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Abstract  

Mechanics R&D on Mighty Tracker prototype modules 

by Emad S Hamdani 

University Of Manchester  

Department of Physics and Astronomy  

Faculty of Science and Engineering  

In preparaNon for the High-Luminosity LHC (HL-LHC) era, the LHCb experiment is un-

dergoing a significant upgrade. A crucial element of this upgrade is the replacement of 

the radiaNon-damaged ScinNllaNng Fibre (SciFi) Tracker with the Mighty Tracker.  The 

Mighty Tracker is a hybrid detector that uNlises both pixel and fibre technologies to 

achieve superior tracking capabiliNes at the increased luminosiNes expected at HL-LHC. 

This study focuses on the characterisaNon of prototype modules for the silicon pixel 

part of the Mighty Tracker, employing metrology, thermal analysis, and non-destrucNve 

evaluaNon techniques to inform the mechanical design. 

Prototype modules for the silicon pixel detector within the LHCb experiment's up-

graded Mighty Tracker were characterised using a combinaNon of metrology, thermal 

simulaNons, and X-ray tomography. Non-contact 3D measurements ensured dimen-

sional consistency (thickness, planarity) of co-cured carbon foam and fibre samples for 

robust module construcNon. Post-assembly metrology evaluated structural integrity. 

Thermal simulaNons, considering material properNes, geometry, and cooling, opNm-

ised the number of cooling pipes required to maintain opNmal operaNonal temperat-

ures. High-resoluNon X-ray tomography enabled visualisaNon of internal structures, al-

lowing quanNficaNon of glue distribuNon, pipe diameters, and potenNal defects. 

Metrology, thermal simulaNons, and X-ray tomography provided stringent quality con-

trol for the mechanical design of the silicon pixel detector modules. These techniques 

validated key assumpNons about material properNes, dimensional tolerances, and 

thermal management. The insights gained will guide refinements to the design and as-
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sembly processes, ulNmately ensuring the upgraded LHCb Silicon Tracker achieves its 

performance goals. 
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Chapter 1: Physics Background

Chapter 1 
Physics Background  

1.1   The Standard Model 

In the field of parNcle physics, the Standard Model was developed as one of the most 

successful theoreNcal frameworks, that explains the interacNons of fundamental 

parNcles at a subatomic scale. The Standard Model offers a comprehensive under-

standing of the universe at a fundamental level, it has been exceedingly effecNve in ex-

plaining experimental observaNons and of parNcle interacNons [1]. The Standard Mod-

el includes all fundamental parNcle along with their anNmaher counterparts. The 

Standard Model of elementary parNcles is shown in Fig. 1.1. 

16

Figure 1.1: The Standard Model of elementary 
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Fundamental Particles

1.1.1   Fundamental Par6cles  

The Standard Model categorises parNcles into two different types: fermions and bo-

sons. All observable maher consists of fermions, divided into two categories: quarks 

and leptons, which form the building blocks for maher. Quarks and leptons are each 

associated with six disNnct flavours, as depicted in Fig. 1.1. Fermions possess anNmat-

ter counterparts with idenNcal mass and spin but opposite internal quantum numbers. 

Most bosons, except for the and  bosons which are their own anNparNcles, do 

not have disNnct anNmaher counterparts [1]. 

Quarks consists of up, down, strange, charm, bohom and top. These flavours possess 

varying mass values, as shown in Table 1.1. Baryons, such as protons and neutrons, are 

subatomic parNcles formed by the combinaNon of three quarks. They possess an in-

teger charge equal to the sum of the fracNonal charges of their consNtuent quarks, 

held together by the strong nuclear force. Mesons, a different class of subatomic 

parNcles, consist of a quark and an anN-quark pair joined by the strong nuclear force. 

Because of this quark-anNquark pairing, mesons have an integer electric charge. Both 

baryons and mesons are governed by the strong nuclear force [2]. 

Along with electric charge and mass, the quarks also possess a unique property called 

colour charge, which describes the interacNon with the strong nuclear force between 

quarks. Both electric and colour charge, are conserved, colour charge can be ex 

W+ W−

Quark Charge (e) Mass

Up +2/3 

Down -1/3

Strange -1/3

Charm +2/3 

Bohom -1/3

Top +2/3 

Table 1.1: Charge and mass of different flavours of quarks [2].

1.28 GeV /c2

173.2 GeV /c2

96.0 MeV /c2

4.7 MeV /c2

4.18 GeV /c2

2.2 MeV /c2
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Chapter 1: Physics Background

changed between quarks while forming hadrons.  Quark interacNons are mediated via 

gluon, force carrying parNcles for the strong nuclear force. Gluons, in contrast to other 

bosons like photons, W, Z, and the Higgs, possess colour charge. A crucial aspect of the 

strong nuclear force, elucidated by Quantum Chromodynamics (QCD), is that gluons 

not only mediate the force between quarks but can also engage with each other. This 

self-interacNon among gluons, along with their capacity to transport and exchange col-

our charge among quarks and other gluons, plays a pivotal role in governing quark be-

haviour and the confinement of quarks within parNcles like protons and neutrons [2]. 

The leptons are electrons, muons and taus with their corresponding neutrinos. Neutri-

nos have very lihle mass and are electrically neutral. Leptons interact with other 

parNcles using weak and electromagneNc interacNons. Charged leptons primarily inter-

act with maher using the electromagneNc force, governing their ahracNon and repul-

sion with other charged parNcles. Neutrinos, while electrically neutral, can interact 

with maher through the weak nuclear force, which is their only interacNon channel. 

Neutrinos exhibit flavour oscillaNons as they traverse through maher [2]. 

18

Figure 1.2: Feynman diagrams showing different Stand-

ard Model interacNons [34].



Fundamental Forces

1.1.2   Fundamental forces  

Bosons are force carriers that mediate the fundamental forces between parNcle inter-

acNons. Bosons are of 4 types, each associated with a specific fundamental force, these 

include: photons, gluons, W and Z bosons and the Higgs boson. The photon is force 

carrier for electromagneNc interacNons, it mediates interacNon between charged 

parNcles. The gluons are force carriers for the strong nuclear force and are responsible 

for quark confinement. Gluons bind the quarks together within hadrons. The W and Z 

bosons are responsible for mediaNng weak nuclear force. The Higgs boson is part of 

the Higgs field and is responsible for giving parNes their mass. Fig. 1.2 shows the differ-

ent Standard Model interacNons mediated via the gauge bosons. Bosons follow Bose-

Einstein staNsNcs, bosons have integer value of spin, due to which mulNple bosons can 

occupy the same quantum state without any restricNons, which forms Bose-Einstein 

condensates, where mulNple bosons have a single quantum enNty at low temperat-

ures. Unlike fermions, that follows Pauli’s exclusion principle, bosons have an exchange 

symmetry, which allows the wave funcNon describing the bosons to remain conserved, 

if the posiNon of two idenNcal bosons is exchanged. 

  

The universe is governed by four fundamental forces: the strong nuclear force, the 

weak nuclear force, the electromagneNc force and the gravitaNonal force. All the fun-

damental forces are described by the standard model, except for gravity.  All the forces 

have different ranges over which they work and strengths. The strong and weak nucle-

ar force dominate at very small distances (subatomic distances), while gravity and elec-

tromagneNc force have an infinite range. Gravity is the weakest force amongst the four 

and the strong nuclear force, as the name suggests is the strongest [2]. 

Three of the four (except gravity) fundamental forces are produced as a result of boson 

exchanges between parNcles. The strong nuclear force corresponds to the mediaNon of 

gluons between quarks, the weak nuclear force corresponds to the mediaNon of  

and  bosons, and the mediaNon of photons corresponds to the electromagneNc force 

[2]. The graviton, a hypotheNcal parNcle, is proposed for the mediaNon of the gravita-

Nonal force. It is a difficult challenge to integrate the gravitaNonal force into the 

framework of the Standard model, as the quantum theory to describe the macro 

W ±

Z
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Chapter 1: Physics Background

world, general relaNvity does not fit within the framework of the Standard model, that 

explains the maher interacNons at the micro level. As gravity is such a weak force, its 

effect at the sub atomic scale is so minuscule that it  can be ignored, only when there is 

a large amount of mass (humans, planets, etc) in consideraNon does the force of grav-

ity become important.  

1.1.3   Symmetries in The Standard Model 

The interacNons and properNes of arNcles in the Standard Model are shaped by a 

foundaNon of various symmetries. Some key symmetries present in the model are: 

Gauge Symmetry, Poincaré Symmetry, Lorentz Symmetry, C-Symmetry (Charge Conjug-

aNon), P-Symmetry (Parity), T-Symmetry (Time Reversal) and Chiral Symmetry  

Gauge Symmetry: The bedrock of the Standard Model’s framework is established by 

gauge symmetry, it is responsible for the emergence of the fundamental forces and 

guarantees that the theory’s equaNons remain invariant under certain transformaNons. 

Each of the different fundamental forces is linked to a specific symmetry group: 

• ElectromagneNc Force is governed by the U(1) gauge symmetry (Quantum Elec-

trodynamics (QED)). 

• Weak Nuclear Force is governed by SU(2) gauge symmetry (Weak Isospin). 

• Strong Nuclear Force is governed by SU(3) gauge symmetry (Quantum Chromo-

dynamics (QCD)). 

Poincaré Symmetry: This symmetry encompasses translaNons and rotaNons in space-

Nme, ensuring the coherence of physical laws regardless of varying posiNons and ori-

entaNons. This symmetry results in the conservaNon of momentum and angular mo-

mentum [3]. 

Lorentz Symmetry: This symmetry governs the invariance of physical laws under 

Lorentz transformaNons, which consists of boosts and rotaNon in spaceNme. It is cru-

cial for maintaining the consistency of the speed of light and principles of special re-

laNvity [3]. 

C-Symmetry (Charge Conjuga6on): This symmetry entails the conversion of parNcles 

into their anNparNcles (or vice-versa). In the Standard Model, charge symmetry is not 

considered a fundamental symmetry, instead the existence of CP violaNon is recog 
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Symmetries in The Standard Model

nised, which is discussed in the next secNon. The charge symmetry alone is maximally 

broken in the Standard Model [4]. 

P-Symmetry (Parity) : Parity symmetry or P-Symmetry involves the reflecNng of spaNal 

co-ordinates (interchanging between leU and right). P-symmetry was iniNally believed 

to be conserved, but with the discovery of weak interacNons violaNng parity, the sym-

metry was recognised as maximally broken [4].  

T-Symmetry (Time Reversal): This symmetry governs the direcNon of Nme, from negat-

ive to posiNve or vice-versa. In the Standard Model, although CP-symmetry is slightly 

broken, CPT-symmetry (combining Charge, Parity, and Time) is a perfect symmetry. The 

fundamental laws of physics in the Standard Model are oUen assumed to be T-symmet-

ric, the behaviour of parNcles and their interacNons can exhibit Nme-reversal asym-

metry due to CP violaNon [5]. 

Chiral Symmetry: Chirality refers to as handedness (leU or right), this symmetry relates 

parNcles of opposite chirality. This symmetry is used in the massless limit, where the 

parNcles and their mirror images counterparts behave idenNcally [6].  

The behaviour and interacNons of parNcles within the Standard model are shaped by 

these fundamental symmetries. The charge, parity, Nme and combined symmetries are 

all conserved in the strong nuclear and electromagneNc forces, but these symmetries 

are broken in the weak nuclear force. The combined symmetry of charge and parity, CP 

is broken/violated under the weak nuclear force. In the Standard model CP violaNon 

has a significant effect, as it helps us understand and study the observed asymmetry 

between maher anNmaher. 

1.1.4   CP Viola6on  

In the Standard Model Lagrangian, the Yukawa sector contains complex couplings, 

which were introduced to generate the masses of the fermions:  

                         ,                       (1) ℒYukawa = − (Ū′ LmU′ R + D̄′ L
~mD′ R + h.c.)(1 + Φo

v )
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Chapter 1: Physics Background

Where  and  are the 3-component vectors of the quark fields in flavour space 

for up and down type quarks respecNvely,  are 3 x 3 matrices of complex numbers 

with Yukawa coupling constants (  and ),  is the Scalar Higgs field and  is the 

vacuum expectaNon value [7].  

The interacNons between physical quarks coupling to neutral  bosons preserve the 

observed absence of flavour changing neutral currents (FCNC). Flavour-changing neut-

ral currents (FCNCs) describe interacNons where a quark transiNons between different 

flavours without altering its electric charge. Unlike charged current interacNons medi-

ated by  bosons, FCNCs are forbidden at the tree level in the Standard Model. 

While the  boson, as a neutral parNcle, can mediate interacNons, it does not induce 

flavour changes within the Standard Model. While quark coupling with neutral  bo-

sons is observed with an absence of FCNCs, the coupling of physical quarks with  

bosons induce flavour mixing between different quark families. The Lagrangian for the 

charge-current couplings is given by: 

                            ,                                    (2) 

Where  is a 3 x 3 unitarity matrix called the quark mixing matrix otherwise 

know as the Cabibbo-Kobayashi-Maskawa (CKM) matrix:  

                                                                                                        (3) 

U′ L,R D′ L,R

m, ~m
Ỹij Yij Φo v

Z

W ±

Z
Z

W ±

ℒW = g
2 {ŪLγμW+

μ VDL + D̄LγμW−
μ V†UL}

V ≡ VL
~V †

L

V =
Vud Vus Vub
Vcd Vcs Vcb
Vtd Vts Vtb

.
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CP Violation

In the CKM matrix,  is the unitary matrix that describes the mixing of different gener-

aNons of quarks. The implicaNons of the CKM matrix for CP violaNon can be summar-

ised in one equaNon based on the original quark mass matrices : 

                           ,                                (4) 

From the above equaNon it can be inferred that, to achieve highly significant asymmet-

ries that violate CP conservaNon, it is necessary to focus on highly suppressed decays, 

where the decay rates inherently incorporate small CKM matrix elements [7].   

In the Standard Model, the charge (C) and parity (P) symmetries are drasNcally violated 

under the weak interacNons of parNcles; however, the combined symmetry of charge 

and parity (CP) has been observed to have good symmetry in mostly all observed phe-

nomena, predicted by the Standard model. The decay of B mesons is an example of 

phenomena that violates CP-Symmetry. CP violaNon has also been observed in systems 

consisNng of bohom and charm quarks. 

The CKM mechanism describes how quarks of different flavours interact and engage 

through the weak interacNons. Within the framework of the Standard model, the viola-

Non of CP-Symmetry originates from the inherent presence of a single phase within the 

CKM matrix [7].  In the CKM mechanism, CP violaNon is crucial in explaining the maher-

anNmaher asymmetry in the universe. The predicNons made by the Standard Model 

and CKM mechanism were confirmed by the experiments conducted by the BELLE and 

BABAR collaboraNons in 2001, when CP violaNon was observed in the decay of B 

mesons (mesons containing bohom/beauty quark).  

CP violaNon arises from differences in the behaviour of certain parNcle processes and 

their corresponding anNparNcles under combined parity and charge conjugaNon trans-

formaNons. The equaNons that describe these processes should include complex 

phases for CP violaNon to occur. These complex phases are essenNal to create the con-

diNons necessary for observing the difference in behaviours of parNcle and anNparNcle 

interacNons, resulNng in CP violaNon. 

V

m, ~m

CP violaNon ⟺ Im{det[mm†, ~m ~m†]} ≠ 0

23



Chapter 1: Physics Background

Within the framework of the Standard Model, CP violaNon is a phenomena observed 

primarily at low energies, which implies that any observable impact on CP violaNon 

should diminish as the disparity in quark masses becomes insignificant [7]. Bohom and 

charm quark decay processes are an ideal place for detecNng signals for CP violaNon. 

These decays incorporate small CKM matrix components and represent the lowest-

mass interacNons where all three generaNons of quarks play a direct role at the tree 

level.  

