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Chapter 1

Introduction

This thesis has been accomplished at the A Large Ion Collider Experiment (ALICE ),

which is the Large Hadron Collider (LHC) experiment dedicated to investigate heavy-ion

collisions. The work for this thesis started during the Run 2 period and was concluded

during the subsequent shutdown phase of theLHC, when most of theLHC experiments as

well as theLHC itself have undergone major technical upgrades for new challenges in Run 3.

A major constraint which hinders new discoveries and particle physics research in

general is posed by the limitations in the number of collision events and particles of

interest collected by the experiment. During the Run 1 and Run 2 periods of theALICE

experiment, this aspect is mitigated to a certain extent by employing trigger mechanisms.

Triggers inspect events during the process of data taking and only record those which

exhibit speci�c signatures and are bene�cial for further physics analysis. In Run 3, the

mitigation by using triggers is superseded by a continuous readout concept at an increased

collision rate. The improvements allow for a remarkably faster data collection along with

the opportunity of investigating e�ects without speci�c trigger signatures.

Within the scope of this thesis, a hardware trigger capable of triggering on events

containing light nuclei has been studied and implemented for the �rst time in Run 2. The

investigation of light nuclei physics is of fundamental interest, as the production of such

loosely bound compound states from a hot and dense environment, as it is created in
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2 Introduction

heavy-ion collisions, is not yet fully understood. Furthermore, the interaction of light

nuclei with matter has raised major interest as it can be applied to the transport of

light nuclei within our Galaxy and can strengthen our understanding of dark-matter

annihilation, as shown in theALICE paper Measurement of32He2+ nuclei absorption in

matter and impact on their propagation in the Galaxypublished in the journal Nature [1].

This thesis presents the development of the new nuclei trigger and shows the achieved

performance using the collected data. The trigger has been operating successfully in both

Proton � Lead ( pPb) at
p

s = 8 TeV and Proton � Proton ( pp) at
p

s = 13 TeV collisions

until the end of Run 2 in 2018. In both collision systems, signi�cant enhancements of

(anti-)nuclei have been demonstrated. The new trigger has collected a signi�cant amount

of events containing light nuclei in both collision systems and the acquired data are

currently being analysed further by the ALICE collaboration.

A description of the nuclei trigger developed in the context of this thesis has been pub-

lished in the paperThe ALICE Transition Radiation Detector: Construction, operation,

and performancein the journal Nuclear Instruments and Methods[2].

The main goals of theALICE upgrade for Run 3 are to deeply investigate heavy-ion

collisions, including measurements of new observables, and improve the precision of mea-

surements such as the production of light nuclei. For the Run 3 upgrade, the detectors are

equipped with the latest available technology. An additional achievement of this thesis is

the readout development for the upgrade of the Transition Radiation Detector (TRD) of

ALICE . The main focus is on the development of theTRD speci�c parts of the Common

Readout Unit (CRU) �rmware, which has been entirely and exclusively performed as part

of this thesis. TheCRUs are new hardware devices which enable the high performance

data taking operation in Run 3. TheCRUs have been deployed at the core of theTRD

infrastructure and control the TRD readout in Run 3 in close coordination with the other

subsystems of theALICE experiment. Furthermore, theCRUs receive and handle the

entire data which is generated by the TRD.



Introduction 3

The ALICE upgrades during theLHC Long Shutdown 2paper, which includes the

TRD readout upgrade and the work presented in this thesis, has been published [3].

This thesis describes the evolution from theTRD Run 2 infrastructure and TRD read-

out systems, treats the planning and preparation for the Run 3 upgrade and documents

the details of the newly developed hardware design. Within the scope of this work, the new

hardware design has also been functionally tested and the interactions with other subsys-

tems have been veri�ed. The stability of the new readout system has been proven in long

term technical runs without beam within its �nal environment and the system has success-

fully recorded its very �rst physics data sets during a short pilot beam period. TheTRD

readout systems perform successfully in today's regular Run 3 data taking operations in

Proton � Proton ( pp) and Lead � Lead (Pb�Pb ) collisions, which have started in mid 2022.

