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Abstract

In preparation for the future ALICE 3 experiment proposed to be installed at the
LHC at CERN in 2036, an extensive R&D program is actively addressing the challenge
of developing a 20-picosecond technology for the Time-Of-Flight (TOF) detector. Vari-
ous silicon technologies are under investigation to achieve this goal. Among those, Low
Gain Avalanche Detectors (LGADs) constitute a promising solution. In this thesis, com-
prehensive R&D e�orts focused on state-of-the-art LGADs are presented. A wide range
of LGADs, both single channel sensors and matrices, including di�erent thickness, area,
doping and inter-pad design have been fully characterized with laboratory measurements
and studied �rst with a laser setup and subsequently using particle beams at CERN facili-
ties. First tests of 25µm and 35µm LGADs compared to 50µm-thick sensors highlighted
the potential of a thinner design for improved time resolution. This prompted further
investigations into progressively thinner sensors, arriving to test the �rst 15µm-thick
LGADs ever produced by FBK. Additionally, the innovative double-LGAD concept was
introduced to address the challenge of small input signals in the electronics. Notably,
this new concept not only yields the signi�cant bene�t of an enhancement of the charge
at the input of electronics which allows for reduced power consumption, but also trans-
lates into an improvement in overall time resolution. Finally, a dedicated study has been
performed to determine the impact of particle incidence angles on the time resolution, a
crucial aspect to be taken into account in the ALICE 3 experiment. Overall, this R&D
campaign on LGAD detectors, �nally resulted in sensors that meet the time resolution
requirements of ALICE 3 Time-Of-Flight detector, establishing them also as strong can-
didates for future-generation experiments. This thesis is structured as follows: an outline
of the future ALICE 3 experiment is presented in Chapter 1, including a description of
the detector concept and main physics objectives. A detailed description of silicon de-
tectors is provided in Chapter 2, with a focus on LGADs working principles and main
characteristics in Chapter 3. Chapter 4 discusses the R&D e�orts on LGADs and all
the measurements conducted in the laboratory, followed by the results from beam test
campaigns in Chapter 5.
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Introduction

In recent years, in the dynamic realm of silicon detector advancements, the pursuit of

consistently improved timing precision has witnessed remarkable progress. However,

unlocking the full potential to achieve large-area systems with the extraordinary time

resolution required by future experiments remains a challenge.

The ALICE Collaboration has proposed a next-generation heavy-ion experiment,

called ALICE 3, which will be installed at the LHC during the Long Shutdown 4, in

preparation for Run 5 (2036) and beyond. The experiment will be completely realized

using cutting-edge silicon technologies to study heavy-ion collisions and collect signi�-

cantly higher luminosities than the current detector (during Run 3 and 4), in a pseu-

dorapidity region up to j� j < 4. This kind of experimental apparatus will be able to

measure the electromagnetic radiation produced by the Quark Gluon Plasma (QGP) in

a multi-di�erential way, in order to probe its early stages of evolution and characterize

the production of hadrons with heavy 
avors up to extremely low momenta. To achieve

this goal, a dedicated system of detectors for Particle IDenti�cation (PID) will be em-

ployed. In particular, the Time-Of-Flight (TOF) system will play a key role in PID

and it requires an outstanding time resolution of 20 ps. Various silicon-based devices

are currently under evaluation for this purpose. This thesis presents the comprehen-

sive research and development e�orts focused on state-of-the-art Low Gain Avalanche

Detectors (LGADs).

LGADs are a new kind of avalanche silicon detectors optimized for timing. It has been

proven that standard LGAD with a thickness of 50µm combined with a gain of 20-30 can

provide a time resolution around 30 ps. In light of their impressive timing performance,

this technology is already earmarked for numerous detector upgrades. The stringent
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20 ps timing resolution required by ALICE 3, however, has driven a substantial R&D

e�ort aimed at further re�ning LGAD technology. Achieving this level of time precision

would not only meet ALICE 3's needs but could also signi�cantly enhance detector

performance in a range of future experiments [1]. A large variety of LGADs, both single

channel sensors and matrices, including di�erent thickness, area, doping and inter-pad

design, have been fully characterized and tested through laboratory measurements by

also using a laser setup to obtain preliminary performances and subsequently deeply

investigates using particle beams at CERN facilities in numerous beam tests between

2021 and 2024.

