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Abstract

It is planned that the High Luminosity (HL) function of the Large Hadron Col-

lider (LHC) will begin operation in 2027 with an integrated luminosity of 4000 fb�1.

By using the HL-LHC scientists will be able to investigate new physics beyond the

Standard Model (SM), examine electroweak symmetry in more detail, and examine

the characteristics of the Higgs boson. The ATLAS Tile Calorimeter’s on and off de-

tector electronics will be completely redesigned during phase II upgrade, run 3. Due

to the high radiation levels, trigger rates, and high pile-up conditions associated with

the HL-LHC era, it will be necessary to accommodate its acquisition system. The

Institute of Collider Particle Physics is responsible for developing and manufactur-

ing over a thousand transformer-coupled buck converters, known as Bricks, for the

Low Voltage Power Supply (LVPS) system. The LVPS is critical to the TileCAL

on-detector electronics as it powers them by converting 200V high voltage to 10V.

The Bricks are located within the inner barrel, they can only be accessed once a

year. If an LVPS box fails, it can be down for up to a year, causing the Front-End

electronics it supports to remain offline for the same amount of time. As a result, the

Bricks’ reliability is of critical concern that must be addressed throughout their man-

ufacturing process. In addition to the burn-in test station, the Bricks that pass the

quality assurance tests are sent to the European Organization for Nuclear Research

(CERN), to be installed in the ATLAS detector. In this manuscript, we show how we

programmed the Peripheral Interface Controller (PIC) firmware, which is an integral
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part of the Brick Interface board functionality in the burn-in test station. We further

give detail as to how the software framework (LabVIEW) used as a control program

was modified and used to operate the burn-in test station during the burn-in process.

The purpose of the test results discussed is to demonstrate the burn-in test station is

functional according to the preliminary protocols prescribed for Bricks.

iii



Acknowledgments

My sincere thanks go to NRF/iThemba LABS for funding this project and giving

me opportunities through financial support. Prof. Bruce Mellado also deserves praise

for supporting and exposing me to high-energy physics and the world of CERN. My

master’s journey would not have been possible without the guidance and supervision

he provided.

During this project, Roger van Rensburg always volunteered his time to assist us

in whatever way he could. I greatly appreciate your contributions to the success of

this project. The knowledge you instilled in me, will go a long way in my future en-

deavours. For their contributions to this effort, I’m grateful to Edward Nkadimeng,

Ryan Mckenzie, Nkosiphendule Njara, and Thuso Mathaha from the Wits Institute of

Collider Particle Physics team. It is noteworthy that the ATLAS TileCal collabora-

tors, in particular Seyedali Moayedi, Stanislav Nemecek, Oleg Solovyanov, and Irakli

Minashvili, contributed to this endeavour.

Mpho Gololo and Ntsoko Rapheeha also played a major role in helping me survive

life at CERN. We would take those long walks to and from the farm every day, and

they will always be cherished memories in my heart because they taught us that we

could accomplish anything if we all worked together. To my family and close friends,

I wish to extend my sincere gratitude. In the absence of you, I doubt I would be

iv



here today. The encouragement and support you have provided have kept me going

during my time spent at Wits.

v



In loving memory of this special souls in my heart:

Sophie Roselina Mavundla: 1948 - 2019

Ntsane Alfred Lepota: 1970 - 2012

Molantoa Aaron Lepota: 1976 - 2016

Your teachings and advises will continue to play a role in my life and loved ones.

Until we meet again, Maana nong, nongwana e kgolu nkgodikgodi.