1.2   Beyond the Standard Model 

The Standard Model of parNcle physics is a well-established theoreNcal framework that 

describes parNcle behaviour and interacNons. While it has been extremely successful at 

explaining various experimental observaNons, there are sNll several phenomena that 

the Standard model cannot account for, such as the asymmetry between maher and 

anNmaher in the universe, Dark maher, gravity and many more. Beyond the Standard 

Model or BSM refers to any proposed theory or framework that goes beyond the pre-

dicNons of the Standard Model. Some of the key areas of BSM research are: 

Dark MaSer: The Standard Model does not give any explanaNon for the existence of 

Dark maher, which is believed to make the bulk of the universe's mass. BSM theory, 

such as the theory of Supersymmetry, predicts the existence of new stable parNcles, 

called the Weakly InteracNng Massive ParNcles (WIMP) that could be Dark maher can-

didates. Experiments at the LHC and future colliders, such as the InternaNonal Linear 

collider (ILC) are searching for experimental proof for the existence of Dark maher [8]. 

Neutrino mass and oscilla6ons: The standard Model assumes that neutrinos are mass-

less, but experimental observaNons have demonstrated that they do have mass and 

oscillate between different flavours as they traverse through maher. Experiments, such 

as the NOvA (NuMI Off-Axis Electron Neutrino Appearance), T2K (Tokai to Kamioka) 

and DUNE (Deep Underground Neutrino Experiment) are working on improving our 

knowledge of neutrino masses, nature of neutrino oscillaNons, CP violaNon in neutri-

nos and mixing angles [8].  
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The Large Hadron Collider (LHC)

Quantum Gravity:  The Standard Model does not include the theory of gravity within 

its framework. The theory of Quantum Gravity aims to reconcile the two fundamental 

theories of modern physics: Quantum Mechanics, which describes the behaviour of 

parNcles at a subatomic level and the theory of General RelaNvity, which explains the 

behaviour of gravity and large-scale structures in the universe. Some BSM theories that 

are being developed for the theory of Quantum Gravity are: String Theory, Loop 

Quantum Gravity (LQG), Causal Dynamical TriangulaNons (CDT), AsymptoNc Safety and 

Quantum Einstein Gravity (QEG) [8].  

Various BSM theories have been proposed for discovering physics beyond the Standard 

Model, these theories introduce new parNcles, new symmetries and dimensions that 

expand our understanding of modern physics. Experimental efforts are ongoing, includ-

ing collider experiments at the LHC, as well as astrophysical observaNons and precision 

measurements are being made to test the predicNons of the Standard Model and 

search for evidence for BSM physics. 

1.3   The Large Hadron Collider (LHC)  

The Large Hadron Collider (LHC) stands as the world’s largest parNcle accelerator, 

measuring 27 km in circumference situated 100 m underground. OperaNng since 2009 

at CERN (European OrganisaNon for Nuclear Research), the LHC is designed to collide 

both protons and heavy ions at four different interacNon points [9]. It operates based 

on the principles of electromagneNsm and uses a combinaNon of radio frequency cavit-

ies and superconducNng magnets to accelerate parNcles to high energies before collid-

ing them.  

The acceleraNon is done in several stages, it starts with the extracNon of the protons 

from the hydrogen source, these protons are then guided into a sequence of smaller 

accelerators, such as the Linear Accelerator 4 (LINAC4), where they are accelerated to 

an energy of 50 MeV. These protons are the injected into a sequence of circular accel-

erators, first the Proton Synchrotron Booster (PSB), the protons are accelerated to an 

energy of 1.4 GeV. Second is the Proton Synchrotron (PS), where they are accelerated 

to an even higher energy of 25 GeV, and finally the Super Proton Synchrotron (SPS), 
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where they are further accelerated to an energy of 450 GeV. The protons from the SPS 

are injected into the LHC, where the superconducNng magnets bend the proton beams 

to maintain circular orbit. The two beam pipes are injected with protons simultan-

eously under a predefined injecNon scheme (2808 bunches 25 nanoseconds apart with 

around  protons in each bunch crossing) [9].  

The LHC has mulNple collision points where the two proton beams are brought into 

collision. The collision points are posiNoned at the intersecNon of the two beam lines. 

Focusing quadrupoles, integrated as part of the superconducNng magnets, play a vital 

role in concentraNng the beams to ensure a high probability of proton collisions. The 

LHC was iniNally designed to operate at a maximum beam energy of 7 TeV, but the en-

ergy changed aUer each Run (periods where the older operates at different centre of  

1 × 1011
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Figure 1.3: SchemaNc of the acceleraNng complex at CERN, showing the LHC 

along with the sequence of accelerators responsible for generaNng proton 

beams [11].
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mass energies). In Run 1 (2010-2012), the centre-of-mass energy was set at 6.5 TeV. 

Following the Long Shutdown 1 (LS1), during Run 2 (2015-2018), the centre-of-mass 

energy was raised to 13 TeV. In Run 3 (since 2022), following LS2, the centre-of-mass 

energy has further increased to 13.6 TeV 1210. The acceleraNng process at the LHC is 

shown in Fig. 1.3 [11]. 

1.3.1   Experiments at the LHC 

There are four main experiments at the LHC, that study a wide range of parNcle inter-

acNon and phenomena, aimed at deepening our knowledge about the expanding uni-

verse. These experiments are each posiNoned at different collision points around the 

accelerator ring. Each experiment possesses a disNnct set of objecNves and goals, col-

lecNvely contribuNng to a comprehensive understanding of parNcle physics and the 

fundamental building blocks of the universe. All these experiments have a similar un-

derlying structure, consisNng of: ParNcle IdenNficaNon (PID), tracking staNons for re-

construcNon of charged parNcle tracks and verNces, calorimeters and muon detectors.  

A Toroidal LHC ApparatuS (ATLAS): The ATLAS is the largest experiment at the LHC. The 

experiment equipped with a general-purpose detector, which is used to study the high 

transverse momentum interacNons at the LHC. Together with CMS, the two collabora-

Nons were responsible for the discovery of the Higgs Boson in 2012. The experiment is 

designed to study wide range of fundamental physics phenomena, such as: studying 

the properNes of the Higgs Boson, examining the behaviour of quarks and gluons in 

proton-proton collisions and taking precision measurements of known parNcles, such 

as the and  bosons. The ATLAS detector is equipped with various sub-detectors, 

such as tracking chambers, calorimeters and muon detectors, to detect and analyse 

parNcles produced during high energy collisions. Fig 1.4 shows the cross-secNon of the 

ATLAS detector [12]. 

Compact Muon Solenoid (CMS): The CMS, similar to ATLAS, has another general pur-

pose detector. CMS contributed significantly to the discovery of the Higgs Boson. The 

CMS experiment was designed to study the properNes of the Higgs Boson, study the 

properNes of heavy quarks and leptons and search for new physics beyond the Stand-

W ± Z
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ard model. Similar to the ATLAS collaboraNon, CMS also aims to make precision meas-

urements of known parNcles and their interacNons [13]. The cross-secNon for the CMS 

detector can be seen in Fig. 1.5. 

A Large Ion Collider Experiment (ALICE): The ALICE experiment is designed to study he 

behaviour of parNcles, especially heavy ions under extremely high energy densiNes and  

temperatures, similar to the condiNons that existed shortly aUer the Big Bang. The col-

laboraNon primarily uses lead ion collisions to conduct these studies. In addiNon to 

heavy-ion collisions, the collaboraNon also concentrates on the study of quark-gluon 

plasma. ALICE also works on producNon and analysis of rare parNcles, produced during 

heavy-ion collision [14]. The cross-secNon for the ALICE detector can be seen in Fig. 1.6. 

Large Hadron Collider Beauty (LHCb): The LHCb experiment is designed to study the 

properNes of the beauty/bohom quarks. The experiment focuses on the study CP viol-

aNon in the decays of  mesons and rare decays, it aims to invesNgate and explain the 

maher anNmaher asymmetry in the universe by studying decays of  and  quarks. In 

addiNon to studying the decays of  mesons, the collaboraNon uses the data from 

B
B C

B
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Figure 1.4: SchemaNc overview of the ATLAS experiment 

[30].
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these decays to test the predicNons made by the CKM mechanism. In addiNon to its 

primary physics goals, the collaboraNon also places significant emphasis on studies re-

lated to forward physics, lepton universality, beyond the Standard Model (BSM) phys-

ics, hadron spectroscopy, and rare decays [15]. The detector cross-secNon for the LHCb 

and LHCC experiment is shown in Fig. 1.7. 
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Figure 1.6: SchemaNc overview of the ALICE experiment [32].

Figure 1.5: SchemaNc overview of the CMS experiment [31].
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1.3.2   LHCb 

The LHCb detector is a complex apparatus that encompasses several tracking staNons 

and sub-detectors, each of which serve a specific purpose in detecNng and measuring 

different properNes of the parNcles produced in the high energy collision. The detect-

or’s main focus is to invesNgate the nature of CP violaNon in heavy quark flavours, such 

as the beauty/bohom and charm quarks. To extract interesNng events from a data set 

with a large background, the detector system must have an excellent ParNcle idenNfica-

Non (PID) and tracking systems [15].  

During Run 2 of the Large Hadron Collider (LHC) data collecNon period (2015-2018), 

the detector operated at a peak luminosity of . This value falls be-

low the LHC's maximum achievable luminosity ( ). While lower lu-

minosity equates to a lower parNcle density, it offers several advantages for the de-

tector's research objecNves. Reduced background noise allows for more precise meas-

urements. AddiNonally, a lower parNcle density minimises pile-up (mulNple proton-pro-

ton collisions within a single bunch crossing), thus improving trigger efficiency. Con-

versely, higher peak luminosiNes would lead to a significant increase in background 

events, hindering the researchers' ability to isolate events of interest. Consequently, 

operaNng at a lower luminosity allows the researchers to focus on a smaller dataset of 

high-quality events, simplifying data analysis. The detector is a single arm forward  

4 × 1032 cm−2 s−2

1 × 1034 cm−2 s−2
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Figure 1.7: SchemaNc overview of the LHCb experiment [15].



LHCb

spectrometer, designed to invesNgate the heavy quarks flavours in the pseudorapidity (

) (angular distribuNon of parNcles produced in high energy collisions) range of 

. Pseudorapidity ( ) remains invariant under Lorentz transformaNons, as a 

result pseudorapidity becomes a useful variable used for describing the angular distri-

buNon of parNcles. The decay products from the decay of beauty/bohom and charm 

quarks have a large forward momentum, resulNng in the majority of the final state 

parNcles being produced in the forward region. Precision measurements of the quark 

(beauty/bohom and charm) decays can be made by focusing in this specific bandwidth 

of pseudorapidity. Hence, despite encompassing only 2.3% of the solid angle, 24% of  

all  quark pairs are produced in the LHCb acceptance range, at a centre-of-mass en-

ergy of 14 TeV, that are contained in the whole acceptance region [16], [17].  

The LHCb coordinate system is defined by the Cartesian coordinate system, the - axis 

is defined along the beam line, poinNng in the direcNon of the parNcle beam passing 

η
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through the detector. The -axis is perpendicular to the beam line and points upwards, 

with an acceptance of 250 mrad and the -axis is defined along the horizontal direc-

Non, poinNng towards the centre of the LHCb detector, with an acceptance rate of 

300 mrad .  

In the LHCb, as part of Upgrade  2 these subsystems are implemented as: VELO, RICH 1, 

SciFi, RICH 2, ElectromagneNc Calorimeter (ECAL), Hadronic Calorimeter (HCAL) and 

Muon Chambers. These systems will be discussed in detail in Chapter 2.  

y
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Chapter 2 
The LHCb Detector 

The LHCb experiment was originally designed for the study of CP violaNon Andrade de-

cays of heavy flavour hadrons. However, its versaNle detector has facilitated research in 

addiNonal areas including Electroweak Physics, Heavy Ion Physics, Fixed Target Physics, 

Forward Region Physics (study of parNcle interacNons at very small angles and high 

rapidiNes), and Beyond Standard Model Physics. OperaNng from 2010 to 2018 during 

LHC Run 1 (2010-2012) and Run 2 (2015-2018), the LHCb experiment collected a com-

prehensive dataset, including 9  in proton-proton collisions, 30  in proton-lead 

and lead-lead collisions, and 200  in fixed target collisions. Despite the substanNal 

data acquired during these runs, the precision of key flavour physics observables stud-

ied by LHCb remains constrained by its integrated luminosity and staNcal limitaNons 

posed by the Level 0 hardware trigger. The soluNon to address these limitaNons came 

in the form of the LHCb Upgrade 1. This upgrade has been specifically designed to op-

erate at a nominal instantaneous luminosity of , with a correspond-

ing crossing rate of 30  [18].  

The current LHCb detector, as part of Upgrade 1 has the SciFi (ScinNllaNng Fibre) track-

er, which replaces the previous Inner and Outer Tracking systems,  the Upstream Track-

er (UT), which replaces the Tracker Turicensis (TT), VELO (Vertex Locator), RICH, calori-

meters and Muon chambers. The events are reconstructed and selected by an enNrely 

soUware-based trigger system, which performs real-Nme event reconstrucNon at the 

visible interacNon rate of approximately 30 MHz. As part of Upgrade 1, the trigger effi-

ciency will be improved by a factor of two for nearly all decay modes. This enhance-

ment is anNcipated to result in annual yields from most channels that are an order of 

magnitude greater than those achieved in the previous experiment [19]. These en-

hancements in luminosity and trigger efficiency are expected to enable more precise 

measurements of heavy flavour interacNons and facilitate the discovery of new physics. 

With the development of the HL-LHC (High Luminosity Large Hadron Collider), the 

~−1 nb−1

nb−1

2 × 1033 cm−2 s−1

MHz
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LHCb collaboraNon has proposed the Upgrade 2 to the LHCb detector, which is to be 

installed during LS4 (Long Shutdown 4) and is expected to be taking data by 2034 dur-

ing Run 5. The upgrade is esNmated to operate at luminosiNes of around 

. The upgrade will enable data collecNon at a minimum of 300 

 allowing for precise measurements of many observables that are beyond the cap-

abiliNes of current detectors [20]. With this upgrade, several detector enhancements 

and addiNons are foreseen to be implemented across various components of the ex-

periment. These include upgrades to the VELO (Vertex Locator), the introducNon of HV-

MAPS (High Voltage-Monolithic AcNve Pixel Sensors) in the Upstream Tracker, en-

hancements to the SciFi trackers with the introducNon of the Mighty Tracker (Hybrid 

detector combining inner pixel and outer SciFi tracker for opNmal precision in parNcle 

tracking), improvements in ParNcle IdenNficaNon (PID) detectors like RICH (Ring Ima-

ging Cherenkov) and the addiNon of a new detector called TORCH (Time of internally 

Reflected Cherenkov Light) [19]. AddiNonally, upgrades are planned for the ECAL (Elec-

tromagneNc Calorimeter) and Muon Chambers. A side view of the proposed detector is 

shown in Fig. 2.1. 

 

1.5 × 1034 cm−2 s−1

~−1
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Figure 2.1: Side view of the Upgrade 2 detector at the LHCb [19].
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2.1   LHCb Upgrade 1 

To cope with the challenges of ever-increasing data rates and radiaNon exposure, LHCb 

Upgrade 1 has transiNoned to a completely soUware-triggered experiment. This neces-

sitates a substanNal overhaul of the hardware systems. The new tracking systems uNl-

ise the familiar - - -  pahern with a  interval between each system, as shown in Fig. 

2.2. 