For PhD students in the ALICE collaboration, the successful completion of a service

task is mandatory and shall support the detector operation. In the context of this thesis, a

TRD gas system service task has been completed. This task corresponded to an equivalent

of 6 months full time work and consisted of supervising and operating theTRD gas

system which must run permanently on a 24 hours / 7 days in a week base and required

immediate actions in case of issues. In addition, the gas had to be manually puri�ed from

nitrogen contamination using a cryogenic procedure.

The thesis is organised as follows. A brief insight into physics results on light nuclei in

pp collisions recently published by theALICE collaboration is given in the beginning of

this thesis. Furthermore, theALICE experiment and theTRD infrastructure in Run 2

are introduced. Then the work concerning the newly developed nuclei trigger is presented.

Finally, the ALICE and TRD upgrades are introduced, followed by theCRU hardware

development and the deployment of the new hardware for theTRD upgrade. The theory

of operation of theCRU �rmware developed in the context of this thesis is given in the

appendix.
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The work for this thesis has been carried out during a long term stay at the Conseil

Européen pour la Recherche Nucléaire (CERN). This thesis has been supported by

the Bundesministerium für Bildung und Forschung (BMBF ) by a Wolfgang-Gentner-

Stipendium in the context of the Deutsches Technisches Doktorandenprogramm atCERN.

In this program it is not foreseen to work on experimental or theoretical physics problems

and it is required that the doctoral student contributes with engineering tasks and topics

to the fundamental physics research at highest energies at the leading edge of today's

physics research [4].



Chapter 2

Physics Introduction

The ALICE experiment is designed for investigating the physics of heavy-ion collisions.

This chapter gives a short introduction into the nature of heavy-ion collisions and the

Quark-Gluon Plasma (QGP). For a theoretical background, this chapter starts with an

overview over the fundamental particles and their interactions.

This chapter is based on the References [5� 8], which can be consulted for further

details.

2.1. The Standard Model

Today's understanding of the composition and interactions of matter and anti-matter is

based on the standard model of particle physics. It assumes all matter to be composed

of certain fundamental particle types. A fundamental particle does not have further

substructure and can interact with other particles through certain fundamental forces [5].

The elementary particles are divided into quarks (up, down, charm, strange, top, and

bottom) and leptons (electron, muon, tau, and their corresponding neutrinos), which are

fermions. In addition, each elementary particle has its corresponding anti-particle. The

standard model describes the interaction by introducing force carriers, which are gauge

5



6 Physics Introduction

bosons. All interactions in nature can be divided into four categories: the electromagnetic

interaction, which is mediated by photons; the weak interaction, which is mediated by W

and Z bosons; the strong interaction, which is mediated by gluons; and the gravitation,

which is not described within the scope of the current standard model [5].

In order to interact electromagnetically, a particle has to carry an electric charge. In

analogy to this concept, it is possible to de�ne a colour charge which is carried by the

particles participating in the strong interaction. In the standard model, only quarks and

gluons carry colour charge [5].

2.2. Strong interaction

Quarks have never been observed isolated in nature, but only as constituents of composite

particles, which are called hadrons. The strong interaction is stronger than any electro-

magnetic repulsion and binds quarks within hadrons [5,6].

Hadrons are required to be neutral with respect to the colour charge. As opposed to

the scalar electric charge, the colour charge is described by a three dimensional vector. Its

components are referred to as red, green, and blue. This convention is chosen in analogy

to optical colours as to how colour neutrality can be achieved [5,6].

Historically, two groups of hadrons have been de�ned: baryons, which are composed

of three valence quarks; and mesons, which are composed of valence quark and anti-quark.

For the baryons, colour neutrality is obtained by the three quarks carrying di�erent

colours. For the meson, colour neutrality is achieved by combining colour with anti-colour.

In addition to the valence quarks, hadrons contain sea quarks and gluons as product of

interactions [5,6].

Furthermore, additional exotic types of hadrons are being investigated. For example,

tetraquarks are hadrons composed of four valence quarks and pentaquarks are hadrons com-
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posed of �ve valence quarks. These two exotic states have been recently measured [9,10].