Glossary

ADC Analogue-To-Digital Converters. 4, 34, 75

ALICE A Large Ion Collider Experiment. 8

ALU Arithmetic Logic Unit. 77

ANSI American National Standards Institute. 83

ASCII American Standard Code for Information Interchange. 89

ATCA Advanced Telecommunications Computing Architecture. 41

ATLAS A Toroidal LHC Apparatus. ii, 1

BI Brick Interface. 65

BT Barrel Toroid. 24

CCP Capture/Compare/PWM. 76

CCS Custom Computer Services. 84

CERN European Organization for Nuclear Research. ii, 1

CMS Compact Muon Solenoid. 1

COTS Commercially accessible O�-The-Shelf. 36

vii



CPM Compact Processing Modules. 41

CPU Central Processing Unit. 74

CS Central Solenoid. 24

CU Control Unit. 77

DAC Digital-to-Analogue Converter. 69

DAQ Data AcQuisition. 55

DCS Detector Control System. 36

DEMUX Demultiplexer. 67

DL Dummy Loads. 65, 70

EB Extended Barrel. 38

ECT End Cap Toroid. 24

EEPROM Electrically Erasable Programmable Read-Only Memory. 76

EF Event Filter. 36

ELMB Embedded Local Monitoring Board. 44

EM ElectroMagnetic calorimeter. 30, 31

EPROM Erasable Programmable Read-Only Memory. 75

FCAL Forward CALorimeter. 23, 31

FE Front-End. 27

FELIX Front End LINK eXchange. 41

viii



FENICS Front-End electroNICS. 39

FET Field E�ect Transistor. 49

FPGA Field-Programmable Gate Array. 41

FTDI Future Technology Devices International. 67, 90

GPIB General Purpose Interface Bus. 56

GPR General Purpose Registers. 78

HEC Hadronic End-Cap. 17, 31

HEX Hexadecimal. 85

HL High Luminosity. ii

HLT High Level Trigger. 36

HV High Voltage. 40, 42

I/O Input/Output. 74

I2C Inter-Integrated Circuit. 81

IBL Insertable B-Layer. 27

ICSP In-Circuit Serial Programming. 76

ID Inner Detector. 25

IDE Integrated Development Environment. xxiv, 82, 85, 86

IP Inner Pixel. 26

IPE Integrated Programming Environment. 85

ix



LabVIEW Laboratory Virtual Instrument Engineering Workbench. iii

LAr Liquid Argon. 22

LCD Liquid Crystal Display. 76

LHC Large Hadron Collider. ii, 1

LI Load Interface. 65, 69

LV Low Voltage. 43

LVPS Low Voltage Power Supply. ii, 2, 3, 43

MB Main Board. 65, 67

MCU Microcontrollers. 73, 74

MD Micro Drawers. 39

MDTs Monitored Drift Tubes. 32

MOSFET Metal Oxide Semiconductor Field E�ect Transistor. 50

MU Memory Unit. 77

NIEL Non-Ionizing Energy Loss NIEL. 51

OCP Over Current Protection. 50

OpAmp Operational Ampli�er. 70

OVP Over Voltage Protection. 50

PCBs Printed Circuit Boards. 74

PIC Peripheral Interface Controller. ii, 67, 75

x



PMTs Photo Multiplier Tubes. 34

POL P oint-Of-Load (POL). 44

PSP Parallel Slave Port. 76

RAM Random-Access Memory. 75

RISC Reduced Instruction Set Computer. 76

ROD Read-Out Driver. 35

ROI Regions of Interest. 37

ROM Read Only Memory. 75

RTS Request-To-Send. 67

RW Read/Write. 75

Rx Reciever. 69

SCT Semi-Conductor Tracker. 25

SEE Single Event E�ects. 51

SFR Special Function Registers. 78

SM Standard Model. ii, 4

SPI Serial Peripheral Interface. 81

SSP Synchronous Serial Port. 76

TDAQ Trigger and Data AcQquisition System. 34

TID Total Ionizing Dose. 51

xi



TileCAL Tile Calorimeter. 32

TRIS Tri-State. 79

TRT Transition Radiation Tracker. 25

Tx Transmitter. 68

UART Universal Asynchronous Receiver/Transmitter. 67, 80

USART Universal Synchronous/Asynchronous Receiver/Transmitter. 76

VI Virtual Instrument. 92, 133

VISA Virtual Instrument Software Architecture. 91

xii



Publications

Conference Proceedings

1. Lepota T.J , The development of test stations for the ATLAS Tile Calorimeter

Low Voltage Power Supplies, the 64th Annual Conference of the South African

Institute of Physics, edited by Prof. Makaiko Chithambo, (SU/2019), pp. 251

- 256. ISBN: 978-0-620-88875-2. Available online at

https://events.saip.org.za/event/144/page/23-the-proceedings-of-saip2019

2. Nkadimeng E,Lepota T.J , Low Voltage Power Supply production, hardware

upgrade and testing for the ATLAS TileCal Front-End Electronics system, in

The Proceedings of SAIP2019, the 64th Annual Conference of the South African

Institute of Physics, edited by Prof. Makaiko Chithambo, (SU/2019), pp. 257

- 262. ISBN: 978-0-620-88875-2. Available online at

https://events.saip.org.za/event/144/page/23-the-proceedings-of-saip2019

3. Lepota T.J , The characterization and functionality of the interface boards

used on the burn-in test station for the ATLAS Tile Calorimeter Low Voltage

Power Supplies phase II upgrade, in The Proceedings of SAIP2019, the 65th

Annual Conference of the South African Institute of Physics, edited by Prof.