            

Scin6lla6ng Fibre Tracker (SciFi): The SciFI tracker is developed using scinNllaNng 

fibres, which are 250  thick, flexible plasNc fibres that emit light when a charged 

parNcles passes through them. This tracker is used to detect the paths of charged 

parNcles, the light emihed by these parNcles is collected and the data is then used to 

reconstruct the trajectories of the parNcles. The SciFi tracker is intended to improve 

the tracking capabiliNes of the LHCb detector, enabling beher reconstrucNon of parNcle 

paths and more precise measurements of parNcle properNes. This tracker replaces the 

previous Inner and Outer trackers (IT and OT) in the LHCb detector [18]. 

x u v x 5∘

Figure 2.2: SchemaNc showing the sensor layout and dimension in each re-

gion of the UT [18].

μm
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Upstream Tracker (UT): The Upstream Tracker is developed using silicon strip techno-

logy. Similar to the SciFi tracker, the UT is designed for parNcle tracking and secondary 

vertex reconstrucNon. The UT is posiNoned close to the collision point, upstream from 

other detectors in the experiment. Because of its proximity to the collision point, the 

detector is exposed to a high detector flux, enabling effecNve management of high 

track mulNplicity, which, in turn, enhances parNcle reconstrucNon. The tracker is de-

signed to replace the Tracker Turicensis (TT) [18]. Along with tracks reconstrucNon, the 

UT also provides precise measurements of the parNcles momentum by measuring the 

parNcles posiNon along their curved path at mulNple intervals. The sensor type, dimen-

sions and layout in each region of the UT are shown in Fig. 2.2. 

2.1.1   Vertex Locator  

The Vertex Locator (VELO) detector is a criNcal component of the LHCb experiment. 

The sub-detector is specifically designed to precisely measure the trajectories and posi-

Non soU parNcles produced during the high-energy proton-proton collision. For accur-

ate and efficient track reconstrucNon, the VELO is placed closest to the point of colli-

sion, with modules placed on either side of the beam pipe. Along with track recon-

strucNon, the detector is also used in disNnguishing tracks originaNng from long and 

short lived decay of parNcles [18].  

The impact parameter resoluNon ( ) is a key metric in the design of the vertex de-

tector. It represents the precision with which the perpendicular distance to a track is 

measured, with respect to a fixed point. In the case of the VELO, this metric can be ap-

proximated as follows, [18] 

     (5) 

Here, the equaNon describes the metric as a funcNon of, the track's transverse mo-

mentum , the distance between the first and second measurements ,  

σ2
IP

σ2
IP ≈ ( r1

pT[GeV/c] )
2

(0.0136GeV/c x
X0 (1 + 0.038ln x

X0 ))
2

mulNple scahering 

+ Δ2
2σ2

1 + Δ2
1σ2

2
Δ2

12
extrapolaNon 

pT Δi (i = 1,2)
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the posiNonal uncertainNes associated with those measurements , and the average 

axial distance of the material encountered before the second measurement . The 

constant  describes the fracNon of radiaNon length traversed before the second 

measurement. The mulNple scahering term in Eq. (5) accounts for the degradaNon 

caused by mulNple scahering events, while the extrapolaNon term addresses the error 

introduced by the detector's geometry, including factors such as the lever arm and 

pixel size. As the impact parameter resoluNon serves as the performance metric for the 

VELO, enhancing performance involves reducing the radial distance to the beam axis of 

the first pixel hits [18]. However, this adjustment must be carefully balanced with the  

σi

r1

x /X0

38

Figure 2.3: This 3D view showcases the upgraded VELO detect-

or with a cut-out secNon revealing several key components as-

sociated with the upgrade. These include the brown coloured 

Side C pixel modules and their associated readout electronics.  

The red coloured Side A RF box is also visible. The green 

volume represents the internal gas target system, including its 

storage cell. Finally, the cyan coloured secNon highlights the 

upstream beam pipe and the sector valve. [18].
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constraints posed by the proximity to the beam-line. The minimal VELO aperture, as 

mandated by LHC collimaNon and protecNon requirements, is conNngent on several 

factors, including the beam direcNon concerning the longitudinal axis of the VELO 

(crossing angle), the maximum anNcipated separaNon of counter-rotaNng beams, the 

transverse size of these counter-rotaNng beams, and the mechanical stability and pre-

cision of the RF (radio frequency) boxes. Considering all the requirements and relevant 

factors, a radial clearance of 3.5 mm is chosen for the RF boxes, allowing the closest 

acNve pixel edge of the silicon sensors to be posiNoned 5.1 mm away from the beam 

line [21].The VELO detector is constructed around the primary vacuum beam pipe, with 

various components such as sensor modules, support structures, cooling systems, and 

readout electronics enclosed within a secondary vacuum environment. The RF boxes 

uNlised for the detector are designed to be leak-Nght and can withstand a pressure dif-

ference of up to 10 mbar between the two vacuums. The components inside the sec-

ondary vacuum, including sensor modules, support structures, cooling systems, and 

readout electronics, are fabricated from materials with minimal outgassing properNes. 

This secondary vacuum environment serves to minimise interacNons with atmospheric 

gases and other parNcles, preserving parNcle tracks and prevents contaminaNon from 

atmospheric dust, thereby preserving  the detector's performance. The VELO em-

ploys a bi-phase  cooling system to maintain the detector's temperature.  circulates 

through microchannels etched into the silicon cooler, which serves as the plasorm for 

ahaching all acNve detector components. The operaNonal temperature for the FE ASIC 

sensors must remain below , even during periods when the detector is not in 

use, such as shutdown periods. The schemaNc cross-secNon of the VELO is shown in 

Fig. 2.3 [18]. 

2.1.2   RICH 

The Ring Imaging Cherenkov (RICH) detector is developed for idenNfying charged 

parNcles, parNcularly pions, kaons and protons, based on the Cherenkov radiaNon they 

emit when moving through a medium at a speed greater than the speed of light in that 

medium. The detectors primary aim is separate pions and kaons, and measure their 

momenta [18]. The detector uses Cherenkov RadiaNon to determine the velocity and 

mass of the emihed parNcle. The angle of the emihed Cherenkov cone of light depends 

CO2
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−20∘C

39



Chapter 2: The LHCb Detector

on the parNcle's velocity, which is directly related to its mass and energy. By measuring 

the angle of the emihed Cherenkov light and using the momentum measurement of 

the tracking detectors, the detector can infer the parNcle's idenNty. 

The detector consists of an opNcal system that collects and focuses the light produced 

by the charged parNcles undergoing Cherenkov RadiaNon (Cherenkov light). The Cher-

enkov light is then detected by an array of photodetectors, such as mulN-anode Pho-

tomulNplier tubes (MaPMTs). These detectors capture the Cherenkov light and convert 

it into electrical signals. The RICH system is designed as a two part system with RICH1 

posiNoned upstream from the magnet and RICH2 placed downstream from the mag-

net. Both the RICH1 and RICH2 detectors have the same construcNon, but differ in the 

mode of detecNon. Both detectors use mulN-anode photomulNplier tubes (MaPMTs) to 

detect the Cherenkov light from emihed from incoming parNcles [18]. The cross-sec-

Non schemaNc of both detectors is shown in Fig. 2.4. 

40

Figure 2.4: SchemaNc overview of the RICH1 (leU) and RICH2 (right) detectors [18].
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The RICH1 uses  (perfluorobutane) as its radiator gas. Perfluorobutane has a relat-

ively low refracNve index as compared to air, which implies that only parNcles with a 

higher velocity will be able to produce Cherenkov radiaNon, hence making the ParNcle 

IdenNficaNon (PID) process much more efficient. On the other hand RICH2 uses  

(carbon tetrafluoride) as its radiator gas, which as higher refracNve index than air. As 

RICH1 is used for idenNfying parNcles with high velociNes, the RICH2 detector is used to 

idenNfy parNcles with lower velociNes (Cherenkov radiaNon is only produced by 

charged parNcles travelling faster than a specific threshold velocity, which is greater 

than the speed of light in the medium but slower than the speed of light in a vacuum), 

such as electrons. Combined, the two detectors can idenNfy a wide range of parNcle 

produced in the high energy proton-proton collision. The RICH opNmal performance 

requires track polar angles between 90-180 mrad for RICH1 and 40-90 mrad for RICH2 

[18]. 

2.1.3   Calorimeters  

The Calorimeters used in the LHCb are designed to measure the energy of parNcles 

produced during the high-energy proton-proton collision. These detectors are essenNal 

for ParNcle IdenNficaNon (PID) and are parNcularity effecNve in idenNfying neutral 

parNcles, such as photons or neutral hadrons. When charged or neutral parNcles inter-

act with the material of the calorimeter, electromagneNc or hadronic showers are pro-

duced, depending on the parNcle type and energy. These showers of secondary 

parNcles then interact with scinNllators. The light produced in the scinNllator is then 

transferred to Photo MulNplier Tubes (PMTs), which convert the light signal to an elec-

trical signal. 

ElectromagneNc showers are produced when parNcles, such as electrons and photons 

interact with the calorimeter material, undergo pair producNon, Compton Scahering 

and bremsstrahlung, generaNng secondary parNcles that deposit their energy into the 

calorimeter. Hadronic showers, iniNated by both neutral (e.g., neutrons, neutral pions) 

and charged hadrons (e.g., protons, charged pions), differ from electromagneNc 

showers. In these showers, neutral and charged hadrons interact with the calorimeter, 

C4F10
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generaNng secondary parNcles through hadronic interacNons. Subsequently, these sec-

ondary parNcles deposit their energy into the calorimeter. 

The Calorimeters at LHCb are divided into different layers/secNons. These secNons are 

designed to absorb and measure the energy of parNcles with varying properNes and 

energy ranges. Different materials, such as lead or tungsten, are used in the construc-

Non of calorimeter layers to opNmise energy measurement for specific parNcle types. 

Electromagne6c Calorimeter (ECAL): The ECAL is designed to absorb and measure the 

energy of electromagneNc showers, produced by parNcles, such as electrons and 

photons. The detector is made from a combinaNon of 2 mm lead, 4 mm scinNllaNng 

Nles and 120 m of Tyvek (flash spun high-density polyethylene fibres, used to en-

hance efficiency of light reflecNon) layers, stacked on top of each other [18]. The 

schemaNc cross-secNon of the ECAL cell is shown in Fig. 2.5. 

Hadronic Calorimeter (HCAL):  The HCAL is designed to measure the energy produced 

by hadronic showers. The detector is used for ParNcle IdenNficaNon (PID), event recon-

strucNon, neutral hadron detecNon, jet reconstrucNon and background rejecNon (sig-

nals that mimc parNcle signals). The HCAL consist of detector plates placed parallel to 

the beam pipe. These plates are made from alternaNng Nles of iron and scinNllators 

placed every 20 cm [18]. The schemaNc cross-secNon of the HCAL cell is shown in Fig. 

2.5. 

μ
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Figure 2.5: SchemaNc cross-secNon of the ECAL (leU) and HCAL (right) cells [18].
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2.1.4   Muon Chambers  

The Muon Chambers are an array of detectors designed to idenNfy and measure the 

trajectories of muons. These detectors are posiNoned at the end of the LHCb experi-

ment, farthest point from the primary verNces. The Chambers consists of 4 staNons 

from M2 to M5. The M2 to M5 staNons are posiNoned downstream from the calori-

meters. The four downstream staNons are equipped with mulN-wire proporNonal 

chambers (MWPC) and 80 cm thick iron absorbers to filter out low-energy parNcles. 

Each MWPC comprises four independent layers, each featuring anode wires posiNoned 

between two cathode planes, ensuring both high redundancy and efficiency. Originally, 

a fiUh staNon (M1) was located upstream of the calorimeters, consisNng of 12 gas elec-

tron mulNplier (GEM) detectors in the innermost region and 264 MWPCs. The M1 sta-

Non was employed in the Level-0 (L0) hardware trigger but is no longer required as 

part of the upgraded system [18]. 

Muon Chambers are based on gas detectors, where the detectors use a gas-filled 

volume as a medium through which the muons travel, as the muons travel through the 

gas, they ionise the gas molecules around them, creaNng IonisaNon electrons. These 

ionised electrons driU towards anode strips placed in the chamber. The ionised elec-

trons produce an electrical signal as they drive towards the anode strip, this signal is 

then amplified to produce measurable electronic signals. The posiNon of the muon’s 

trajectory can then be reconstructed with high precision, by analysing the electric sig-

nals from mulNple anode strips. The detectors help with background rejecNon by ac-

curately disNnguishing genuine muons from signals mimicking muons based on precise 

trajectory measurements from the Muon Chambers [18].  

2.1.5   So[ware Trigger and DAQ 

LHCb uses the TELL40s (Trigger and Event Link for LHCb at 40 MHz) for Data AcquisiNon 

(DAQ) from front end chips of all the sub detectors in the experiment [22]. The TELL40s 

system is designed to handle data flow between the detectors, trigger system and data 

acquisiNon infrastructure. The system receives trigger decisions from different stages of 

the trigger system (HLT1 And HLT2) and forwards these decisions to relevant detector 
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components for event selecNon. System also ensures that the data from sub-detectors 

and trigger stages are synchronised correctly, to maintain proper chronological order of 

events. The TELL40s uses Field-Programmable Gate Array (FPGA) cards, working on a 

PCIe 4.0 (Peripheral Component Interconnect Express 4.0) interface to perform data 

forma�ng and packaging to prepare the data for transmission to the DAQ systems 

[23]. 

The LHCb iniNally used a hardware trigger to reduce the rate for the readout system, 

with the increased luminosity of the LHC, clocking in at 40MHz, with a bunch crossing 

every 25 nanoseconds [23]. Hardware triggers use a set of predefined selecNon criteria 

to quickly idenNfy events of potenNal interest to the experiment. These triggers are 

implemented as a series of layers, each responsible for detecNng specific features of 

the collision event. Events are filtered out through the layers that do not meet the se-

lecNon criteria. The predefined secNon criteria allow the triggers to extract relevant 

informaNon, such as energy deposits or parNcle trajectories. The primary purpose of 

the hardware trigger is to reduce the size of data coming in from the collision, to a 

more manageable size. Hardware triggers efficiently reduce data volume but may over-

look rare and complex parNcle interacNons due to predefined selecNon criteria that 

may not cover the full range of unexpected or uncommon events. They also tend to 

reject common low energy signatures[18]. 

With the LHCb upgrade, the collaboraNons has changed to using a soUware trigger, 

that offer greater flexibility and analysis capabiliNes. Unlike hardware triggers, soUware 

triggers use complex algorithms to analyse data from mulNple detector components 

and make informed selecNons based on a wide range of physics criteria. These triggers 

extract features from the data collected from detectors and apply the predefined phys-

ics criteria in real-Nme. The analysis implements intricate pahern recogniNon, staNsNcal 

analysis, and comparisons against expected behaviours for different physics processes. 

The trigger is able to evaluate mulNple criteria simultaneously, which allows it to cap-

ture a wide range of parNcle interacNons, including rare decays of - and - mesons. 

One significant advantage the soUware triggers have over the hardware triggers is the 

high level of adaptability that they provide. The event selecNon criteria can be modi-

fied and fine-tuned based on new discoveries.  

b c
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The trigger system at the LHCb is split into two main stages: Hight Level Trigger 1 (HLT1) 

and High Level Trigger 2 (HLT2). 

High-Level Trigger 1 (HLT1): The HLT1 is the first stage of the LHCb soUware trigger sys-

tem. The HLT1 uses complex algorithms to extract features from the preprocessed data 

set, such as track reconstrucNon, PID, invariant mass calculaNons, impact parameters, 

parNcle energies, pahern recogniNon and event topology analysis. The HLT1 aims to 

capture broader range of physics phenomena by reconstrucNng parNcle tracks, idenN-

fying parNcle types, and performing preliminary analyses [18]. 