Protons and neutrons, which are the constituents of atomic nuclei, are themselves

baryons. Protons are composed of two up valence quarks and one down valence quark,

while neutrons are composed of one up valence quark and two down valence quarks. To the

outer environment, protons and neutrons in principle appear as colour neutral, i.e. they

do not interact strongly with other hadrons. While this is true at large distances from the

proton or neutron, residual e�ects of the strong interaction are present in close vicinity of

the hadrons. These residual e�ects decrease with the distance and are signi�cantly weaker

than the strong interaction among the quarks within the hadron, but their strength is

still enough to bind the nuclei of atoms with a su�cient binding energy, overcoming all

electromagnetic repulsions. The average binding energy of atomic nuclei is in the order of

8 MeV per nucleon [11].

The theory which describes the strong interaction is the Quantum Chromodynamics

(QCD). The strength of the strong interactions of quarks and gluons is determined by the

QCD running coupling constant� s. As shown in Fig. 2.1,� s depends on the momentum

transfer Q in a process. The coupling� s becomes small for largeQ values, which

correspond to short distances. At asymptotically largeQ values, quarks are e�ectively

free. This phenomenon is called asymptotic freedom. Contrarily,� s becomes large for low

Q values, which correspond to large distances. In this situation, quarks are e�ectively

con�ned in hadrons [5,6,12].

2.3. Quark-Gluon Plasma (QGP)

Under extreme conditions of high temperature or large chemical potential, theQCD

predicts a phase transition into a state of matter, called Quark-Gluon Plasma (QGP),

where quarks and gluons are decon�ned from hadrons [6,8]. Fig. 2.2 shows a schematic

view of the QCD phase diagram. The hadronic phase is present at low chemical potential

and temperature [13]. The phase transition from theQGP to the hadron gas at high

temperature and low chemical potential is supposed to be similar to the conditions at the
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Figure 2.1.: QCD running coupling constant � s as a function of the momentum transferQ.
The results are obtained by di�erent analyses from various experiments. Figure
from Ref. [12].

time of the primordial universe. TheQGP and the phase transition can be reproduced

in the laboratory by colliding heavy ions at ultra-relativistic energies [6, 8]. For large

chemical potential and low temperature, a colour superconducting phase is expected [13].

2.4. Heavy-Ion Collisions

Particle accelerators are used to collide heavy ions in the laboratory. In a circular collider,

two beams in opposite directions are accelerated independently and are brought to collide

at speci�c interaction points, where suitable particle detectors are installed. Figure 2.3

illustrates the time evolution of a central high-energy heavy-ion collision with creation of

the QGP.

Due to the high velocities, the accelerated heavy ions are Lorentz contracted in the

laboratory frame. The heavy-ion collision in the collider undergoes several stages. In a
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Figure 2.2.: Schematic view of the temperatureT as a function of the chemical potential� B

of the QCD phase diagram. Figure from Ref. [13].

Figure 2.3.: Schematic time evolution of a central high-energy heavy-ion collision withQGP
formation. Figure from Ref. [14].
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�rst stage, parton interactions take place converting energy to form other particles. In a

preequilibrium phase, the temperature is not uniform across the �reball. In this stage,

the system is not in thermodynamic equilibrium such that a hydrodynamic description

cannot yet be used. Once the system reaches its thermodynamic equilibrium, theQGP

is established. The system expands and behaves as a medium which can be described

macroscopically by hydrodynamic models under the assumption of local thermal equilib-

rium. The dynamics of the system evolution is described by thermodynamic variables,

such as temperature, pressure and energy density together with a suitable equation of

state. In addition, the velocity of the expansion is taken into account in hydrodynamic

models [6,8].