Aletta Prinsloo, (UJ), pp. 516 - 522. ISBN: 978-0-620-97693-0. Available online

at https://events.saip.org.za/event/206/page/446-the-proceedings-of-saip2021

4. Nkadimeng E,Lepota T.J , Re-designing a radiation-tolerant low voltage power

xiii



supply for the ATLAS Tile Calorimeter Phase-II Upgrade, in The Proceedings

of SAIP2019, the 65th Annual Conference of the South African Institute of

Physics, edited by Prof. Aletta Prinsloo, (UJ), pp. 120 - 125. ISBN: 978-0-620-

97693-0. Available online at

https://events.saip.org.za/event/206/page/446-the-proceedings-of-saip2021

5. Ryan Mckenzie,Lepota T.J , Quality assurance testing of the ATLAS Tile

Calorimeter Phase-II upgrade low-voltage power supplies, in The Proceedings

of SAIP2019, the 65th Annual Conference of the South African Institute of

Physics, edited by Prof. Aletta Prinsloo, (UJ), pp. 138 - 144. ISBN: 978-0-620-

97693-0. Available online at

https://events.saip.org.za/event/206/page/446-the-proceedings-of-saip2021

6. Nkadimeng E,Lepota T.J , Quality control software development for testing

the next generation of upgraded low voltage power supplies for the ATLAS Tile

Calorimeter, in The Proceedings of SAIP2019, the 65th Annual Conference of

the South African Institute of Physics, edited by Prof. Aletta Prinsloo, (UJ),

pp. 503 - 509 . ISBN: 978-0-620-97693-0. Available online at

https://events.saip.org.za/event/206/page/446-the-proceedings-of-saip2021

7. Ryan Mckenzie,Lepota T.J , A Burn-in test station for the ATLAS Phase-II

Tile-calorimeter low-voltage power supply transformer-coupled buck converters,

in The Proceedings of SAIP2019, the 65th Annual Conference of the South

African Institute of Physics, edited by Prof. Aletta Prinsloo, (UJ), pp. 523 -

529. ISBN: 978-0-620-97693-0. Available online at

https://events.saip.org.za/event/206/page/446-the-proceedings-of-saip2021

8. Nkosiphendule Njara,Lepota T.J , Low Voltage Power Supply production

hardware upgrade and testing for the ATLAS TileCal Front-End Electronics

system, in The Proceedings of SAIP2019, the 65th Annual Conference of the

xiv



South African Institute of Physics, edited by Prof. Aletta Prinsloo, (UJ), pp.

510 - 515. ISBN: 978-0-620-97693-0. Available online at

https://events.saip.org.za/event/206/page/446-the-proceedings-of-saip2021

9. Mokgatitswane G, Lepota T.J , The replacement and refurbishment of Gap

Scintillator Counters for the ATLAS Tile Calorimeter Phase 1 Upgrade, in The

Proceedings of SAIP2019, the 65th Annual Conference of the South African

Institute of Physics, edited by Prof. Aletta Prinsloo, (UJ), pp. 132 - 144.