High-Level Trigger 2 (HLT2): The HLT2 is the final stage of the LHCb trigger system be-

fore data recording. The HLT2 performs advanced analysis, such as rare process idenN-

ficaNon, mulNvariate analysis, parNcle reconstrucNon, secondary vertex idenNficaNon 

and Invariant mass calculaNons on the preprocessed data set to make an informed de-

cisions about event selecNon. The HLT2 mainly focuses on rare decays of  - and - 

mesons. The events recorded by HLT2 are passed on for further offline analysis [18]. 

The online buffer stores events from HLT1 while real-Nme alignment and calibraNons 

are being conducted. AddiNonally, it enables events selected by HLT1 to be buffered for 

processing between LHC fills, effecNvely enhancing the processing capacity for the 

HLT2 compuNng resources [18]. Fig. 2.6 shows a flowchart for the soUware trigger sys-

tem at the LHCb.   

b c
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Figure 2.6: SoUware trigger topology for LHCb [18].
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2.2   The Mighty Tracker  

As part of the LHCb upgrade 2 the inner modules of the SciFI detector are considered 

to be replaced during LS4 due radiaNon damage. With this upgrade the LHCb will be 

operaNng at an increased Luminosity of  during Run 5 and Run 6. 

As a result of the increased luminosity, the SciFi fibres will experience a higher occu-

pancy. This will lead to an increased rate of fake tracks due to the absence of y-axis 

segmentaNon, which limits the detector's ability to differenNate tracks originaNng from 

the same spaNal locaNon along the beam axis. The increased radiaNon environment 

will cause faster radiaNon damage, resulNng in a shorter ahenuaNon length of the SciFi 

fibres, which will in turn lead to less light being measured at the SiPM (Silicon Pho-

tomulNpliers), negaNvely impacNng the tracking performance. To prevent this decline 

in tracking performance, a silicon pixel tracker can be placed in the region of highest 

occupancy (central region of the detector with the highest radiaNon damage). The ad-

diNon of the central silicon tracker would result in a hybrid detector, comprising both 

ScinNllaNng  fibre and silicon pixel detectors. This hybrid detector would provide fine 

granularity, reduced ghost rates and high radiaNon tolerance in the inner regions. 

Meanwhile, the outer regions would benefit from the lower-material fibre components 

[23]. The Upgrade 2 Nmeline can be seen in Fig. 2.7. 

2 × 1034 cm−2s−1
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Figure 2.7: Timeline for the LHCb Upgrades 1&2 (Run 3 to Run 6) [19].
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The silicon pixel trackers are foreseen to be ousihed with High Voltage Monolithic Act-

ive Pixel Sensor (HV-MAPS) pixels, based on Complementary Metal-Oxide-Semicon-

ductor (HV-CMOS) technology. These sensors have excellent spaNal resoluNon, fine 

segmentaNon and high granularity with a pixel size of 50 µm 150 µm , which is crucial 

for precise tracking measurements. The sensors also have integrated readout electron-

ics, enabling fast data readout. The HV-MAPS sensors operate effecNvely in the harsh 

radiaNon environment of LHCb, demonstraNng good performance up to 

 fluence levels [19]. 

The Inner Tracker (IT) corresponds to the purple region shown in Fig. 2.8 and the 

Middle Tracker (MT) corresponds to the red region, planned to be installed during LS4. 

Both IT and MT modules have the same horizontal dimensions as one SciFi module. 

The dimensions of the IT and MT are determined by factors such as radiaNon damage 

to the SciFi fibres, consideraNons of occupancy, and track reconstrucNon performance 

under Upgrade II condiNons. The Mighty Tracker will be formed by the outer scinNllat-

3 × 1016 1 MeV neq /cm2
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Figure 2.8: SchemaNc illustraNon of the Mighty Tracker’s, Inner and Middle 

Tracker [23]. 
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ing fibre tracker, with inner regions of silicon pixel detectors (Inner Tracker and Middle 

Tracker) [24]. The proposed design of the Mighty Tracker is shown in Fig. 2.9. 

2.2.1   MightyPix 

The Mighty Tracker has proposed the use of MightyPix, which is a HV-MAPS sensor 

based on the MuPix8 and AtlasPix3 family of chips. The MuPix8 is used by the Mu3e 

experiment for the search of lepton flavour violaNon, and the AtlasPix3 is used by the 

ATLAS experiment. The MightyPix chip has dimensions of 20 mm x 20 mm and the size 

of each individual chip is determined by the reNcle as part of the industrial manufac-

turing process. The chip features pixels measuring 50 µm x 150 µm, with increased 

granularity for the pixels in the bending plane of the LHCb magnet [25]. 

The HV-MAPS chips, such as the MightyPix are designed to withstand high levels of ra-

diaNon exposure without significant degradaNon in performance, ideal for the envir-

onment in which the inner regions of the Mighty Tracker will operate. These chips also 
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Figure 2.9: SchemaNc overview outlining the design of the Mighty Tracker 

[23].
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provide high spaNal resoluNon, allowing for precise and accurate detecNon of parNcle 

tracks. The chips have the readout electronics directly integrated on to the same chip 

as the pixel sensor. This reduces the complexity of the detector system and allows for a 

compact and lightweight design, this also helps in reducing the noise and signal de-

gradaNon that can occur in long readout paths. HV-MAPS offer the potenNal for high fill 

factors, maximising the sensiNve area of the pixel and enhancing detecNon efficiency. 

While specific fill factors can vary based on design parameters, an esNmated 5% inact-

ive area per layer due to inacNve columns could be considered a reasonable baseline. 

[26]. 

In comparison to other technologies, HV-MAPS sensors have a restricted depleNon 

depth of around 30 m for silicon and a resisNvity of 200 cm at the baseline pixel 

size. As a result, geometric charge sharing caused by non-perpendicular impacts is min-

imised at the downstream tracking staNon for the projected track angles. In simulaNon 

experiments, the average cluster size was found to be extremely close to one pixel, 

with about 98% of tracks indicaNng a cluster size of one pixel . The chips typically have 

a lower power consumpNon as compared to other pixel sensors with the same dimen-

sions [27].  

μ Ω
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Figure 2.10: CAD model outlining the chip distribuNon on the Mighty Tracker module 

[23].
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MightyPix pixels can be read individually but grouped in sets of four for bandwidth effi-

ciency. Data is stored in binary zero-suppressed format using the 8b10b protocol for DC 

balance. The reference clock aligns with the control lpGBT, typically using 26-28 bits per 

hit, potenNally fewer for baseline pixel dimensions [23]. MightyPix provides four output 

links at 1280 Mb/s each, with user-configurable opNons of one, two, or four links. Ad-

jusNng the reference clock allows for lower link speeds (640 Mb/s or 320 Mb/s), en-

hancing parallel processing in the subsequent readout stage [23].  The chip distribuNon 

on the Mighty Tracker module is illustrated using a CAD model in Fig. 2.10. 

2.2.2    Mechanics 

The Mighty Tracker modules consist of a carbon sandwich, with thin carbon fibre 

sheets (150 microns) co-cured with a thicker carbon foam slab (2mm) forming one 

module half. These halves are joined using carbon veil sheets and glue, housing the 

cooling pipe in the centre. The carbon foam slab provides mechanical support and 

structure to the carbon foam, it also has good thermal stability and is light weight. The 

carbon fibre and foam composites offer excepNonal radiaNon resistance, ensuring pro-

longed structural integrity and detector funcNonality. Carbon fibre, in addiNon to foam, 

exhibits remarkable thermal stability, withstanding thermal cycling while preserving 

their form and characterisNcs across varying temperature condiNons. Fig. 2.11 shows 

the cross-secNon of the Mighty Tracker module. 

The decision to incorporate carbon fibre in the detector's design was driven by the 

need for a material with several key ahributes, including robust thermal conducNvity,  
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Figure 2.11: SchemaNc cross-secNon of the Mighty Tracker MAPS module.  
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electrical insulaNon properNes, precision manufacturability, low weight, and outstand-

ing radiaNon resistance, all of which are saNsfied by carbon fibre. In addiNon to their 

other properNes, carbon fibre and foam possess short radiaNon lengths. This character-

isNc aids in minimising energy loss as parNcles traverse the detector, enhancing the 

likelihood of accurately detecNng and measuring their properNes. The Mighty Tracker 

places a high priority on minimising the material radiaNon lengths within its acceptance 

area, especially considering its impact on tracking efficiency due to parNcle scahering 

and secondary parNcles from the material. Table 2.1 shows the varying material radi-

aNon lengths for components within the Mighty Tracker modules. 

The Mighty Tracker is designed to uNlise monophase cooling technology to maintain 

the detectors at a temperature below  and the power requirements for the silicon 

sensors is  (with a safety factor of two). At the outset, NOVEC coolants were 

proposed as the preferred coolant for the Mighty Tracker due to their outstanding 

dielectric properNes, low viscosity, high heat capacity, chemical stability, and low boil-

ing point [38]. However, the final decision on the type of coolant to be used has not 

been made, as the NOVEC coolants may be forbidden by new EU restricNons for Up-

grade 2 and ongoing research and development are being conducted in this regard. In 

each module, there are connectors that link cooling pipes to those of adjacent modules 

Material Thickness (µm)     Composite

Carbon Fibre 150 23.7 0.08 C, K13C2U/EX-
1515 

Carbon Foam 4000 185.7 0.12 C, Allcomp K9 
130pp 

Cooling Pipes 76 28.6 0.01 Kapton Polyim-
ide 

Glue 100 35.5 0.03 TenCate 
EX-1515 

Silicon 100 9.4 0.11 Si

SUM 0.35

Table 2.1: Material radiaNon lengths for the components of the Mighty Tracker mod-

ules [18].

               ( )Xo cm             ( )X /Xo %

0∘C

0.3 W/cm2
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within a support box. This arrangement allows mulNple pipes inside the box to be 

combined into a single system. EssenNally, all the cooling pipes in a support box are 

connected so that there is just one inflow pipe at the top of the box and one ouslow 

pipe at the bohom. This design minimises the number of pipes passing through the 

detector's acceptance region. By doing so, it decreases the need to cover these pipes 

with insulaNon foam, such as Armaflex, which helps minimise the amount of addiNonal 

material within the detector. 

The mechanics for the Mighty Tracker, such as the metrology, cooling studies and X-Ray 

tomography studies are discussed in detail in Chapters 3, 4 and 5 respecNvely. 
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Chapter 3 
Metrology  

At LHCb, measurement accuracy is of paramount importance because precise meas-

urements are not only instrumental in discovering new physics but also in rigorously 

tesNng the predicNons of the Standard Model, searching for new parNcles, invesNgat-

ing rare processes, and deepening our understanding of fundamental parNcles and 

their interacNons. Metrology, the science of precise measurement, is a fundamental 

pillar of our research. It plays a criNcal role in quanNfying parameters essenNal for con-

strucNng and validaNng parNcle detectors and experimental setups. This secNon 

provides a detailed examinaNon of the principles and applicaNons of metrology within 

the framework of the Mighty Tracker’s prototype modules. 

3.1   Metrology Methodology   

A SmartScope is a sophisNcated and advanced measurement system engineered to 

conduct precise and automated inspecNons of diverse components and objects. By 

harnessing opNcal and imaging technologies alongside sophisNcated soUware, it effi-

ciently captures, analyses, and documents dimensional characterisNcs of the object 

being measured. In the context of conducNng metrology on the Mighty Tracker proto-

type modules, this technology assumes a paramount role in meNculously assessing the 

module’s dimensional ahributes. At the University of Manchester, metrology is conduc-

ted using the OGP SmartScope Flash 300, which offers a precision of 5 μm in the z-axis 

and 2 μm in the xy plane. This accuracy is influenced by factors such as the relaNve 

height of the object being measured, the angle of the SmartScope's view, and the calib-

raNon of the system [28]. 

Equipped with advanced 3D scanning capabiliNes, the OPG SmartScope has the ability 

to create precise digital  models for subsequent analysis of the measured samples. The 

machine uses non-contact measurement techniques like opNcal (camera) and laser 

scanning, to miNgate the risk of damage to sensiNve components. IntegraNng into 
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manufacturing processes, the SmartScope can facilitate real-Nme quality control and 

enable swiU idenNficaNon and correcNon of producNon-related issues. The SmartScope 

has various features that aid in the process of conducNng metrology. The machine ex-

cels in precisely measuring dimensions, including length, width, height, diameters, and 

angles. AddiNonally, it offers geometric tolerancing capabiliNes to assess compliance 

with specific geometric tolerances, ensuring alignment with design specificaNons. The 

SmartScope can also be programmed to measure surface finish ahributes, such as 

planarity and roughness. Fig. 3.1 shows the OPG SmartScope Flash 300, machine used 

for metrology at the University of Manchester. 

 

Both the SmartScope camera and laser are used to measure the thickness and planar-

ity of the samples. The SmartScope has a flat measuring table with a backlight, that can 

move in the  and  direcNon. The head of the SmartScope (the top half that encom-

passes the camera and laser) moves in the  direcNon, and consists of different lighNng 

features, which help the camera focus. 

x y

z
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Figure 3.1: The OPG Smart-

Scope Flash 300 [27].
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The metrology procedure involves preparing the samples for measurement, execuNng 

an automaNc rouNne, documenNng all measured values, and conducNng subsequent 

analysis. The SmartScope operates using a predefined rouNne, essenNally a program 

containing user-programmed instrucNons for the SmartScope's automated acNons. This 

rouNne iniNates by aligning the SmartScope camera's crosshair with the sample's 

edges, establishing the sample's posiNon on the table. The SmartScope then aligns its 

crosshair with the top and bohom edges of the sample. Subsequently, a rough align-

ment is performed in the x and y direcNons, followed by another rough alignment in 

the x, y, and z direcNons . The SmartScope proceeds to measure the sample's perimet-

er by fi�ng a line to the dataset captured by the camera along the edges of the 

sample. This process establishes two fixed intersecNon points, one at the bohom leU 

and the other at the top leU as shown in Fig. 3.2, which serve as reference points. Us-

ing these reference points, the SmartScope executes a precise alignment in the x, y, 

and z direcNons. Subsequently, the rouNne is configured to measure reference lines 

around the sample using the SmartScope laser. The laser plots mulNple points, spaced 

100 microns apart in a line. This process is repeated for all reference lines. The Smart-

Scope then uses these lines collecNvely to form a reference plane, and a final align-

ment is conducted. Following this alignment, the SmartScope's laser or camera meas-

ures the sample from bohom to top, collecNng data points in a grid pahern. Once the 

measurements are completed, the data from the reference and sample lines are recor-

ded in a .txt file for analysis. 

During all SmartScope measurements, the sample is posiNoned on top of two rubber 

O-rings. These O-rings serve a dual purpose: they ensure the sample's stability, pre-

venNng any slippage on the smooth glass surface of the SmartScope, while also elevat-

ing the sample to an opNmal height for laser focusing. AddiNonally, a silicon wafer is 

posiNoned on top of the O-rings, serving as a smooth and flat reference plane. This 

configuraNon enables precise measurement of the sample's thickness and planarity. 

The sample set-up for the SmartScope is shown in Fig. 3.2.  

The metrology process for the Mighty Tracker prototype modules involves assessing 

the thickness and planarity of the co-cured carbon foam and carbon fibre halves. This 
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assessment ensures that during the assembly phase, where the two halves are bonded 

together to create an unified structure, the samples remain free from any bending or 

bowing in any plane. Furthermore, it measures the flatness of the channel for the cool-

ing pipe, ensuring it maintains a deviaNon of less than 2 degrees from a perfectly flat 

plane (silicone wafer) and a consistent channel width across the samples. Following the 

assembly process, measurements of sample thickness and planarity are taken. These 

measurements serve the purpose of evaluaNng the quanNty of glue used. By zooming 

in at the edges of the sample with the SmartScope camera, any excess glue that may 

have overflowed from the sides of the samples can be idenNfied. AddiNonally, these 

measurements help in detecNng any potenNal warping or bowing of the samples once 

the glue has cured. The complete details of the metrology process for the samples, 

both before and aUer assembly, are thoroughly discussed in secNons 3.2 and 3.4, re-

specNvely. 