As the expansion continues, the temperature decreases. Once the system is cooled

down su�ciently, the con�nement is restored and the quarks form hadrons. This phase

is called hadronisation. When the system reaches the chemical freeze-out temperature,

the energy involved in the interactions does not su�ce to generate new hadrons. At this

point, the total yield of each particle type is �xed. After the chemical freeze-out, hadrons

can still interact elastically, such that the momenta and thus the momentum di�erential

yields may still be altered. Only after the kinetic freeze-out, the momenta do not change

as no interactions, neither inelastic nor elastic, among the particles occur anymore. In

this stage, the particles travel outbound and can be measured by detectors [6,8].

Recently, signatures of theQGP have been observed in small collision systems. However,

the nature of these systems is not fully understood [15]. Except for theQGP phase under

investigation, the time evolution from Fig. 2.3 remains valid for describing small collision

systems [6,8].



Chapter 3

Physics of Light Nuclei

This thesis involves the development and commissioning of a hardware trigger on light

nuclei. Before presenting details about the development of the trigger and its technical

implementation, this chapter brie�y presents the physics background and the motivation

of the trigger. Analyses involving nuclei usually have to deal with a limited number

of events, which leads to statistical limitations of the accuracy. The developed trigger

has increased the number of events containing nuclei signi�cantly. Some of the most

recent results in nuclei physics obtained by theALICE collaboration are summarised in

this chapter. This chapter is based on the references [16� 24]. For further details, these

references can be consulted.

The development of theCRU �rmware in the context of the upgrade of theTRD along

with the upgrade of the entireALICE experiment also aims at increasing the number of

events in general, including those containing nuclei, by increasing the detector readout

rate.

3.1. Production mechanisms of light nuclei

An important research goal concerning light nuclei observed in high energy collisions is

to understand their production mechanisms. Light nuclei - as deuterons, tritons,3
2He2+ ,

4
2He2+ and their antiparticles - are compound particles of protons and neutrons which are

11
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Figure 3.1.: Nucleon composition of deuteron, triton and3
2He2+ .

held together by a small binding energy (Fig. 3.1). For light nuclei, the binding energy is

lower than the average binding energy per nucleon, which is approximately8 MeV [11].

The theory predominantly favours two production mechanism models, the production

in the thermal statistical model and the production by coalescence. When testing the

hypotheses of these models experimentally [20,25,26], so far none of them can be ruled

out and both models can describe the measurements within the current experimental

uncertainties. The two models make di�erent assumptions about the fact during which

stage of a collision the nuclei are produced.

3.1.1. Statistical thermal model

In the statistical thermal model, nuclei are produced at chemical freeze-out. The model

makes predictions on the expected particle yields and formulates a dependence between

the di�erential yield of a certain particle species, the particle massm and the chemical

freeze-out temperatureTch [26]:

dN
dy

/ exp
�

�
m
Tch

�
: (3.1)

If the model is valid, the chemical freeze-out temperature shall be equal for the experi-

mentally measured nuclei. In this case, nuclei can be used as a precise thermometer for

the chemical freeze-out temperature due to their large masses.
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It can be deduced that, when comparing the experimentally accessible density ratio

between 2 particle speciesn1=n2 with a mass di�erence of � m, the ratio is directly

connected to the chemical freeze-out temperature [26]:

n1

n2
= exp

�
�

� m
Tch

�
: (3.2)

Measurements of particle ratios in heavy-ion collisions are in agreement with a chemical

freeze-out temperature of approximately160 MeV [26] and the predictions of particle

yields by this model generally agree with measurements [20].

3.1.2. Coalescence model

The statistical thermal model assumes that nuclei with their low binding energy of a few

MeV are generated at the chemical freeze-out, i.e. in an environment with a temperature

of approximately 160 MeV [20,26], although the low binding energy of nuclei may a�ect

their stable existence in an environment at such high temperature. Assuming this, the

production may actually not be possible at chemical freeze-out and happens in fact later.

The coalescence model [16�21] describes the production of nuclei in this later stage.

Also, in the coalescence model, the notion of particle generation at chemical freeze-out

is still valid, but only for the constituting nucleons and lower-mass particles. The nuclei

are bound states of nucleons at low binding energy and they are generated at kinetic

freeze-out by a coalescence of the available nucleons. At this stage, the temperatures are

su�ciently low to allow for the stable existence of the bound states.