ISBN: 978-0-620-97693-0. Available online at

https://events.saip.org.za/event/206/page/446-the-proceedings-of-saip2021

xv



Contents

Declaration 1

Abstract ii

Acknowledgments iv

Dedication vi

Glossary vii

Publications xiii

1 Introduction 1

1.1 Motivation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2

1.2 Overview of the manuscript . . . . . . . . . . . . . . . . . . . . . . . 3

1.3 The LHC . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4

1.3.1 Uncover possibilities . . . . . . . . . . . . . . . . . . . . . . . 4

1.3.2 The LHC Experiments . . . . . . . . . . . . . . . . . . . . . . 7

1.4 Plans for LHC and ATLAS detector upgrades . . . . . . . . . . . . . 9

1.4.1 The High Luminosity LHC . . . . . . . . . . . . . . . . . . . . 9

1.4.2 The ATLAS detector upgrade plan . . . . . . . . . . . . . . . 9

1.5 Principles of calorimetry . . . . . . . . . . . . . . . . . . . . . . . . . 10

1.6 Basics of the Calorimetry . . . . . . . . . . . . . . . . . . . . . . . . . 11

xvi



1.6.1 General . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

1.6.2 Energy loss by electromagnetic interaction . . . . . . . . . . . 12

1.6.3 Energy loss by strong interaction . . . . . . . . . . . . . . . . 13

1.6.4 Electromagnetic and hadronic shower cascades . . . . . . . . . 14

1.6.5 Energy reconstruction . . . . . . . . . . . . . . . . . . . . . . 16

1.6.6 Energy resolution . . . . . . . . . . . . . . . . . . . . . . . . . 17

1.7 Electromagnetic Calorimeters . . . . . . . . . . . . . . . . . . . . . . 18

1.8 Hadronic Calorimeters . . . . . . . . . . . . . . . . . . . . . . . . . . 21

2 The ATLAS experiment 22

2.1 ATLAS subsystems . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22

2.1.1 Magnet System . . . . . . . . . . . . . . . . . . . . . . . . . . 24

2.1.2 Inner detector . . . . . . . . . . . . . . . . . . . . . . . . . . . 24

2.1.3 The Calorimeter system . . . . . . . . . . . . . . . . . . . . . 29

2.1.4 The Muon Spectrometer . . . . . . . . . . . . . . . . . . . . . 32

2.2 The Tile Calorimeter . . . . . . . . . . . . . . . . . . . . . . . . . . . 32

2.3 Trigger and Data Acquisition . . . . . . . . . . . . . . . . . . . . . . 35

2.3.1 Level 1 Trigger . . . . . . . . . . . . . . . . . . . . . . . . . . 37

2.3.2 Level 2 Trigger . . . . . . . . . . . . . . . . . . . . . . . . . . 37

2.3.3 Event Filter . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37

2.4 ATLAS TileCAL phase II Upgrades for the HL-LHC . . . . . . . . . 38

2.4.1 Mechanics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38

2.4.2 PMT blocks . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39

2.4.3 Main Boards . . . . . . . . . . . . . . . . . . . . . . . . . . . 40

2.4.4 Daughter Boards . . . . . . . . . . . . . . . . . . . . . . . . . 41

2.4.5 PreProcessor and TDAQi . . . . . . . . . . . . . . . . . . . . 41

2.4.6 High Voltage Distribution and Regulation . . . . . . . . . . . 42

2.4.7 Low voltage distribution . . . . . . . . . . . . . . . . . . . . . 43

xvii



2.4.8 Results of the Testbeam and Demonstrator . . . . . . . . . . . 45

3 The Low Voltage Power Supply System 46

3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46

3.2 Overview of the Brick design . . . . . . . . . . . . . . . . . . . . . . . 48

3.3 Location Limitations . . . . . . . . . . . . . . . . . . . . . . . . . . . 51

3.4 Improvements on the current prototype . . . . . . . . . . . . . . . . . 52

3.5 Vetting process on the LVPS Bricks . . . . . . . . . . . . . . . . . . . 54

3.5.1 Quality Assurances . . . . . . . . . . . . . . . . . . . . . . . . 54

3.6 Initial test bench results . . . . . . . . . . . . . . . . . . . . . . . . . 58

4 The Burn-in test station 60

4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60

4.1.1 Elimination of early de�ciency . . . . . . . . . . . . . . . . . . 61

4.1.2 Importance of burn-in testing to TileCal . . . . . . . . . . . . 64

4.2 Burn-in test station . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65

4.2.1 Justi�cation of burn-in design . . . . . . . . . . . . . . . . . . 66

4.2.2 Burn-in components . . . . . . . . . . . . . . . . . . . . . . . 66

5 The Burn-in test station software 73

5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73

5.2 Mircocontrollers . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 74