These studies have steered R&D in the direction of producing �rst very thin LGAD

by FBK (Fondazione Bruno Kessler, Italy), including sensors of 15, 20, 25 and 35µm

of thickness, which were deeply investigated together with standard 50µm-thick sensors

used for comparison purposes. Several results on this new generation of LGADs will be

shown, including many extracted characteristics, such as drift electric �eld, noise and

charge distributions together with a comprehensive analysis of the timing performance.

In addition, the new concept of \double LGAD", in which two similar sensors are

connected to the same board, was introduced and tested for the �rst time, considering

couples of LGADs with all the aforementioned thicknesses. With both of them being

connected to the same ampli�er, a higher signal is generated at the input, allowing for less

power-consuming electronics and also resulting in a bene�t in improved time resolution.

Results for this innovative implementation will be presented, followed by a comparison

with single sensors.

Considering potential experimental conditions, studies were done to investigate the

response of LGADs placed at the edge of the barrel layer of the TOF detector, traversed

by particles with inclined tracks or that are not fully traversed by low momentum parti-

cles. Tests were performed on an LGAD rotated with respect to the beam's orthogonal

axis to understand the dependence of the time resolution on the track incidence angle.

This thesis is organized as following: an outline of the future ALICE 3 experiment

is presented in Chapter 1, with a description of the detector concept and a summary

of the main physics objectives. A detailed description of silicon detectors is reported

in Chapter 2, with a focus on LGAD's working principles and main characteristics in
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Chapter 3. Finally, a detailed overview of the R&D e�orts on LGADs, reporting the

characterization measurements and the tests with the laser setup are reported in Chapter

4, followed by the results from beam test measurements in Chapter 5.

In the appendices additional activities are reported, including some very recent mea-

surements performed on the sensors connected to a full front-end and readout chain C,

an application of LGADs for particle identi�cation in tests with Silicon PhotoMultipliers

B, and regarding the construction of an ALTAI tracking telescope to better investigate

possible edge e�ects, di�erent inter-pad con�gurations and e�ciency D.

Finally, the results of an analysis to extract the performances of the ALICE TOF

detector in LHC Run 3 is reported in Appendix A.
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Chapter 1

ALICE 3 Experiment

1.1 Introduction and Planning

ALICE (A Large Ion Collider Experiment) [2] is an experiment at the CERN Large

Hadron Collider (LHC), designed to study the physics of strongly interacting matter at

extreme energy densities and temperatures, where a state of matter called Quark-Gluon

Plasma (QGP) is formed. The experiment leverages collisions provided by the LHC with

beams of heavy ions or protons. In particular, ultra-relativistic heavy-ion collisions allow

the recreation of conditions similar to those in the early universe.

During LHC Run 1 (2009{2013) and Run 2 (2015{2018), ALICE pursued a rich pro-

gram in Quantum Chromodynamics (QCD) physics, achieving precise measurements that

enhanced our understanding of QGP properties. These e�orts led to the discovery of new

phenomena, such as the evolution of strangeness enhancement from low-multiplicity pp

to high-multiplicity Pb{Pb events and the regeneration of theJ=	 meson via coalescence

of independently produced charm and anti-charm quarks.

To fully exploit the scienti�c potential of the LHC, the experiment underwent major

detector upgrades during Long Shutdown 2 (LS2). These upgrades, coupled with a new

continuous readout system (see Appendix A), enable the experiment to handle the high

interaction rates of Run 3 and Run 4, expecting an integrated luminosity for Pb{Pb

collisions of� 13 nb� 1 [3].

In addition, preparations are already ongoing for further detector upgrades during
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the next Long Shutdown (2026{2029). Research and Development (R&D) programs for

future detectors been essentially completed and the construction of two new detectors,

the ITS3 and the Focal, is starting. The improved ALICE detector will enable key

measurements in heavy-ion collisions, such as the production of multi-charmed baryons,

the elliptic 
ow of electron-positron pairs, and photon production at very low momentum.

However, despite the wide-ranging capabilities of the upgraded apparatus, several

open physics questions will remain to be addressed.