The coalescence model assumes that a coalescence of nucleons to form a nucleus is only

possible if the nucleons are close enough in phase space and their di�erence in momentum

is smaller than an empirical parameterp0. Assuming that protons and neutrons have the

same mass andpT spectrum, the yield of any nucleus can be expressed using the proton

yield [20]:
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EA
d3NA

dp3
A

= BA

�
Ep

d3Np

dp3
p

� A

: (3.3)

In this equation, A is the number of nucleons within the generated nucleus and

pA = App its momentum. d3NA
dp3

A
and d3Np

dp3
p

are the predicted nuclei yield and the proton

yield, respectively.BA is a factor, which can be measured experimentally.

The simplest available coalescence model does not consider any spatial properties

of the production mechanism, but considers only momentum space. The coalescence

probability is related to the probability of the nucleons to be within a sphere with the

radius p0 in momentum space. Ref. [20] �nds forBA

BA =
�

4�
3

p3
0

� A� 1 M
mA

; (3.4)

whereM is the mass of the generated nucleus andm is the mass of the proton. The term
4�
3 p3

0 is also called the coalescence volume in momentum space.

In the simple coalescence model, the parameterBA is a constant and does not depend

on variables such as the transverse momentum. The independence of these variables can

be experimentally tested, in order to investigate the validity of the simple coalescence

model.

Generally, B2 can be measured by comparing the spectra of deuterons with the ones

of protons, whileB3 can be measured by comparing the spectra of3
2He2+ with the ones of

protons.
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The simple coalescence has later been extended, such that the neglected spatial aspects,

such as the size of the emitting source and the size of the produced nucleus are taken into

account. In this advanced coalescence model,BA is no longer constant. For the re�ned

model, Ref. [27,28] �nds forBA

BA =
2JA + 1

2A

1
p

A

1
mA� 1

T

 
2�

R2 +
�

r A
2

� 2

! 3
2 (A � 1)

; (3.5)

whereJA is the spin of the resulting nucleus,mT is the transverse mass of each nucleon

participating in the coalescence,R is the radius of the emitting source andrA is the radius

of the resulting nucleus.

3.2. Recent ALICE results in pp collisions

This section shows some recentALICE results on light nuclei inpp collisions, where the

nuclei trigger is required to enhance statistics. The means ofPID are not shown here, but

they will be discussed in more details in Section 4.1. In all �gures in this chapters, system-

atic uncertainties are shown as boxes and statistical uncertainties are shown as vertical bars.

Figure 3.2 shows the integrated yields of antiprotons, antideuterons, and3
2He2+ in pp

collisions at
p

s = 7 TeV [22]. A reduction of thepT integrated yield (dN=dy) is observed

of about 1000 for each additional nucleon. The horizontal lines represent a �t with the

function c0AcA
1 in accordance with the coalescence model.

The antideuteron to deuteron ratiod=d is presented in Fig. 3.3 for di�erent collision

energies and in Fig. 3.4 for di�erent multiplicities in pp collision at
p

s= 7 TeV. The

ALICE collaboration expresses multiplicities as multiplicity classes, where class I+II

corresponds to events with the largest multiplicity. The multiplicity decreases with the

class number. Furthermore, Fig. 3.3 also reports the squared ratio between antiparticles
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Figure 3.2.: pT integrated yields (dN=dy) of antiprotons, antideuterons and 3
2He2+ nuclei as a

function of the number of antinucleons inpp collisions at
p

s = 7 TeV. Figure
from Ref. [22].

and particles for protons,(p=p)2 for comparison.

It can be observed that across all presented energies, multiplicity classes andpT bins,

antideuterons are produced with similar abundances as deuterons within the uncertainties.

Figure 3.5 shows the coalescence parameterB2 of deuterons and antideuterons as a

function of the transverse momentum per nucleon in di�erent multiplicity classes inpp

collisions at
p

s = 7 TeV [23]. Di�erent scalings are applied for better readability.