5.2.1 General . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 74

5.2.2 PIC Microcontrollers . . . . . . . . . . . . . . . . . . . . . . . 75

5.2.3 PIC16F883 architecture . . . . . . . . . . . . . . . . . . . . . 77

5.2.4 PIC �rmware project . . . . . . . . . . . . . . . . . . . . . . . 82

5.2.5 PIC16F883 Programming Development Tools . . . . . . . . . 84

5.3 Simulations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87

5.4 LabVIEW control program . . . . . . . . . . . . . . . . . . . . . . . . 89

xviii



5.5 Preliminary results . . . . . . . . . . . . . . . . . . . . . . . . . . . . 94

A Supplementary Information 98

B The LabVIEW basics 133

References 137

xix



List of Tables

2.1 Parameters and intrinsic resolution of the inner detector components

in the barrel and end-cap regions. . . . . . . . . . . . . . . . . . . . 28

3.1 Test Parameters used to validate the LVPS Brick using test stations

[22]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58

4.1 The burn-in test station operational parameters and safe guards. . . . 72

5.1 ASCII characters were sent to ADC to verify the functionality of each

channel using the serial communications software package. . . . . . . 90

A.1 PIC16F883 pinout description . . . . . . . . . . . . . . . . . . . . . . 100

A.2 The preliminary results from the burn-in test station with one Brick

operation. There are 11 parameters recorded during each test. The

measurements where recorded over a span of eight hours with 2 seconds

sampling rate. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 124

xx



List of Figures

1.1 Overview of the Large Hadron Collider Experiments and the CERN

Accelerator Complex [56]. . . . . . . . . . . . . . . . . . . . . . . . . 5

1.2 Schematic depiction of the Standard Model of Particle Physics. To

the left: three generations of matter. To the right: gauge bosons, the

Higgs boson and the still undiscovered graviton [78]. . . . . . . . . . . 6

1.3 Experiments at the LHC and their location [15]. . . . . . . . . . . . . 7

1.4 LHC upgrading strategy [39]. The collision energies of the center of

gravity are represented in red, the current brightness in green, the

integrated luminosity in fb� 1, the Long Shutdown (LS) periods , LS1,

LS2, and LS3, and the Extended Year-End Technical Stop in blue

(EYETS). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10

1.5 Energy loss of a muon in Cu [35]. There are shown in
uences to energy

loss by some processes and the critical energies. . . . . . . . . . . . . 13

1.6 The Hadronic Endcap Calorimeter's e/� ratio, as observed in a sep-

arate beam test [30]. . . . . . . . . . . . . . . . . . . . . . . . . . . . 16

1.7 LEFT: Contribution of several mechanisms to energy loss per unit

length of electron interacting in lead as a function of electron energy

[52]. RIGHT: Cross-sections of several photon interaction mechanisms

in lead as a function of photon energy [52]. . . . . . . . . . . . . . . . 19

2.1 Particle paths in the ATLAS detector [55]. . . . . . . . . . . . . . . 23

xxi



2.2 The inner detector [53]. . . . . . . . . . . . . . . . . . . . . . . . . . . 25

2.3 Left: The ATLAS pixel module layout [49]. Right: The pixel detector

is depicted in this plot using reconstructed vertices corresponding to

material interaction in data acquired with the ATLAS detector at s =

13 TeV [24]. It emphasizes the geometry of the pixels as well as the

layout of the staves [21]. . . . . . . . . . . . . . . . . . . . . . . . . . 26

2.4 The ATLAS Hadron Calorimeter. It is split into three sections: a

barrel in the center and two elongated barrels on either side. Each

portion is made up of 64 separate azimuthal modules [6]. . . . . . . . 33

2.5 TileCAL slice depth and eta segmentation for half of a long barrel (left)

and an extended barrel (right). Calorimeter cells are spaced uniformly

around the contact site [6]. . . . . . . . . . . . . . . . . . . . . . . . . 35

2.6 ATLAS trigger and data acquisition system [11]. . . . . . . . . . . . . 36

2.7 Left: Design of the Mini-Drawer, with the Daughter Board placed

for electronic readout. Right: Arrangement of the MDs in long and

extended barrel modules (top and bottom) [22] . . . . . . . . . . . . 39

2.8 Left to right with the on-detector electronics, which consists of PMTs,