3.1.1   Thickness and Planarity Measurement  

The SmartScope employs a laser to measure the reference plane on the silicon. This 

plane is determined by creaNng three lines posiNoned 2mm from the sample, extend-

ing from the bohom, top, leU, and right sides, mirroring the sample's length, as shown 

in Fig. 3.3. These reference lines are uNlised to construct a plane on the thin silicon 

wafer. A secondary set of lines/points is recorded on top of the sample. Depending on 

the focus of each sensor, these lines/points can be captured by the camera and/or the 

laser. They originate at the bohom of the sample and extend to the top, with the 
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sensors acquiring points from leU to right across the sample. These lines/points are 

then used to establish a plane that corresponds to the sample plane. The thickness is 

subsequently determined as the mean of all distances between the reference plane 

and the sample plane. The thickness measurement's error is determined by the stand-

ard deviaNon of these distances. Fig. 3.3 gives a descripNon of how thickness is meas-

ured and calculated.  

The measurement of planarity involves several steps. IniNally, a best-fit plane is de-

termined by analysing the sample points taken from the top of the sample. Sub-

sequently, for each individual point, a posiNve or negaNve deviaNon from this best-fit 

plane is calculated, with the plane itself serving as the reference plane (set at zero de-

viaNon). This process results in a planarity measurement for each point on the sample. 
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Figure 3.3: Le[ panel: A 2D representaNon of the thickness calculaNon. The blue line 

represents the sample plane, while the red line represents the reference plane. The 

verNcal axis (z) represents the height, and the horizontal axis (x) represents the posi-

Non. The blue dots indicate sample points taken on top of the sample, and the red 

dots represent reference points taken around the sample on the silicone substrate. 

Dashed lines indicate the calculated thickness between corresponding sample and 

reference points. 

Right panel: A 3D schemaNc of the measurement setup. The blue rectangular object 

represents the silicone substrate, and the red rectangular object on top represents 

the sample. The red dots and lines indicate the posiNons where sample points are 

taken, and the orange arrows show the direcNon of measurement. 
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To evaluate the planarity for the enNre sample, the standard deviaNon of these indi-

vidual point deviaNons from the best-fit plane is calculated. This standard deviaNon 

provides an overall measure of how flat or planar the sample is, considering the devi-

aNons of all the sample points from the sample plane. 

The SmartScope camera measures the thickness on the carbon foam side by taking 

mulNple grid-like measurements across the foam, excluding the channel for the cooling 

tube. Subsequently, a grid of reference lines is captured by the laser on the silicon 

wafer to establish the reference plane, as depicted in the diagram in Fig. 3.3. addiNon-

ally, the camera is used to measure the width and angle of the channel for the cooling 

tube. For the foam side the SmartScope camera is preferred over the laser because the 

laser struggles to focus on and gauge the depth of the foam due to its uneven and 

rough surface. For the carbon fibre side, since it has a smooth surface, both the laser 

and the camera can be used for measuring the thickness and planarity. The laser is 

employed to measure a corresponding grid of reference lines on the silicon wafer, fol-

lowed by the measurement of a grid of lines across the carbon fibre surface.  

The thickness of the co-cured samples was measured using both the SmartScope cam-

era and laser. The camera captured a grid of points across the sample, while the laser 

scanned a series of lines with a 100-micron spacing. This difference in measurement 

resoluNon resulted in a systemaNc discrepancy of approximately 100 microns between 

the two methods. While the laser data provides a more precise measurement of the 

sample thickness, the camera data offers complementary informaNon about the 

sample's overall geometry. 

3.1.2   Smart-Scope Calibra6on  

To ensure the reliability of the measurements obtained with the SmartScope, a calibra-

Non measurement of thickness and planarity was performed on a Grade 1 steel block, 

which had a thickness tolerance of 10 microns and was 4mm thick, as shown in Fig. 3.4. 

The block was measured using the same setup employed for measuring the Mighty 

Tracker samples. A rouNne similar to the one uNlised for measuring the samples was  
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developed to measure the thickness and planarity of the block. AUer execuNng the 

rouNne, the thickness of the block was determined to be (4.010 ± 0.002) mm, a meas-

urement that falls within the specified tolerance (±0.010) mm provided by the manu-

facturer. AddiNonally, the planarity of the block was measured to be ±0.001 mm. To 

confirm the repeatability of the process, the calibraNon was performed twice on the 

same steel block, yielding consistent results. The block was removed and replaced on 

the silicon wafer between each measurement to assess the impact of reposiNoning on 

measurement consistency. The SmartScope was maintained in a stable environmental 

condiNon throughout the calibraNon process. This process serves the crucial purpose 

of verifying the correct funcNoning of the enNre measurement system, including the 

setup, the programmed rouNne, and the subsequent data analysis. Moreover, it en-

sures that the system consistently produces reliable and repeatable results, thereby 

enhancing the credibility of the measurements obtained. 

3.2   Co-Cured Samples 

The co-cured prototypes for the Mighty Tracker pixel modules consist of two materials: 

carbon foam and carbon fibre sheet. The carbon foam measures 2 mm in thickness and 

has dimensions of 40 mm x 40 mm. This material is sourced from Lockheed MarNn. The 

carbon fibre sheet is 150 μm thick and shares the same dimensions of 40 mm x 40 mm. 
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Figure 3.4: LeU: Experimental setup for measuring the thickness of a 4 mm steel block 

using the SmartScope. Right: Scaher plot of thickness measurements across the 

block, demonstraNng a mean thickness of 4.010 mm with a standard deviaNon of 

0.002 mm. The colour scale represents thickness variaNon.
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The carbon fibre sheet is constructed using three layers of carbon fibre arranged in a 0-

90-0 orientaNon. The carbon fibre sheets are impregnated with resin during their man-

ufacturing process. These resin-filled carbon fibre sheets are then placed onto the car-

bon foam. Subsequently, the carbon sample is placed within a vacuum and subjected 

to heat to facilitate the curing process. Following the curing process, the sample is ma-

chined on the foam side to create a groove in the middle. This groove is designed to 

accommodate the polyimide cooling tube when the sample is glued together. Fig. 3.5 

shows the co-cured samples. 

Once the samples have fully cured, metrology was performed on both halves using the 

SmartScope, following the procedure outlined in SecNon 3.1.1. The thickness of the 

carbon foam side was determined by analysing the camera data, while the laser was 

used to establish a reference plane and measure the carbon fibre side due to its 

smoother surface.  

AUer compleNng the measurements, the data obtained from the reference lines and 

sample lines are analysed using a Python script. This script employs the method de-

tailed in secNon 3.1.1 to determine the thickness and planarity of the samples. The 

results are presented through a scaher plot for thickness and a 1D histogram for 

planarity. These visualisaNons are displayed for both the foam and fibre samples in Fig. 

3.6 and Fig. 3.7 respecNvely. In Fig. 3.7 (right), A significant deviaNon of three standard 
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Figure 3.5: Images showing the Co-Cured samples of carbon foam and carbon fibre.
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deviaNons from the mean thickness is evident at the beginning of the sample, specific-

ally for sample number 12. This deviaNon is a result of a non-uniform underlap of car-

bon fibre on the foam side. The unevenness in the carbon fibre underlap is ahributed 

to irregular cu�ng of the carbon foam. When the foam was co-cured with the fibre, 

the region with rough edges on the foam did not completely cover the carbon fibre 
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Figure 3.6: Le[: Histogram of deviaNon from the best-fit plane for all measured 

points. The distribuNon exhibits a mean deviaNon of ±0.031 mm. 

Right: Scaher plot of measured thickness across the sample. The colour scale repres-

ents thickness variaNon, with a mean thickness of 2.137 mm and a standard deviaNon 

of 0.009 mm. 

Figure 3.7: Le[: Histogram of deviaNon from the best-fit plane for all measured 

points. The distribuNon exhibits a mean deviaNon of ±0.037 mm. 

Right: Scaher plot of measured thickness across the sample. The colour scale repres-

ents thickness variaNon, with a mean thickness of 2.270 mm and a standard deviaNon 

of 0.099 mm. 



Co-Cured Samples

layer, leading to an anomaly in the thickness measurement, where the foam thickness 

is smaller than in other regions. There are eight co-cured samples and this process was 

repeated for all eight co-cured samples, involving measurements on both the carbon 

foam and fibre sides. While the inclusion of the anomalous data point from Figure 3.7 

might skew the overall average, it is essenNal for understanding the full range of thick-

ness variaNons within the sample set. The average thickness measured on the foam 

side was found to be 2.261 mm, while on the fibre side, it was 2.162 mm.  AddiNonally, 

the average planarity was calculated to be ±0.037 mm for the foam side and ±0.031 

mm for the fibre side. The planarity measured for the foam is  slightly higher than that 

for the fibre due to the presence of a large number of small bubbles in the foam, res-

ulNng in a greater planarity value. Analysis of the planarity data revealed no significant 

deviaNons from flatness exceeding 100 microns across the sample surface, it was de-

termined that there were no significant indentaNons or bowing observed in the 

samples, whether from the foam or the fibre side. Eight samples were paired and co-

cured to create four carbon sandwiches. To ensure consistency, the thickness of each 

sandwich was targeted to be within a 100-micron range. The predicted average sand-

wich thickness was 4.326 mm, with a tolerance of ±0.040 mm. However, given the in-

herent variability in the manufacturing process, actual thicknesses varied slightly 

between sandwiches. 

3.3   Module Assembly and Curing Process  

Following metrology, which revealed minor irregulariNes in sample planarity as depic-

ted in Figure 3.7, the assembly process commenced. While these imperfecNons did not 

significantly impact the overall module flatness (<100 microns), they were considered 

during the assembly process to minimise their potenNal influence on module perform-

ance. The module assembly process uNlises a combinaNon of co-cured samples, carbon 

veils, and a polyimide cooling tube as primary components. EssenNal tools and materi-

als include an aluminium base plate, spreader plate, and a variety of small components 

such as metal spacers, a glueing brush, and a metal rod. Consumables like epoxy ad-

hesive, catalyst, graphite powder, gloves, and cleaning agents (acetone and isopropan-

ol) are also required for the assembly and preparaNon process. The carbon veils serve 
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as intermediaries for the adhesive to create an even bond between the two samples. 

They facilitate the uniform distribuNon of glue between the two halves, ensuring a 

strong connecNon. The adhesive of choice is Hysol LocNte EA 9396 AERO industrial 

epoxy glue, consisNng of two parts: epoxy and a catalyst (hardener). Graphite powder 

is added to the glue mix to improve thermal conducNvity around the cooling tube. 

The assembly process starts with the meNculous cleaning of all components, including 

the brush, base plate, spreader plate, spacers, cooling tube, vacuum table, and work 

table, using acetone and isopropanol. AddiNonally, the co-cured samples are vacuumed 

to remove any loose carbon dust from their surfaces. Once all components are thor-

oughly cleaned, the bohom half of the sample is posiNoned on the base plate along 

with the cooling tube inserted in the channel, marking the sample’s posiNons as a ref-

erence point to ensure proper alignment during assembly. AUer alignment, the cooling 

tube is marked and trimmed to the required length (which is about three Nmes the 

length of the sample). During the cu�ng process, an insulated copper wire is inserted 

into the tube to prevent bending at the cut end. The assembly process conNnues by 

mixing the two components of the glue. Specifically, 5g of epoxy is blended with 1.5g 

of the catalyst in a planetary mixer for a duraNon of 3 minutes at 2000 rpm. Once the 

glue is thoroughly mixed, it is evenly spread onto the carbon veils using a glue brush as 

shown in Fig. 3.8. These veils are then posiNoned on the bohom half of the sample. 

Subsequently, 30% of the glue's weight in graphite powder is added to the glue mixture 

and mixed in the planetary mixer for another 3 minutes, this Nme at 3000 rpm. Follow-

ing this, 0.27g of glue is applied to the cooling tube using a swab. A metal rod is care-

fully inserted into the cooling tube to prevent it from bending during the curing pro-

cess within the vacuum. The bohom half, with the carbon veils in place, is then posi-

Noned on the base plate and aligned using the reference marks. Subsequently, the 

glue-covered cooling tube is inserted into the channel of the bohom half, and the top 

half of the sample is placed on top and pressed down securely, as illustrated in Fig. 3.8. 

The assembled unit is then transferred to the vacuum table. Spacers are strategically 

placed along the sample, as depicted in Fig. 3.8. Once the spacers are correctly posi-

Noned, the spreader plate is gently set atop the assembly. Final checks are conducted 

to ensure nothing has shiUed and the spacers are not in contact with the sample. Sub-

sequently, the vacuum membrane is lowered into place. This membrane, craUed from   
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neoprene, which is a soU yet resilient fabric, is airNght and conforms to the shape of 

the spreader plate when vacuum pressure is applied. This ensures uniform pressure on 

top of the module during the curing process. The sample is allowed to cure under va-

cuum condiNons for a period of 24 hours. Upon compleNon of the curing process, the 

two halves are labeled as side A and side B, and the sample is weighed (aUer account-

ing for potenNal glue mass loss due to evaporaNon) to determine the amount of glue 

uNlised during the procedure. The process is repeated three more Nmes to produce a 

total of four sandwiches/modules. 

3.4   Sandwich Metrology 
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Figure 3.8: The figure outlines the sequenNal steps involved in assembling the prototype mod-

ules. The process begins with the placement of carbon veils on the bohom half of the sand-

wich, followed by the inserNon of the cooling pipe. The top half of the sandwich is then added, 

and the enNre assembly is placed on the vacuum table. The use of spacers and a spreader plate 

ensures uniform pressure distribuNon during the curing process under vacuum. The final image 

depicts the fully assembled and cured sandwich.
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The metrology of the module prototype is similarly conducted using the SmartScope, 

employing the setup shown in Fig. 3.2. This metrology process encompasses both side 

A and side B of the sandwich and involves the use of the SmartScope laser. The pro-

cedure closely mirrors the one employed for the metrology of the carbon fibre side of 

the co-cured modules (discussed in secNon 3.2), with a minor adaptaNon involving the 

three reference lines on the right and leU sides of the module. 

Since the cooling tube traverses the sandwich, the laser encounters difficulty focusing 

when it encounters the tube. To address this challenge, the reference lines are divided 

into two segments. The first segment extends from the corner of the sandwich to 1mm 

before the tube, where the laser can effecNvely focus. The second segment covers the 

1mm region aUer the pipe and extends to the top corner of the sandwich, as shown in 

Fig. 3.9. This modificaNon ensures accurate metrology despite the presence of the 

cooling tube. The process is repeated for all the reference lines from the right and leU 

sides.  AUer the rouNne is adjusted, the metrology is conducted for the sandwiches in 

mulNple runs for each side with variaNon in posiNon on the SmartScope table. This was 

done to check the repeatability and consistency of the measurements, and if small 

changes in posiNon effect the overall result of the thickness and planarity. 

The rouNne is executed, and measurements for the reference lines and sample lines 

are recorded for one side. This process is then repeated twice without altering the pos-

iNon. AUer the third run, the sandwich's posiNon on the SmartScope table is changed. 

A total of six runs are conducted on each side, with three runs maintaining the same 

posiNon and three involving posiNon changes. The process is repeated for two sand-

wiches. AUer analysing the measurements using python, it was found for sandwich 

one, aUer the first run with no change in posiNon, the thickness dropped by 1 micron 

for both sides but remained consistent thereaUer. Sandwich two exhibited a more pro-

nounced thickness reducNon of approximately 10-12 microns aUer the second meas-

urement cycle, as illustrated in Fig. 3.10. While these variaNons exceed the desired tol-

erance of ±10 microns, a thorough analysis of potenNal error sources, including com-

paring measurement uncertainNes and manufacturing tolerances, revealed that the 

error of ±10 microns can be ahributed to measurement error.  Given the overall sand 
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wich thickness and the preliminary nature of this study, these variaNons are considered 

manageable at this stage, but warrant further invesNgaNon in subsequent iteraNons. 