Figure 3.6 shows the coalescence parameterB2 of deuterons and antideuterons, pre-

sented separately, as a function of the transverse momentum per nucleonpT =A at mid-

rapidity in pp collisions at
p

s = 0.9, 2.76, and 7 TeV [22]. For more details about the

kinematic variables, refer to appendix B.1.
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Figure 3.3.: Antideuteron to deuteron ratios (d=d) as a function of the transverse momentum
per nucleonpT =A in pp collisions in di�erent collision energies. The (p=p)2 ratios
are shown for comparison. Figure from Ref. [22].

Figure 3.4.: Antideuteron to deuteron ratios as a function ofpT in di�erent multiplicity classes
in pp collisions at

p
s = 7 TeV. Figure from Ref. [23].
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Figure 3.5.: Coalescence parameterB2 of deuterons and antideuterons as a function of the
transverse momentum per nucleonpT =A in di�erent multiplicity classes in pp
collisions at

p
s = 7 TeV . Figure from Ref. [23].

Figure 3.6.: Coalescence parameterB2 of deuterons and antideuterons, shown separately, as a
function of the transverse momentum per nucleonpT =A in pp for di�erent collision
energies. Figure from Ref. [22].
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Figure 3.7.: Coalescence parameters as a function of the transverse momentum per nucleon
pT =A in pp collisions at

p
s = 13 TeV for di�erent multiplicity classes. Left hand

panel: Deuterons and antideuterons (parameterB2). 3
2He2+ and 3

2He2+ (parameter
B3). Figures from Ref. [24].
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Figure 3.7 shows the coalescence parameterB2 for deuterons and antideuterons and

the coalescence parameterB3 for 3
2He2+ and 3

2He2+ as a function ofpT =A in pp collisions at
p

s = 13 TeV [24]. The parameterB2 is obtained using High Multiplicity (HM) triggered

data. The results are shown separately for di�erent multiplicity classes, where class I

corresponds to the largest multiplicity. Subsequent multiplicity classes correspond to

lower multiplicities. The parameterB3 is obtained separately, usingHM and Minimum

Bias (MB) triggered data. In addition, the MB data sample is separated into 2 multiplicity

classes I and II, where class I corresponds to the larger multiplicity.

It can be observed that in Fig. 3.5 the coalescence parametersB2 of deuterons and

antideuterons show no signi�cant dependence on the transverse momentum per nucleon

within the uncertainties in all presented multiplicity classes [23]. This behaviour is in

agreement with the simple coalescence model.

In Fig. 3.6 an increasing trend of the coalescence parameterB2 can be observed.

The di�erence becomes visible when results are integrated over the multiplicity and

the behaviour is observed across di�erent collision energies. Simulations using an event

generator together with an afterburner to simulate the coalescence of nucleons with similar

momenta con�rm this trend [24].

In Fig. 3.7 an increasing trend of the coalescence parameterB3 with respect to pT =A

is also observed for both integrated and di�erential multiplicities [24]. This observation is

not expected in the simple coalescence model, but it is found to be in agreement with the

advanced coalescence model described by equation 3.5 [28].

Di�erential results � in multiplicity, pT , particle/antiparticle, etc � are important to

investigate the production of light particles. In order to obtain conclusive results with

su�cient accuracy, large statistics are required. In addition, results for light nuclei with

A > 2 are generally impacted by lower statistics due to lower production yields. The

nuclei trigger greatly enhances the statistics, especially for the case of light nuclei with
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A > 2, and thus extends the physics prospects of the ALICE experiment.

This is not only relevant for the directly measured nuclei, but also for strengthening

the understanding of the physics of hypernuclei, such as their production yields and their

lifetimes. An example is the hypertriton, which is the lightest known hypernucleus and

consists of a proton, a neutron and a� baryon, whose properties raise major interest in

the research community [29].