FENICS, a main board and daughter board, as well as the o�-detector

electronics in the right part of the picture, which consists of the tile

pre-processor and TDAQ interface [11]. . . . . . . . . . . . . . . . . . 40

2.9 The TileCAL HL-LHC upgrade for the high voltage system design [22]. 42

2.10 TileCAL HL-LHC update power distribution system design. This

shows how the power is distributed from the o�-detector to the on-

detector circuitry and the location of the LV box which houses the

transformer-coupled buck converter which converts 200 V DC to 10 V

DC. Third-stage upgrades include POI regulators [22]. . . . . . . . . 43

xxii



2.11 Left: Energy deposited in TileCAL demonstrator by electron beams.

Right: Energy response,R<E raw > = <E raw >
Ebeam

[80]. After calibration

with charge injection and a137Cs source, the shower's energy,E raw ,

was obtained by summing the TileCAL cells with signals greater than

two times the electronic noise [81]. Copyright 2020 CERN for the

bene�t of the ATLAS Collaboration. CC-BY-4.0 license. . . . . . . . 44

3.1 LVPS box assembled. . . . . . . . . . . . . . . . . . . . . . . . . . . . 46

3.2 Functional block diagram of an LVPS Brick [31]. . . . . . . . . . . . . 49

3.3 Both sides of The LVPS Brick V8.4.2 prototype showing both sides. . 52

3.4 The test-bench used to do initial testings on the Brick to check if it

passes the required speci�cations. Left: Functional diagram of the test

bench. Right: Actual test bench setup. . . . . . . . . . . . . . . . . . 54

3.5 Left: A test panel for running a multitude of tests to con�rm the

LVPS Brick's functioning. Right: A manual control panel that is used

to monitor the test panel [62]. . . . . . . . . . . . . . . . . . . . . . . 56

3.6 A 30 minute measurement of the LVPS Brick temperatures was taken

on the current prototype V8.4.2 using the test bench [62]. . . . . . . . 58

4.1 Bathtub-curve used to indicate, where electronics usually experience

infant mortality [70]. . . . . . . . . . . . . . . . . . . . . . . . . . . . 61

4.2 The burn-in test station components. . . . . . . . . . . . . . . . . . . 67

4.3 Mainboard (MB) schematic diagram. . . . . . . . . . . . . . . . . . . 68

4.4 Mainboard (MB) prototype. . . . . . . . . . . . . . . . . . . . . . . . 68

4.5 Schematic of interface board. . . . . . . . . . . . . . . . . . . . . . . . 69

4.6 Protype of the BI board. . . . . . . . . . . . . . . . . . . . . . . . . . 70

4.7 LI board prototype. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71

4.8 DL board prototype. . . . . . . . . . . . . . . . . . . . . . . . . . . . 71

xxiii



5.1 Left: The general purpose microprocessor system. Right: MCU system. 74

5.2 Architecture of PIC MCU. . . . . . . . . . . . . . . . . . . . . . . . . 75

5.3 Internal architecture of PIC16F883 chip [75]. . . . . . . . . . . . . . . 77

5.4 Screenshot of MPLAB X IDE after successfully building and compiling

the machine code (.HEX �le). . . . . . . . . . . . . . . . . . . . . . . 82

5.5 PIC16F883 MCU and its pin-out schematic diagram. . . . . . . . . . 84

5.6 The MCU development tools (MPLAB X). The code is written to the

MCU memory (EPROM or Flash) by a MCU programmer. . . . . . . 86

5.7 Block diagram for 
ashing program code to the PIC16F883 MCU. . 87

5.8 The BI board diagram with selective components used to simulations

on the proteus framework. . . . . . . . . . . . . . . . . . . . . . . . . 88

5.9 LabVIEW control and execution diagram. . . . . . . . . . . . . . . . 91

5.10 LabVIEW Graphical User Interface (GUI) used for monitoring and

control of the burn-in test station. . . . . . . . . . . . . . . . . . . . . 94

5.11 A thermograph of a burn in station performing a brick burn-in (left),

Thermal depiction of a Brick undergoing burn in, with the focus on

the major side MOSFETs (right). . . . . . . . . . . . . . . . . . . . . 95

5.12 The temperature measurements which are located in the two positions

on the Bricks spanning for 8 hours during the burn-in process. . . . . 96

5.13 Input current drawn by the Brick spanning for 8 hours during burn-in

process. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 97

5.14 E�ciency of the brick spanning for 8 hours during the burn-in station 97

A.1 Schematic of the BI board. . . . . . . . . . . . . . . . . . . . . . . . . 99

