensors are favored in particle detection due to their
excellent charge collection efficiency, high spatial resolution, and precise energy
resolution.

MAPS detectors, in particular, offer several advantages over alternative tech-
nologies. In addition to their overall high resolution and accuracy, MAPS can
be mass-produced at relatively low costs, making them accessible for large-scale
experiments. Their monolithic structure results in a lower material budget com-
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pared to hybrid sensors, which is essential for minimizing multiple scattering
effects and optimizing track resolution in high-energy physics environments.

1.4 ITS3 Upgrade

The current Inner Tracking System (ITS2) of the ALICE experiment is composed
of seven silicon detector layers, arranged into the Inner Barrel (IB) containing
layers 0-2 and the Outer Barrel (OB) comprising layers 3-6. These layers are
made up of staves, each equipped with monolithic active pixel sensors known
as ALPIDE chips [21, 22], speci cally developed for ITS2. These sensors were
fabricated using the TowerJazz 180 nm CMOS Imaging Process.

As part of an ALICE upgrade plan, the ITS3 [23, 24| will be implemented
during Long Shutdown 3 (LS3). The three innermost layers of the current
ITS2 will be replaced with a new generation of MAPS detectors that utilize
the more advanced 65 nm CMOS technology. Importantly, the traditional
stave-based structure will be replaced with two lightweight, ultra-thin half-
barrels, each containing three layers. This redesign aims to drastically reduce
the material budget, which is crucial for minimizing multiple scattering effects
and improving track resolution, particularly for low-momentum patrticles.

Figure 1.4: Left: The various contributions to the material budget with the
current ITS2 geometry [20]. Right: A schematic of the outer and the
inner barrel of the ITS2 in the stave con guration [23].

Several improvements will be implemented to achieve the material budget
reduction in the ITS3 upgrade. A signi cant advance is the introduction of a
truly cylindrical detector design, which enables the removal of most traditional
support structures such as staves and cooling pipes. This new design will rely
almost entirely on active detection material. The silicon wafers that form the
tracking layers will be stitched sensors that are bent into a cylindrical shape,
eliminating the need for bulky support infrastructure.
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To ensure the proper positioning of the layers, carbon foam as a lightweight
spacer will be used, minimizing material usage while maintaining the correct
geometry. These reductions in the material are crucial for decreasing multiple
scattering and improving both vertex resolution and tracking accuracy, espe-
cially for low transverse momentum ( pr) particles. Additionally, the current
beam pipe will be replaced with a thinner version and positioned closer to
the interaction point, which will reduce the material budget even further. To
develop the new tracking system, the community created and tested several
prototypes incorporating the new technology. These prototypes include the
APTS [25], DPTS [26], CE-65 [27], BabyMOSS, and MOSS [28]. In this thesis,
two of these prototypes, the DPTS and the BabyMOSS, were investigated.

Figure 1.5: Left: A schematic of the two ITS3 half barrels with cylindrical
geometry supported by carbon foam. Right: The pointing resolution
of the ITS2 in comparison to the expected performance of the ITS3
upgrade as a function of the transverse momentum [23].

1.4.1 DPTS

The Digital Pixel Test Structure (DPTS) is a small prototype with 32 32 rows
and columns, amounting to a total of 1024 pixels with a pitch of 15 15um?. It
was developed together with the Analog Pixel Test Structure (APTS) as part of
Engineering Run 1 (ER1) to test the digital front-end of the technology, whereas
the APTS was used to analyze the analog response of chips. All the pixels
are read out simultaneously via a differential digital output line, and the pixel
position is time encoded. Additionally, it is possible to extract the analog
output of one of the pixels using the monitoring pixel (31, 31). The DPTS was
designed in such a way that information on the injected or measured charge in
the pixel can be obtained by measuring the Timer-over-Threshold (ToT). The
exact working principle will be explained later in detail in chapter 2.
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