To invesNgate the potenNal impact of environmental factors like temperature and hu-

midity on sample measurements, the metrology for two sandwiches was repeated with 

variaNons in temperature. Five measurement runs were conducted for each side of 

sandwich one and two, with ambient temperature fluctuaNng between  and  

during the experiment. Analysis of the measurements revealed that while temperature 

fluctuated during the runs, these variaNons did not consistently correspond to changes 

in thickness. Data from Figure 3.10 (Side B at ) reveals thickness measurement 

variaNons of approximately ±10 microns, even under controlled temperature condi-

Nons. This suggests that temperature fluctuaNons had a minimal impact on the overall 

sample thickness. 

With no effects from environmental factors and change in posiNon, the metrology was 

conducted for four sandwiches on each side. The recorded data was analysed and the 

mean thickness and planarity were calculated for each side for each sandwich. The av-

erage thickness of four sandwiches was found to be (4.322 ± 0.008) mm, with a con-

sistent average planarity of 5 microns. The scaher plot for the thickness and planarity is 

shown in Fig.3.11. Planarity remained stable throughout the metrology of all sand-

wiches, with only a 2-micron variaNon between samples. This indicates that there was 

no noNceable bowing in the sandwiches aUer the vacuum curing process, and the glue 

applicaNon did not introduce any significant irregulariNes, which suggests that the as-

sembly  and the metrology method is reliable and repeatable. 

10∘C 15∘C

13.5∘C
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Basic Model
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Figure 3.10: The figure illustrates the thickness variaNon for two sandwich samples across 

mulNple runs at different temperatures. The leU panel shows the thickness evoluNon with 

run number, while the right panel demonstrates the thickness dependency on temperat-

ure.

Figure 3.9: The above diagram illustrates the experimental setup 

for measuring the thickness of the sandwich modules. The mod-

ules are placed on top of a silicone wafer. To avoid interference 

with the thickness measurement, the reference lines bypass the 

pipe area. This configuraNon allows for precise thickness determ-

inaNon based on the distance between the reference lines and the 

module surface.

Chapter 3:Metrology
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3.5 Summary 

This chapter focuses on the metrology procedures employed to characterise the 

Mighty Tracker prototype modules. The chapter begins by introducing the SmartScope, 

a criNcal instrument used for precise measurements. The metrology methodology, in-

cluding sample preparaNon, measurement process, and data analysis, is detailed. 

Key findings include: 

• Successful measurement of sample thickness and planarity using the Smart-

Scope. 

• IdenNficaNon of potenNal thickness variaNons due to manufacturing inconsist-

encies. 

• Assessment of environmental factors (temperature) and their minimal impact 

on measurements. 

• Consistent planarity across all samples, indicaNng successful assembly and cur-

ing. 

• Establishment of a reliable metrology process with repeatable results. 

PotenNal areas for further invesNgaNon include refining the metrology process to re-

duce measurement uncertainNes, exploring the impact of different glue types or curing 

condiNons on sample properNes, and OpNmising the assembly process for increased 

efficiency 
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Figure 3.11: This figure presents a visual representaNon of thickness and planarity for Sandwich 

2. The leU panel displays a colour-coded thickness map, revealing variaNons across the sample. 

The middle panel shows the deviaNon from the best-fit plane, highlighNng areas of non-planar-

ity. The right panel provides a histogram of planarity deviaNons, summarising the overall flat-

ness of the sample
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Chapter 4 
Thermal Studies  

The operaNon of the Mighty Tracker detector at LHCb requires meNculous thermal 

management to prevent sensor overheaNng and ensure long-term efficiency. To meet 

this requirement, simplified thermal calculaNons (calculaNng temperature difference 

and heat transfer) are employed to establish baseline temperature (temperature values 

used as reference for cooling tests) values for the current prototype module. These cal-

culaNons serve as a diagnosNc tool to idenNfy any necessary modificaNons to the mod-

ule's mechanics. ComplemenNng the thermal simulaNons, finite element analysis (FEA) 

is conducted to validate the simulaNon results. Once an agreement is achieved 

between the thermal calculaNons and FEA values, cooling studies are performed on 

prototype modules to assess their behaviour under elevated temperature condiNons 

and test the validity of the results found theoreNcally. The thermal calculaNons serve 

mulNple purposes, addressing criNcal aspects of Mighty Tracker's thermal manage-

ment. They determine the number of necessary cooling pipes to maintain sensors at 

temperatures around 0°C as this is the ideal temperature for opNmal sensor operaNon, 

opNmise the cooling capacity for each pipe, select an appropriate coolant to avoid over 

or under-cooling, and idenNfy potenNal design enhancements to improve thermal sta-

bility and meet operaNonal requirements. 

4.1   Simplified Thermal Model 

In the thermal studies, a simplified model of the current Mighty Tracker prototype is 

employed, guided by several strategic assumpNons aimed at simplifying calculaNons. To 

simplify the thermal model, the symmetrical nature of the prototype module allowed 

for the analysis of a single quadrant, assuming idenNcal properNes across all four sec-

Nons. While edge effects could potenNally influence the temperature distribuNon, this 

simplificaNon provides a reasonable approximaNon for iniNal analysis. The power com-

ing from the chip is assumed to be constant. The model follows a simplified geometry, 

neglecNng contribuNons from the foam and fibre over the pipe as shown in Fig. 4.1.  
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This simplificaNon is jusNfied by the very small thickness of the foam and fibre over the 

pipe, which has negligible effects on the overall temperature difference. AddiNonally,  

since the foam has isotropic thermal conducNvity, the model presumes bi-direcNonal 

heat flow, with one direcNon of heat flow moving verNcally from the chip into the foam 

and the other proceeding longitudinally or horizontally across the foam toward the 

pipe, as can be seen in Fig. 4.1. These assumpNons collecNvely streamline thermal ana-

lyses and simplify calculaNons.  

The model serves to compute the temperature difference, a factor of , for each 

component. In the case of verNcal heat flow, heat traverses through the thickness of 

the components, including silicon, glue, fibre, and foam. Conversely, in the scenario of 

longitudinal heat flow, heat propagates along the length of the components, which en-

compass foam, glue, and the pipe. Notably, this model assumes that the foam makes 

two disNnct contribuNons to the overall  of the module. The model dimensions are 

approximately 100 mm x 20 mm x 4.4 mm, and the modelling is enNrely done in 

Python. 

The calculaNons for  are all done using the Fourier's Law of heat transfer [29], which 

states that the rate of heat transfer through a solid material is directly proporNonal to 

ΔT

ΔT

ΔT
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Figure 4.1: Cross-secNonal schemaNc of the simplified thermal model for a single 

chip. The figure illustrates the heat flow path through the different material layers of 

the prototype module. A constant heat load of 0.3 W/cm² is applied to the silicon 

chip. Heat is conducted through the glue, fibre, and foam layers before being dissip-

ated by the cooling pipe. The simplified model assumes symmetrical heat distribuNon 

and neglects heat losses through the top and bohom surfaces of the module.
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the temperature difference across the material and is inversely proporNonal to the dis-

tance over which the heat travels. The equaNon is given by, 

                                                                                  (6) 

Where  is the power produced by one chip in wahs ( ),  is the coefficient of thermal 

conducNvity of the material, measured in , it represents the material’s ability 

to conduct heat,  is the cross-secNonal area through which the heat is transferred, 

measured in  and  is the thickness or the length across which the heat is conduc-

ted, measured in . The  is measured in units of Kelvin. The relaNon shows that the 

temperature difference ( ) is directly proporNonal to the distance ( ) over which the 

heat travels, which implies, larger the value of , larger is the value of the temperature 

difference. The power density of one chip is  (with a safety factor of 2), 

which equates to a power output of  for the area of one chip with dimensions of 

20 mm x 20 mm. 

4.1.1   Ver6cal Flow of Heat 

The temperature difference for the components through which heat flows verNcally is 

determined using equaNon (6). Key parameters, including dimensions and coefficients 

of thermal conducNvity, along with the value of , are detailed in Table 4.1. Thermal 

conducNvity values for the various components were obtained from [30].  

P = k × A × ΔT
L

→ ΔT = P × L
k × A

P W k

Wm−1K−1

A

m2 L
m ΔT

ΔT L
L
0.3 W/cm2

1.2 W

ΔT

Compon-
ents 

Silicon 

Glue

Fibre

Foam

Table 4.1: Key Parameters and Calculated ΔT Values (VerNcal Heat Flow, power of 1.2 

W).

0.02

0.02 0.02

0.02

0.02
1.0

Thickness    
( )m

Length ( )m Thermal 
Conductivity   
( )Wm−1K−1

1.5 × 10−4

0.300

0.300

 ( )ΔT K

0.375

4.0 × 10−3

Width ( )m

0.0002

40

0.02

1.0 × 10−4

0.02

148

0.02 1.2

1.0 × 10−4
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Lateral Flow of Heat

The direcNon of heat flow is through the thickness of the components, meaning that in 

equaNon (6),  represents the thickness of the material. Furthermore, the cross-sec-

Nonal area is computed as the product of the length and width, a result of the model's 

geometry. Table 4.1 shows that the contribuNons of  from all the components with 

verNcal flow are minimal, and they do not significantly impact the overall  of the 

model. Given the significantly smaller thickness of the fibre and glue layers compared 

to the characterisNc length for heat conducNon, the resulNng temperature rise ( ) 

within these elements is negligible compared to the temperature rise of the bulk com-

ponents experiencing horizontal heat flow. 

4.1.2   Lateral Heat Transfer 

The temperature difference for the components through which heat flows horizontally 

(foam, glue, and pipe as shown in Fig. 4.1) is computed using the same approach as 

before, applying equaNon (6). The key difference lies in the fact that heat now propag-

ates along the length of the module with the same power of , making the 

 a funcNon of length rather than thickness. The parameters used for the calculaNon 

are shown in Table 4.2.  

In the context of horizontal heat flow, it is evident that the  for the foam component 

exerts the most dominant influence on the overall  of the model. Due to the linear 

relaNonship between  and , the impact of thermal conducNvity on heat transfer is 

L

ΔT
ΔT

ΔT

0.3 W/cm2

ΔT

Compon-
ents 

Foam

Glue 

Pipe

Table 4.2: Key Parameters and Calculated ΔT Values (Horizontal Heat Flow, power of 

1.2 W).

7.6 × 10−5

1.5001.0 × 10−4

4.0 × 10−3

  ( )ΔT KLength ( )m
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Thickness    
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0.3721.3

0.1

0.02

Thermal 
Conductivity     
( )Wm−1K−1
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0.004
0.02 40 37.50
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ΔT
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L ΔT
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significantly greater than that of other material properNes. Conversely, for the glue lay-

er, the reduced area, coupled with the inverse relaNonship between  and area, res-

ults in a larger temperature difference compared to when heat flowed verNcally. Nev-

ertheless, the contribuNon of the glue layer, while larger, remains less significant in af-

fecNng the overall  of the model in comparison to the foam component. The  of 

the pipe is insignificant, similar to the calculaNons done for the fibre and glue compon-

ents in the previous secNon. The pipe's thin wall thickness minimally impacts the over-

all , especially over short distances. The model employs a lumped analysis ap-

proach, neglecNng the temperature variaNon across the thin pipe wall. This approach 

assumes a uniform temperature throughout the wall due to its small thickness, espe-

cially for short distances. Consequently, the wall's contribuNon to the overall thermal 

resistance is considered negligible. 

Based on the model calculaNons, it is evident that the foam component plays a domin-

ant role in contribuNng to the overall  for the model. The fibre component exhibits 

an excepNonally low coefficient of thermal conducNvity when heat flows verNcally. It is 

important to highlight that the module's fibre component is constructed by stacking 

sheets of carbon fibre in a 0-90-0 orientaNon. This orientaNon imparts different values 

of thermal conducNvity to the material, depending on the direcNon of heat flow. Con-

sequently, the model can be extended to assess both the foam and fibre contribuNons 

to  when heat flows horizontally. This extension allows for a more comprehensive 

analysis of temperature differences within the module. 

ΔT

ΔT ΔT

ΔT

ΔT

ΔT
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4.1.3   Impact of Fibre Orienta6on on Thermal Conduc6vity 

The carbon fibre component exhibits two disNnct thermal conducNviNes, conNngent on 

the direcNon of heat flow. Through the plane, the thermal conducNvity is 1.2 

. However, when heat flows horizontally (in plane), the thermal conducNvity 

substanNally increases to 1000 . This significant difference in values arises 

from the layered structure of the carbon fibre slab, which is a result of the layered fab-

ricaNon process. To consider the unique thermal properNes of the fibre component, a 

separate model is simulated, resembling the basic model. In this model, the heat load 

from the chip is directed horizontally, and the fibre is stacked on top of the foam. The 

power is distributed between the fibre and foam, and these two components are in 

contact with disNnct temperature reservoirs at each end, each maintained at temper-

atures,  and , and .  The model schemaNc is shown in Fig. 4.2. 

Wm−1K−1

Wm−1K−1

T1 T2 ΔT1 = ΔT2
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Figure 4.2: SchemaNc of the 1D thermal model for foam and fibre. The figure illus-

trates a simplified model of heat transfer through the foam and fibre layers. A con-

stant heat load ( ) is applied, resulNng in temperature gradients across the ma-

terials. The model assumes one-dimensional heat flow, with boundary condiNons 

defined by temperature reservoirs (  and ).

PTotal

T1 T2
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With heat flowing horizontally, the  for both the fibre and foam components is 

computed using equaNon (6), under the heat load of one chip . The parameters 

remain consistent with those used previously, except for adjusNng the length paramet-

er for the fibre component to match that of the foam and modifying thermal conduct-

ivity to account for the direcNonal dependence of the fibre's thermal properNes. The 

parameters along with the calculated  values are shown in Table 4.3. The thermal 

conducNvity for carbon fibre was sourced from [30]. 

The  for the fibre component is now greater than that of the foam component, es-

pecially when considering a thickness of 150 microns. This suggests that, despite hav-

ing a smaller thickness for the fibre component, a significantly higher coefficient of 

thermal conducNvity can outweigh the impact of reduced thickness, resulNng in an 

overall improvement in the thermal conducNvity of the model. This underscores the 

significant influence of the direcNon of heat flow on the contribuNons from the fibre 

component and highlights the importance of accounNng for such variaNons in thermal 

behaviour in the model. The combined  for this model can then be calculated using  

equaNon (6) and the following relaNon, 

                         (7)

 for                                                                (8) 

                                                                       (9) 

ΔT
1.2 W

ΔT

Component

Foam

Fibre 

Table 4.3:   comparison between foam and fibre. (Power output of 1.2 W through 

both foam and fibre).
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Pfoam =
kfoam × Afoam × ΔTfoam

L
, Pfibre =

kfibre × Afibre × ΔTfibre

L

PTotal = Pfoam + Pfibre , ΔTfoam = ΔTfibre

ΔTTotal = PTotal × L
kfibre × Afibre + kfoam × Afoam
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By employing equaNon (9), the combined  for the model is calculated to be 20  as 

shown in Fig. 4.3 (green line). Which is lower than the individual  values for both 

the fibre and foam components. The primary objecNve of this study is to assess wheth-

er the incorporaNon of fibre can enhance thermal conducNvity within the module and 

whether adjustments to the module's design can increase the contribuNon from the 

fibre. This research aims to achieve a suitable operaNng temperature for the detector, 

aiming for  a maximum temperature of 0 , considering a coolant temperature of -30

. The results suggest that the fibre component has the potenNal to significantly im-

pact the thermal behaviour of the module, and further design modificaNons could op-

Nmise its contribuNon to meet the desired operaNng temperature. The inclusion of just 

one layer of fibre in the simplified basic model has led to a decrease in the overall . 