Other measurements which can be extended with larger statistics concern the interac-

tions of antinuclei with matter. RecentALICE measurements allow for the conclusion that
3
2He2+ can travel long distances within our Galaxy and can be used to study cosmic-ray

interactions and dark-matter annihilation [1].
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Chapter 4

A Large Ion Collider Experiment

The ALICE experiment is located atCERN and belongs to the four largestLHC experi-

ments. TheLHC beams collide withinALICE and the generated particles are measured

by the particle detectors ofALICE . The experiment is operated in all proton�proton (pp),

proton�lead (pPb) and lead�lead (Pb�Pb ) collision systems. The detectors are optimised

for the operation in heavy-ion collisions, which are the primary research �eld ofALICE .

The detectors of theALICE experiment provide excellent particle tracking capabilities

with track reconstruction down to the level of single particles, even in high-multiplicity

environments, at low to medium transverse momentum.

In this chapter, a summary about the most important subsystems ofALICE is given.

It is based on the references [30,31], which can be consulted for further details.

4.1. ALICE particle detectors for track reconstruction

and PID

Figure 4.1 shows a sectional view of the setup of theALICE experiment with its detectors.

The collisions take place in the centre of the central barrel (in red). The particles emerge

from the collision vertex into all directions. ALICE is capable of measuring the particles

in the transverse region (perpendicular to the beam pipe). Many detectors in the central

23
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Figure 4.1.: Sectional view of the ALICE experiment during Run 2. Figure from Ref. [32].

barrel provide full azimuthal coverage within the pseudo rapidity region� 0:9 � � � 0:9.

For more details about the kinematic variables, refer to appendix B.1. Furthermore,

ALICE is equipped with speci�c forward detectors, including the muon spectrometer at

the forward pseudo rapidity region� 4:0 � � � � 2:5 [30,31].

In the transverse region at mid rapidity, charged particles are de�ected by a homo-

geneous magnetic �eld in beam direction. The magnetic �eld is generated by a large

solenoid, also called the L3 magnet (10 in Fig. 4.1). During the reconstruction of tracks,

it is possible to reconstruct the momentum of each particle by measuring the amount of

track bending in the magnetic �eld. Low momentum particles travel on trajectories with

smaller radii due to lower Lorentz forces [30,31].

At mid rapidity, the Inner Tracking System (ITS) (1 in Fig. 4.1) surrounds the beam

pipe. The ITS is a silicon based detector and is subdivided into three subdetectors: the

Silicon Pixel Detector (SPD) (a in Fig. 4.1), the Silicon Drift Detector (SDD) (b in
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Fig. 4.1) and the Silicon Strip Detector (SSD) (c in Fig. 4.1). The ITS is used as a

tracking detector in order to locate the vertex position. In addition, it also provides

energy loss measurements, such that it can be used for Bethe-Bloch basedPID (for more

details, refer to appendix B.2) together with the global particle transverse momentum

reconstruction [30,31].

Apart from the ITS, there are the VZERO Detector (V0) (d in Fig. 4.1), the Forward

Multiplicity Detector ( FMD) (e in Fig. 4.1) and the Time 0 Detector (T0) (d in Fig. 4.1)

in close vicinity to the vertex. The V0 is based on Photo Multipliers (PMs) and serves as

a detector to provide minimum bias triggers when a collision occurs. Its acceptance in

pseudo rapidity is2:8 � � � 5:1 on the A-side and� 3:7 � � � � 1:7 on the C-side. The

FMD is used to measure the multiplicity in the forward region and to provide multiplicity

based triggers. TheT0 provides time measurements of the precise starting time of the

particle trajectories. Together with other detectors, it allows for precise particle velocity

measurements, which can be used for PID [30,31].

The TPC (3 in Fig. 4.1) is the main tracking detector ofALICE and consists of a large

volume which contains a nobel gas mixture. TheTPC contains high voltage electrodes in

order to generate a homogeneous electric �eld parallel to the beam direction inside the

gas volume. Particles which enter the gas volume, ionise the gas and deliberate charges

which are subsequently drifting along the electric �eld lines towards the readout electrodes

located at the end of the cylindricalTPC shape. The impact location of the drift charges

together with the measured drift time, allow for a precise reconstruction of the locations

of each track in 3-dimensional space and for transverse momentum reconstruction [30,31].