Promising opportunities to extend the heavy-ion program are the substantial in-

crease in nucleon-nucleon luminosity at the LHC after LS4 (around 2025) and the use

intermediate-mass nuclei, such as Ar{Ar or Kr{Kr (see Section 1.2.3 for further details),

which would provide novel probes of the QGP and open a new era of precision mea-

surements for rare probes in the Pb{Pb system. However, since ALICE tracking system

relies on a large TPC detector, such luminosities would saturate the maximum inter-

action rate that the current ALICE experiment can handle. Therefore, a faster and

di�erent technology is required to replace the current tracking based on a TPC.

To handle the increased interaction rates, a next-generation heavy-ion experiment,

ALICE 3 [4], has been proposed for installation at the LHC Interaction Point 2 during

Long Shutdown 4 (LS4). In this chapter, after a short summary of the present status

of Heavy-Ion (HI) physics, the physics motivations of the ALICE 3 experiment will be

outlined, followed by an overview of the system apparatus, with a focus on the Time-

Of-Flight (TOF) detector.

Figure 1.1: LHC schedule with the main phases toward the ALICE 3 installation during LS4

and operation from Run 5.

ALICE 3 will be an all-silicon detector, exploiting technological advances in novel

silicon technologies with unprecedented low mass. This design will allow exploration of

an ultra-soft region of phase space, enabling the measurement of very low transverse

momentum lepton pairs, photons, and hadrons at the LHC.

The start of data-taking with ALICE 3 is planned for LHC Run 5, currently scheduled
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to begin in 2036 (see Figure 1.1). Detector construction and pre-commissioning are

planned for 2028{2031, allowing one year of contingency before the installation. The

dismantling of the current ALICE detector, followed by the installation of ALICE 3, is

expected to require a shutdown of two years, consistent with the current LHC schedule.

1.2 Physics motivations

The Standard Model (SM) of particle physics describes the fundamental constituents

of matter and the laws governing their interactions, explaining also how collective phe-

nomena and equilibrium properties emerge. Theoretical predictions provide quantitative

insights into the equation of state for SM matter, the nature of electroweak and strong

phase transitions, and fundamental properties such as transport coe�cients and relax-

ation times.

Collisions of nuclei at ultra-relativistic energies o�er a unique opportunity to test

key aspects of high-temperature thermodynamics in controlled, laboratory-based exper-

iments. These collisions can reproduce the temperature, pressure and energy density

conditions necessary to have the transition of the strongly interacting matter from the

hadronic phase to the colour-decon�ned QGP, allowing for direct access to the dynam-

ics of partonic matter and providing insight into the properties of the high-temperature

phase of QCD.

1.2.1 Introduction to QGP

Heavy-ion collisions at ultra-relativistic energies are used to create the QGP in the

laboratory. Before they interact, the nuclei at the LHC are highly Lorentz contracted,

with the impact parameterbrepresenting the distance in the transverse plane between the

centers of the colliding nuclei. This parameter is closely related to the number of nucleons

(Npart ) in the nuclei that undergo at least one inelastic collision with a nucleon of the

other nucleus during the collision (so called "participants"). It also controls the initial

volume of the collision region. The total number of binary inelastic nucleon{nucleon

collisions is referred to asNcoll . When b is small, both Npart and Ncoll are large, and vice

versa.
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Figure 1.2: Evolution phases of heavy-ion collisions at the LHC [5].

From the time t = 0 fm/c in which the collision starts, the evolution of the collision

can be divided into di�erent stages [5], schematically shown in Figure 1.2:

ˆ Immediately after the collision, the small momentum exchange (soft) interactions

take place during a weakly-coupledpre-equilibrium phase (t < 0:1 fm/c). This is

followed by the creation of softer partons, which enable the formation of a strongly

coupled QGP phase. During this phase, the production of direct photons is ex-

pected, and additionally, some hard processes occur, resulting in the production of

partons and particles with either large masses or large transverse momenta.

ˆ The soft partons produced in the initial collisions continue to interact, leading to

the formation of a region with matter at high energy density evolving towards

thermal equilibrium. This stage is known asthermalisation (0:1{0:3 fm/c) and

is the phase in which the QGP is actually produced and the relative abundances

of gluons, as well as of u, d, and s quarks, change. Due to internal pressure,

the thermalised system starts a rapid expansion and the energy density starts to

decrease.

ˆ When the system reaches the critical energy density� c � 1 GeV/fm3, the process of
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