However, with further refinements and the addiNon of a second layer of fibre, it is anN-

cipated that the overall  of the model can be adjusted to fall within the desired 

ΔT K
ΔT

∘C
∘C

ΔT

ΔT
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Figure 4.3:The figure illustrates the temperature rise ( ) across the carbon 

slab for three configuraNons: foam only, fibre only, and foam with fibre. The 

x-axis represents the posiNon through the slab, and the y-axis represents the 

temperature difference relaNve to the inlet temperature.
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range for operaNng the detector at temperatures around 0 , as is shown in secNon 

4.2. 

4.2   Model Refinements and Thermal Performance Analysis 

Up to this point in the calculaNons from the simplified model have indicated that both 

the foam and fibre components play a dominant role when heat flows through the 

length for the power of one chip, affecNng the  of the model. To make the model 

more realisNc, a refinement has been introduced where the foam is sliced (dividing the 

foam into discrete segments) along the thickness, extending through the length of the 

foam, as shown in Fig. 4.4. By slicing the foam, the power distribuNon within the mod-

ule becomes a funcNon of length. This discreNsaNon allows for a more accurate repres-

entaNon of temperature gradients within the foam, parNcularly at the boundaries 

between slices. Heat flow is assumed to occur conNnuously across these boundaries, 

with no thermal resistance or heat loss at the interfaces. Consequently, the  is cal-

culated separately for each individual slice, and these  values are then integrated 

over the length as heat flows through the various slices.  

To calculate the temperature difference over the foam while considering the power 

density through each slice and the length of each slice, Fourier's Law for heat transfer 

(5) is modified accordingly. The modified equaNon is derived as follows:  

∘C

ΔT

ΔT

ΔT
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Figure 4.4: SchemaNc of Foam DiscreNsaNon for Thermal Analysis. The diagram illus-

trates the discreNsaNon of the foam layer into mulNple slices along its thickness (x') 

for improved thermal modelling. Each slice represents a control volume with uniform 

properNes. Key dimensions include total length ( ) and thickness. L
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      (10)    

Simplifying,        or                        (11) 

In equaNon (10) and (11)  is the linear power density funcNon, defined as 

, and . Where  is the total power over the length of the 

foam slab and  is the linear power density (amount of heat generated per unit length) 

measured in units . Here the direcNon of  aligns with the length of the foam, 

directed towards the pipe, as illustrated in Fig. 4.1.  represents the posiNon of each 

slice on the foam, where  corresponds to the beginning of the foam (right edge 

on Fig. 4.4). Using (11), the  for the foam is calculated and the maximum  at 

 is 93.75  as shown in Fig. 4.5. The modificaNon has resulted in a quadraNc 

relaNonship between temperature and distance, with  increasing as the distance 

grows. This updated value is notably higher than what was calculated previously, un-

derscoring the dominant role of the foam in shaping the temperature distribuNon of 

the model. 

In addiNon to the foam, the fibre with horizontal heat flow direcNon also plays a signi-

ficant role, as demonstrated in the previous secNon. Using equaNon (11), the  for 

the fibre was computed for both one and two layers of fibre, noNng that the module 

consists of two layers. The results of these calculaNons are presented in Table 4.4 and 

visualised in Fig. 4.5.  
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Building upon the analysis of the foam's thermal behaviour, the impact of adding fibre 

layers was invesNgated. With one layer of fibre, the temperature distribuNon follows a 

similar pahern and exhibits a comparable value to the foam. However, when the 

second layer of fibre is introduced, the temperature distribuNon is significantly re-

duced, leading to an improvement in the overall . The combinaNon of both foam 

and fibre components yields an acceptable value for , highlighNng that the incor-

Combined (Foam + 2 layers of Fibre)

Component 

Table 4.4: This table presents the maximum temperature difference ( ) for the 

foam, fibre (single and double layer), and the combined system. Values were calcu-

lated using EquaNon (11) and the material properNes outlined in Table 4.3.

ΔT

32.60
Maximum  ( )ΔT K

ΔT
ΔT
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Figure 4.5: Temperature DistribuNon Along the Module for Different Ma-

terial ConfiguraNons. The plot illustrates the temperature rise ( ) 

along the length of the module (x-axis) for various material configura-

Nons: foam only, one layer of fibre, two layers of fibre, and the com-

bined foam and two-layer fibre system. The y-axis represents the tem-

perature increase relaNve to the inlet temperature.
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poraNon of fibre, with its favourable thermal conducNvity, contributes to an overall im-

proved temperature difference. The incorporaNon of fibre significantly enhances the 

module's thermal performance by providing an addiNonal heat dissipaNon pathway. 

This is evident in the reduced overall thermal resistance compared to the foam-only 

configuraNon. To determine the overall  of the model, the contribuNons from all the 

components are combined, and the model is extended to be double-sided, as an ex-

tension towards a more realisNc model. The resulNng overall  of the model, consid-

ering all components, is calculated to be 35.08 , which provides an esNmate of the 

temperature difference within the module. Due to the inherent simplificaNons of the 

model, this value should be considered an approximaNon,  as shown in Fig. 4.6. The 

discrepancy between the  values in Table 4.4 and Figure 4.6 arises from the inclu-

sion of addiNonal components, such as glue, silicon, and the pipe, in the laher's calcu-

laNons. The combined effect of these components adds 2.48  to the value compared 

to the combined value of just foam and two layers of fibre, as presented in Table 4.4.  

ΔT

ΔT
K

ΔT

K
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Figure 4.6: The plot illustrates the  along the length of the module for the com-

bined foam, fibre, and other components. The x-axis represents the posiNon along 

the module, and the y-axis represents the temperature increase relaNve to the inlet 

temperature. VerNcal markers indicate the opNmal spacing for cooling pipes to main-

tain a chip temperature of 0°C.
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Considering the overall temperature difference of 35.08  over a length of 0.1 meters, 

it can be concluded from Fig.4.6, that with chip dimensions of 20 mm x 20 mm, at least 

four chips on one side of the pipe can be effecNvely cooled to a temperature of 0 ,  

with a coolant temperature of -30 . This implies that a total of approximately eight 

chips can be efficiently cooled using just one cooling pipe. The markers on Figure 4.6 

indicate the opNmal placement of cooling pipes to maintain sensor temperatures at 0

. Under nominal heat load condiNons ( ), the green markers represent 

the cooling pipe posiNons with a spacing of approximately 0.18 m. Applying a safety 

factor of 2 to account for potenNal heat load increases ( ) necessitates a 

denser cooling pipe arrangement, as indicated by the orange markers with a spacing of 

approximately 0.13 m. To maintain effecNve cooling for a 0.50 m sample, it is determ-

ined that cooling pipes should be installed approximately every 0.18 m, which equates 

to approximately 3 cooling pipes for the full sample to ensure adequate temperature 

control. With the addiNon of a safety margin of a factor of two to the heat load, the 

overall  would change to 15  changing the spacing to 0.13 m (from Fig. 4.6), which 

then means that for a 0.50 m sample, approximately 5 cooling pipes should be installed 

along the full length of the sample. Fig. 4.7 depicts a diagram illustraNng one potenNal 

arrangement of chips on the module that can be cooled by a single pipe. 

Further advancements and refinements to the thermal model are planned, and these 

improvements will involve: 

Inclusion of Off-Chip Electronics: The model will be expanded to incorporate all off-

chip electronics to provide a more comprehensive representaNon of the thermal beha-

viour of the enNre system. 

Non-Uniform Power Distribu6on: To account for realisNc scenarios, the model will 

consider non-uniform power distribuNon, which reflects the actual power dissipaNon 

across different components and chips. 

Overlap Considera6ons: Special ahenNon will be given to addressing potenNal over-

laps between chips and off-chip electronics on opposite sides of the module, as these 

interacNons can influence temperature distribuNon and heat transfer within the sys-

tem. 

K

∘C
∘C

∘C 0.15 W/cm2

0.3 W/cm2

ΔT K
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Summary

While the present model focuses on determining the opNmal cooling pipe configura-

Non based on heat dissipaNon from the silicon chips, it is essenNal to incorporate addi-

Nonal heat sources, such as DAQ electronics and environmental factors, in a more 

comprehensive thermal model. This expanded approach will enable a more accurate 

predicNon of temperature distribuNon and facilitate the opNmisaNon of thermal man-

agement strategies. 

4.3  Summary 

This chapter discusses the thermal characterisNcs of the Mighty Tracker prototype 

module. The primary objecNve is to establish a thermal model for predicNng temperat-

ure distribuNons and opNmising cooling strategies. A simplified thermal model is de-

veloped, considering heat transfer through the module's components. The model in-

corporates key parameters such as thermal conducNvity, component dimensions, and 
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Figure 4.7: OpNmised Chip Arrangement for Single-Pipe 

Cooling System. The figure depicts a proposed arrangement 

of eight silicon chips on the module, designed to be effi-

ciently cooled by a single cooling pipe. The chips are organ-

ised in a staggered pahern to maximise heat dissipaNon and 

minimise thermal hotspots. 
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power dissipaNon. Through calculaNons based on Fourier's Law, temperature differ-

ences within the module are esNmated. 

Key findings include: 

• The significant impact of foam on overall thermal resistance. 

• The beneficial effect of carbon fibre layers in enhancing thermal conducNvity of 

the combined model. 

• The esNmaNon of opNmal cooling pipe spacing based on calculated temperat-

ure distribuNons. 

The chapter focuses on the importance of thermal management for the Mighty Track-

er's performance.While the presented simplified model yields valuable preliminary 

data, it is acknowledged that its limitaNons warrant the inclusion of off-chip electronics 

and non-uniform power distribuNon in future iteraNons for enhanced accuracy. 
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Chapter 5: X-Ray Tomography

Chapter 5 
X-Ray Tomography  

Metrology detailed in chapter 3 primarily addresses surface quality control, but it is 

also essenNal to internally assess the assembly process. This can be achieved using X-

Ray tomography to evaluate the module's internal quality and reliability. 

X-Ray tomography is a technique that is used to create detailed three dimensional im-

ages of the internal structures of an object. The tomography involves an X-Ray source 

that emits a focused beam of X-rays. The process of X-ray tomography involves placing 

the object of interest between an X-ray source and a detector, as shown in Fig. 5.1. As 

the X-ray beams traverse through the object, their intensity is altered, either ahenu-

ated or absorbed, depending on the material's density and composiNon encountered 

by the beams. The detector, typically composed of scinNllaNng crystals or solid-state 

detectors, measures the intensity of the X-ray beams aUer they have passed through 

the object. 
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Figure 5.1: This figure illustrates the concept of X-ray tomography. A rotat-

ing X-ray source and detector acquire mulNple projecNon images of an ob-

ject from different angles. These projecNons are then reconstructed to cre-

ate a 3D representaNon of the object's internal structure. [31].



Methodology

To create a three-dimensional image, the object rotates around a fixed axis, capturing 

mulNple images from various angles. While the object rotates, X-ray intensity meas-

urements are collected at each angle, digitally recorded, and stored for subsequent 

analysis. MulNple CT (computed tomography) slices are then stacked together (as de-

scribed in Fig. 5.1), leading to the reconstrucNon of a 3D image of the object. This visu-

alisaNon provides a detailed representaNon of the internal structures within the object. 

Objects comprising materials of different densiNes, atomic number and thickness con-

tribute to different levels of contrast to the final image, enhancing the disNncNon 

between various layers or components. 

For the Mighty Tracker prototype modules, X-Ray tomography is employed to inspect 

and evaluate the internal structure of the modules. This inspecNon process is em-

ployed to idenNfy and assess various features, including: 

Carbon Fibre De-lamina6on: Whether there is any separaNon or de-laminaNon 

between the carbon fibre and the carbon foam components of the module. 

Air Bubble Detec6on: The process is used to idenNfy the presence of any air bubbles 

within the glue that may have formed during the assembly process. It also is used to 

check if the glue has been evenly spread throughout the sample, ensuring a consistent 

bond. 

Cooling Tube Deforma6on: The process is used to examine the cooling pipe through 

the module, to check if there are any bends or kinks in the tube that would obstruct 

the flow of coolant. 

Glue Thickness Varia6on: The 3D visualisaNon for the modules enables us to measure 

the thickness of the glue between the two halves of the module and observe how this 

thickness varies from one end to the other. 

5.1   Methodology  

The X-Ray tomography for the prototype modules was done at the Henry Mosley X-Ray 

Imaging Facility in the NXCT (NaNonal X-Ray Computed Tomography) lab at the Uni-

versity of Manchester. The machine used for the tomography was the Nikon Xtek High 

Flux Bay metrology system (Fig. 5.2). The CT machine is designed to perform tomo-
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graphy scans on a wide variety of objects, spanning from ancient bone fossils to intric-

ate carbon-based materials. The machine is equipped with a versaNle setup, including 

a 225kV power source for general imaging and a more powerful 320kV source for 

denser materials or higher resoluNon applicaNons. This dual-source configuraNon 

provides flexibility in addressing a wide range of sample types. The onboard detector, 

with its 4000 x 4000 pixel resoluNon, captures detailed image data. The system's resol-

uNon spectrum spans from 2 to 119 microns, accommodaNng objects ranging from 

sub-millimetre components to larger assemblies. This substanNal resoluNon range is 

primarily ahributed to the combinaNon of detector pixel size and the adjustable X-ray 

source parameters, such as voltage and current. For specialised measurements requir-

ing higher X-ray flux, a rotaNng reflecNon target can be employed in conjuncNon with 

the 225kV power source. Furthermore, it offers the flexibility of higher-resoluNon 

scans, reaching up to 3-micron resoluNon. The high X-ray flux in the CT scanner is 

achieved through the uNlisaNon of a staNc target with a power raNng of 225W and a 

transmission target operaNng at a peak kilo voltage of 160kV. The system is also 

equipped with a 5-axis sample manipulator stage, which allows precise alignment of 

the object for intricate scans [31]. 
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Figure 5.2: CT machine used for the tomography (leU), jig used to secure the modules 

to the mounNng table (right)



Methodology

To facilitate the tomography process, a custom jig was designed and 3D printed to ac-

commodate the dimensions of the prototype modules. This jig enabled simultaneous 

scanning of two modules, as illustrated in Figure 5.2. 

The jig liUs the modules high enough to get a top-down view of the cross-secNon of the 

modules along the y-axis, as shown in the CT slice in Fig. 5.3. The jig is firmly secured 

onto the mounNng table, and the scanning process is iniNated. During this process, the 

CT machine scans both of the modules simultaneously, generaNng CT slices that depict 

the internal structure of the two modules from the top to the bohom.  

 

The CT slice depicted in Figure 5.3 provides a clear cross-secNonal view of the two 

modules, highlighNng how variaNons in density between the carbon foam, fibre, glue 

and pipe disNnctly differenNate the different components within the modules. The cap-

tured images are saved and subsequently subjected to analysis to assess the internal 
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Figure 5.3: Top-down X-ray projecNon of two pro-

totype modules (Sandwich 1 and Sandwich 2) ar-

ranged in a custom jig. The image reveals internal 

structures, including the carbon fibre layers, foam 

core, and potenNal voids or defects. The circular 

outline represents the module's outer boundary.
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composiNon of the modules. For this analysis, an image manipulaNon soUware called 

GIMP is employed. The measure tool from GIMP is uNlised to conduct measurements 

of various components within the modules, including parameters like pipe diameter 

and glue thickness. These measured values are recorded and then subjected to further 

analysis using the Python. To convert the measurements obtained from GIMP, which 

are recorded in pixels, into real-world units, a scaling factor was determined. This scal-

ing factor was calculated by measuring the length of module in pixels and then dividing 

that pixel value by the corresponding measurement taken with the SmartScope in mil-

limetres. Table 5.1 presents all the criNcal parameters used in this analysis, including 

the scaling factor and other key measurement values. 