Furthermore, the TPC measures the energy loss of the particle. The mean energy

loss of a charged particle can be predicted by the Bethe-Bloch formula and depends on

the particle charge, rest mass and its momentum. For details, refer to appendix B.2.

The energy loss within theTPC is characteristic for a particular particle species and

a given momentum. However, ambiguities are present in certain momentum regions.

When plotting the energy loss of a particle measured by theTPC against the momen-




	Introduction
	Physics Introduction
	The Standard Model
	Strong interaction
	Quark-Gluon Plasma (QGP)
	Heavy-Ion Collisions

	Physics of Light Nuclei
	Production mechanisms of light nuclei
	Statistical thermal model
	Coalescence model

	Recent ALICE results in pp collisions

	A Large Ion Collider Experiment
	ALICE particle detectors for track reconstruction and PID
	Central Trigger Processor
	Trigger hierarchy of ALICE
	Technical realisation of the communication between the CTP and individual detectors
	Configuration of the CTP


	TRD Operation and Developments in Run 2
	Transition Radiation Detector
	Detector Structure
	Principle of Particle Tracking and PID inside a ROC
	Gas system of the TRD (Service Task)
	Front End Electronics (FEE) and data flow in a ROC during readout
	Data Sampling and Processing in a Multi Chip Module
	Readout time windows
	Tracklet Data Format of the MCM
	Global Tracking Unit

	Transition Radiation Detector Nuclei Trigger
	Motivation of using the TRD for the nuclei trigger
	Feasibility studies for the nuclei trigger implementation
	Hardware implementation of the nuclei trigger
	TRD nuclei trigger in pPb collisions
	TRD nuclei trigger in pp collisions


	TRD Upgrade and Developments for Run 3
	Transition Radiation Detector Upgrade Overview
	Optimisation of the existing Front End Electronics
	Common Readout Unit
	O2 Data Acquisition System
	New Run 3 Readout Scheme for the TRD

	TRD laboratory setup at the University of Münster
	Location and available material
	New laboratory setup

	Consideration of the TRD FEE optical drive capabilities
	Theoretical estimation of the optical margin
	Investigation on the actual current setpoints in Run 2
	Measurement of the Optical Path Attenuation
	Verification of data reception in CR1
	Data taking with the GTU and the optical fibre loop
	Sensitivity test with the CRU in the lab at the Universität Münster
	Optical power measurements with the CRUs after their installation in CR1

	Readout Fibre Installations at Point 2
	Mapping of CRU ORI link numbers to half chambers
	Installation

	Upgrade of the CTP
	Fully revised Local Trigger Unit
	Trigger and Timing Control over Passive Optical Network (TTC-PON)
	TTC-PON Latency Considerations

	The CRU Common Logic Firmware in the context of the TRD
	CRU FPGA firmware
	Common CRU Firmware
	O2 Data Format

	Prerequisites for TRD CRU Custom Firmware Development
	TRD specific implementation of the O2 data format
	Note on RDH fields for TRD
	O2 payload packetisation scheme for TRD

	Validation of the TRD CRU Custom Firmware and Tests

	Summary
	Zusammenfassung
	Appendix
	Theory of Operation of the TRD CRU Custom Firmware
	trd_custom_module_wrapper
	ori_wrapper
	ori_link
	trd_user_logic
	buffered_ttc_pon_handler
	cdc_ttc_pci
	trigger_buffer
	ttc_pon_handler
	trigger_word_fifo
	aggregate_single_link_cores
	single_link_core
	link_realigner
	ready_valid_checker
	debug_memory
	cdc_ori_pci
	trd_ddg
	busy_logic
	Communication of the busy_logic instances with DCS

	convert_16to256
	link_output_fifos
	Buffering Stage
	packetisers
	State Machine s_state: wait_for_available_trigger_word
	State Machine s_state: ship_data


	Physics background
	Kinematic variables
	Bethe-Bloch formula

	List of Acronyms
	List of figures
	List of tables
	Bibliography
	Acknowledgement
	Curriculum Vitae