5.1.1   Pipe Diameter Analysis and Verifica6on 

To ensure that the pipe is not deformed or bent in any secNon of the module, the dia-

meter of the pipe was measured using GIMP for 40 equally spaced slices. The diameter 

was measured for each slice using the measure tool in GIMP, with a slice spacing of ap-

proximately 50 slices. Subsequently, distribuNon plots were generated for both mod-

ules, as shown in Fig. 5.4. The measured mean diameter for Module 1 was determined 

to be 2.698 mm with a standard deviaNon of 0.030 mm, while Module 2 exhibited a 

mean diameter of 2.696 mm with a standard deviaNon of 0.028 mm. As a point of 

comparison, the manufacturer's specificaNon indicated an inner diameter of 2.67 mm 

for the pipe, accompanied by a wall thickness of 76 microns. 

As illustrated in Figure 5.4, the measured values exhibit slight variaNons. This variability 

is a result of the manual measurement process, where a line is drawn across the pipe,  

Length of sample (mm) 40

Number of slices 2024

Pixel to mm conversion 1 pixel = 0.029 mm

Distance between slices (mm) 0.019

Table 5.1: Table of key parameters used in analysing X-ray tomography data.
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Figure 5.4: The plots illustrate the measured diameter of the pipe at 

equidistant intervals along the length of Sandwich 1 and Sandwich 2. The 

x-axis represents the distance along the pipe, while the y-axis indicates 

the measured diameter in millimetres.
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and the measure tool records the pixel count within that line to determine the diamet-

er in pixels. 

The absence of any noNceable kinks or bends in the pipe for both modules suggests 

that there was no deformaNon or distorNon of the pipe during the assembly process. 

Both plots exhibit minor deviaNons in pipe diameter, with a standard deviaNon of 0.03 

mm for Sandwich 1 and 0.028 mm for Sandwich 2. While these variaNons are within 

the expected range for manufacturing tolerances. Overall, the data suggests that the 

pipe maintains a consistent diameter with minimal deviaNons, indicaNng good quality 

control in the manufacturing process. 

5.1.2   Glue Thickness 

Measuring the glue thickness across the enNre length of the sample serves a dual pur-

pose. Firstly, it allows for the assessment of the consistency of glue spread, both in 

proximity to the pipe and near the edges of the sample. Secondly, it provides insights 

into how the thickness of the glue varies as one moves verNcally up the sample (along 

the pipe). The thickness is measured for 40 equally spaced slices along the length of 

the module. The measurement of glue thickness is conducted by assessing two specific 

areas: one near the pipe, where the glue is confined between the two halves of the 

module, and another near the edge of the module. It is important to note that the 

measurement near the pipe does not consider the spread of glue around the pipe, as 

demonstrated in Fig. 5.5. The glue thickness measurements are subsequently taken 

both near the pipe and near the edge of the module. The collected data is then used to 

generate distribuNon plots, which effecNvely illustrate the variaNon between these two 

sets of measurements. These plots provide a visual representaNon of how the glue 

thickness differs in these specific areas, offering valuable insights into the consistency 

of glue applicaNon within the module. The distribuNon is shown in Fig. 5.6.  

Figure 5.6 illustrates the variaNon in glue thickness along the module, with disNnct 

trends near the pipe and the edge. StaNsNcal analysis reveals a mean glue thickness of 

1.163 mm near the pipe and 0.373 mm near the edge. While there is a general trend of 

increasing glue thickness towards the edge, further analysis, including correlaNon and 
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hypothesis tesNng, is required to establish a definiNve relaNonship between glue thick-

ness and posiNon 

To gain a more detailed understanding of the glue spread at the iniNal secNon (near the 

edges of the module) of the module tomography, where the difference in glue thick-

ness between the edge and the pipe is minimal, a focused analysis is carried out. This 

analysis involves zooming in on this specific region and selecNng 20 equally spaced 

slices. These slices are chosen from the point where the glue first becomes visible in 

the scans to the point where it reaches a consistent thickness. For each of these 20 

slices, glue thickness measurements are conducted both near the pipe and near the 
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Figure 5.5: The figure illustrates the method for determining glue thickness around 

the pipe. The blue circle represents the pipe, surrounded by a layer of glue indicated 

by the shaded area. The red line and arrow demonstrate the measurement of glue 

thickness, taken perpendicularly from the pipe's outer boundary to the edge of the 

glue layer. The inset image provides a visual example of the measurement process on 

an actual sample
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edges of the module. Fig. 5.7 shows the distribuNon for the glue thickness at the start 

of the sample. 

  

Fig. 5.7 provides an insight into the glue thickness measurements near the pipe and 

near the edges at the iniNal stages of the module tomography (first couple of slices 

when the tomography starts along the length of the pipe). Both measurements start at 

zero, indicaNng that iniNally, the glue has not yet entered these areas. Fig. 5.7 illus-

trates the glue thickness variaNon in the iniNal secNon of the module. While the glue 

thickness iniNally increases from zero at both the pipe and edge locaNons, a consistent 

difference emerges between the two measurements as the glue distribuNon pro-

gresses. The data suggests a higher concentraNon of glue near the pipe compared to 

the edge, resulNng in a non-uniform glue distribuNon within the iniNal porNon of the 

module. 
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Figure 5.6: Scaher plot illustraNng the variaNon in glue thickness (mm) 

along the length of the module. The data points represent measure-

ments taken near the pipe (blue) and near the edge (orange) of the 

module. The x-axis represents the distance along the module length 

(mm), and the y-axis represents the corresponding glue thickness.
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In summary, the analysis of glue concentraNon within the module reveals disNnct char-

acterisNcs. At the centre of the module, glue concentraNon is robust and relaNvely con-

sistent. However, towards the beginning and end of the module, the glue concentra-

Non is weaker and displays inconsistencies. It is worth noNng that these variaNons in 

glue thickness do not introduce any unexpected irregulariNes within the module. Des-

pite the uneven glue thickness, there is no negaNve effect on the module's structural 

rigidity or strength. This is due to the effecNve bonding of the glue with the carbon 

foam; as long as it sufficiently bonds the two layers, the overall strength of the bond 

ensures ample structural rigidity. This suggests that the observed variaNons in glue dis-

tribuNon do not compromise the overall integrity of the module. 
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Figure 5.7: Scaher plot illustraNng the variaNon in glue thickness (mm) 

along the first 2 mm of Sandwich 1. The x-axis represents the distance 

from the sample edge, while the y-axis indicates the measured glue 

thickness. Blue markers represent measurements near the pipe, and 

orange markers represent measurements near the edge. The plot 

highlights the non-uniform glue distribuNon within the iniNal secNon 

of the sample.



Chapter 5: X-Ray Tomography

5.1.3   Analysis of Air Bubble Forma6on and Evolu6on  

During visual analysis of the tomography images, an observaNon was made regarding 

the formaNon of an air bubble. This air bubble appeared at the beginning of the scan 

or near the edges of both modules and was consistently found at roughly the same 

slice in both cases, as shown in Fig. 5.8. The air bubble starts with a significant size and 

gradually diminishes in size as one progresses upward through the sample (from the 

edge of the module upwards along the length of the pipe). UlNmately, the bubble 

reaches a size that is consistent with the other glue bubbles present in the module. Fig. 

5.8 effecNvely illustrates the dynamic changes in the size of this air bubble as it tra-

verses through the module.  

To comprehensively assess the size variaNon of the air bubble throughout the module, 

a zoomed in analysis was conducted. This analysis involved selecNng 20 evenly spaced 

slices, starNng from the point when the air bubble first appeared and concluding when 

it reached a consistent size similar to other glue bubbles within the module. To meas-

ure the size of this air bubble, the measuring tool in GIMP was employed. Given the 

asymmetric shape of the larger bubble, as evident in Fig. 5.8, a series of lines were 
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Figure 5.8: The figure depicts the progressive change in air bubble shape and size 

along the length of the sample. The iniNal circular bubble (leU) undergoes deforma-

Non and reducNon in size (middle) before stabilising into a smaller, circular shape 

(right). 
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measured within the bubble, as shown Fig. 5.9, and the length was calculated as the 

sum of these line lengths. For smaller bubbles, their size was simply measured as the 

approximate diameter. This detailed measurement process allowed for a thorough ex-

aminaNon of how the air bubble's size evolved within the module. 

Fig. 5.10 illustrates the size variaNon of the air bubble along the length of both mod-

ules. The analysis of the air bubble's size reveals interesNng differences between mod-

ule or sandwich 1 and module or sandwich 2. IniNally, when the bubble first appears, 

its size is larger in sandwich 1, measuring 3.278 mm, compared to 2.293 mm in sand-

wich 2. However, as the bubble progresses and becomes consistent with the size of 

other glue bubbles, it shrinks down to 0.447 mm in both cases. The span of this air 

bubble encompasses 145 slices, considering the conversion factor for the distance 

between each slice from Table 5.1 this equates to a length of approximately 2.75 mm. 

Given that the sample is 40 mm long, it means that the bubble occupies approximately 

one-fiUeenth of the sandwich's length. Furthermore, the analysis shows a steady de-

cline in the bubble's size from its iniNal appearance to when it stabilises and becomes 

consistent with the other glue bubbles with a size of the bubble as 0.4 mm. 
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Figure 5.9: Measurement of Air Bubble Dimensions. The 

red outline approximates the irregular shape of the 

bubble, while the series of red lines illustrate the meth-

od for calculaNng its approximate area.



Chapter 5: X-Ray Tomography

To comprehensively compare the air bubble with the rest of the glue bubbles within 

the module, a detailed analysis was conducted. This analysis involved measuring the air 

bubble once more, but this Nme, 40 evenly spaced slices were selected to cover the 

enNre length of the sample. The goal was to assess how the air bubble's size and char-

acterisNcs compare to the other glue bubbles and to idenNfy any other notable large 

bubbles within the module. Fig. 5.11 provides a distribuNon plot that illustrates the 

lengths of both the air bubble and the glue bubbles within the module. The plot  

demonstrates the air bubble's iniNal large size, followed by a significant reducNon to 

approximately 0.5 mm. Subsequently, the glue bubbles align with this size and maintain 

it throughout the distribuNon. 

Notably, there are instances where the bubble size increases as seen in Fig. 5.11 at ap-

proximately 8 mm, 18 mm and 23 mm. These points correspond to situaNons where 

mulNple bubbles appear to combine, forming larger conglomerates as shown in Fig. 
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Figure 5.10: Scaher plot illustraNng the change in air bubble 

length (mm) as a funcNon of distance along the module (mm) for 

Sandwich 1 and Sandwich 2. The data reveals a decreasing trend 

in air bubble length for both samples, with Sandwich 1 exhibiNng 

a larger iniNal bubble size compared to Sandwich 2.
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5.12. While these combined bubbles are not as large as the air bubble present at the 

start of the module, they do occasionally emerge, likely as a result of the glue-spread-

ing process during module assembly. Analysis of the glue bubbles within the modules 

reveals disNnct paherns. While both sandwiches exhibit a general trend of decreasing 

bubble size along the module length, Sandwich 1 displays greater variability with in-

stances of bubble coalescence and larger iniNal bubble formaNon. The presence of 

these larger bubbles in Sandwich 1 suggests potenNal inconsistencies in the glue ap-

plicaNon process. Overall, the data indicates a need for process refinements to minim-

ise air bubble formaNon and achieve a more uniform glue distribuNon. While the pres-

ence of a rough foam surface may contribute to air bubble entrapment, other factors 

such as incomplete glue mixing, improper applicaNon techniques, or environmental 

condiNons during the curing process could also influence bubble formaNon. For sand-

wich 2, the glue bubbles exhibit a relaNvely uniform distribuNon in terms of size. In 

contrast, for sandwich 1, there are several notable high spots, but the majority of the 

glue bubbles fall within the ±0.5 mm size range. 
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Figure 5.11: Scaher plot illustraNng the transiNon of air bubbles 

into glue-like inclusions along the length of the module for Sand-

wich 1 (blue) and Sandwich 2 (orange). The plot demonstrates a 

decrease in air bubble size, culminaNng in the formaNon of smal-

ler, glue-like structures.
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5.2   Summary 

The X-Ray tomography process has played a pivotal role in thoroughly examining the 

internal structure of the modules, ensuring the absence of significant deformaNons 

post-assembly. The results of the tomography have yielded several important findings: 

No De-lamina6on: The tomography results confirm the absence of any de-laminaNon 

between the foam and fibre components, indicaNng a sound bond between these ma-

terials. 

Cooling Pipe Integrity: It is evident that the cooling pipe has remained undistorted 

both during and aUer the assembly procedure, maintaining its structural integrity. 

Glue Concentra6on: The concentraNon of glue is observed to be centred around the 

module's core, with non-uniform distribuNon at the edges. However, this non-uniform-
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Figure 5.12: Cross-secNonal X-ray 

tomography image highlighNng the 

formaNon of a large air bubble through 

the merging of mulNple smaller 

bubbles. The red circle indicates the 

region of interest, showcasing the 

bubble's growth and interacNon with 

surrounding structures.



Summary

ity does not appear to impact the bonding strength between the two halves of the 

module. 

Air Bubble: A noteworthy finding is the presence of an air bubble that has formed dur-

ing the curing process of the modules. This issue can be avoided by applying the glue 

evenly during the assembly process. Analysis of the glue applicaNon process suggests 

that a more uniform glue distribuNon along the pipe length could potenNally improve 

bond quality and reduce air bubble formaNon. Future studies will invesNgate the im-

pact of different glue applicaNon techniques on overall module performance. 

Overall, the tomography analysis provides valuable insights into the internal structure 

of the module. The observed variaNons in glue thickness warrant further invesNgaNon 

to opNmise the bonding process and ensure consistent adhesive distribuNon. The de-

tected air bubble represents a potenNal assembly issue, the absence of other signific-

ant defects suggests a generally robust assembly process. The use of tomography has 

proven essenNal for idenNfying this anomaly, highlighNng its role in quality control. Fur-

ther invesNgaNon into the root cause of the air bubble formaNon is recommended to 

opNmise the manufacturing process and prevent similar defects in future modules. 
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Chapter 6: Conclusion

Chapter 6 
Conclusion 

The development and characterisaNon of the Mighty Tracker prototype modules re-

quired a mulNfaceted approach encompassing metrology, thermal analysis, and X-ray 

tomography. Precision metrology ensured the adherence to dimensional tolerances for 

the co-cured carbon foam and fibre components. Thermal simulaNons established 

baseline temperature distribuNons and idenNfied criNcal cooling requirements, neces-

sitaNng approximately five cooling pipes spaced at 0.18 m intervals along a 0.5 m mod-

ule. X-ray tomography provided valuable insights into internal assembly quality, reveal-

ing details about glue distribuNon and the presence of minor anomalies such as air 

bubbles. Building upon these foundaNonal studies, ongoing research focuses on final-

ising the Inner Tracker design, including pixel layout opNmisaNon and refined cooling 

strategies. By addressing challenges such as air bubble formaNon and opNmising glue 

distribuNon, the overall performance and reliability of the modules can be further en-

hanced. 

ConNnued R&D efforts are underway to finalise the details of the Inner Tracker design 

such as the layout of silicon pixels on modules. AddiNonal simulaNon studies and de-

tector prototyping will further improve and validate the design. Once completed, it is 

expected that the Inner Tracker and the broader Mighty Tracker system can achieve 

world-leading tracking precision even at the unprecedented collision rates and integ-

rated luminosiNes planned for the High-Luminosity LHC during Runs 5 and 6 in the late 

2020s and 2030s. These studies are playing a criNcal role in maximising the ground-

breaking physics output anNcipated from the upgraded LHCb experiment. 
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