A.2 Temperature measurements at two regions on the Brick during burn-in

process . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 130

xxiv



A.3 Graphical representation of the data recorded during the burn-in of a

Brick. Top: Input voltage delivered to the LVPS Brick from the power

supply. middle:Input voltage from the Brick and received by the BI

board. Bottom: Output voltage from the load. . . . . . . . . . . . . . 131

A.4 Graphical representation of the data recorded during the burn-in of a

Brick. Top: Input current the Brick receives from the Brick interface

board. Middle: Output current sent from the dummy load board to

load interface board. Bottom: The e�ciency of the Brick. . . . . . . 132

B.1 Wiretypes for the LabVIEW control software. . . . . . . . . . . . . . 135

xxv



Chapter 1

Introduction

The Large Hadron Collider (LHC) [25] at European Organization for Nuclear Re-

search (CERN)is the world's largest and most powerful particle accelerator. It was

built with the help of the global community, the same society that now runs the six

large experiments and eagerly seeks new physical discoveries and answers to critical

unanswered issues in particle physics. The LHC collides proton beams at a hitherto

uncharted range of energy, far higher than any prior experiment, allowing researchers

to examine particle interactions in previously unknown territory.

At the LHC, A Toroidal LHC Apparatus (ATLAS) is one of two general-purpose

detectors. It looks at a wide range of physics topics, from the quest for the Higgs

boson to additional dimensions and dark matter particles. It employs distinct techno-

logical solutions and a di�erent magnet-system architecture than the Compact Muon

Solenoid (CMS) experiment but has the same scienti�c objectives.

Collisions of particles from the LHC clash at the ATLAS detector's center, result-

ing in collision debris in the form of new particles that shoot out in all directions

from the collision site. The trajectories, velocity, and energy of the particles are

1



recorded by six distinct detecting subsystems placed in layers surrounding the impact

spot, allowing them to be recognized individually. The pathways of charged particles

are bent by a massive magnet system, allowing their momenta to be measured.

The interactions in the ATLAS detectors result in a massive data 
ow. The AT-

LAS employs an innovative \trigger" mechanism to inform the detector which events

to capture and which to disregard to break down the data. The collision occurrences

are then analyzed using complex data-acquisition and computation technologies. The

7000-tonne ATLAS detector is the world's biggest volume particle detector, measur-

ing 46 meters long, 25 meters high, and 25 meters wide. It is located in a cavern 100

meters below earth near the main (CERN) complex in Meyrin, Switzerland.

1.1 Motivation

This study focuses on developing a burn-in test station that can evaluate Low

Voltage Power Supply (LVPS) durability under a stressful environment similar to the

one found in detectors. In order to power the front-end electronics of the ATLAS

tile calorimeter, LVPS is required. Due to their location in the ATLAS detector's

inner barrel, the LVPS boxes are only accessible once a year. Thus, any failure

of the LVPS will result in an o�ine module. In addition, collision data cannot be

collected for the same amount of time as before. LVPS dependability therefore plays

an imperative role. The dependability of a produced item, such as an LVPS, might

di�er from its projected design reliability due to quality variances such as component

nonconformity. A signi�cant risk of early failure results from these variances. To

solve these infant mortality issues, all LVPS devices will be burn-in-tested before
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being placed on detectors, boosting their reliability. This is accomplished by forcing

LVPS that would otherwise fail early in the TileCal to fail during burn-in testing.

Burn-in testing is submitting the LVPS to a burn-in cycle in which they are subjected

to suboptimal operating circumstances that excite failure mechanisms. To facilitate

the burn-in cycle, a unique burn-in device is necessary. With the planned increase to

the luminosity by 5-fold, implies has made di�cult for the current system to be able

to function optimally this nessitated the ATLAS tile calorimeter's Phase II upgrading

program, which aims to compensate for faster stacking rates, higher radiation levels,

and the aging of the present electronics. The readout electronics have been replaced

with a completely digital trigger system, which sends digital data with full granularity

to devices outside the detector. The new design improves timing and energy resolution

while being less susceptible to out-of-time pileup.

1.2 Overview of the manuscript

In this chapter, we will look at the main features of the LHC and the most antic-

ipated discoveries. Next, we will look at the two general-purpose detectors installed

in the LHC, as well as their design and common problems. Finally, we will look at

ATLAS and its properties. In chapter 2, provides an overview of ATLAS experiment

with it's subsystems and also provides details on the ATLAS tile calorimeter phase

II upgrades and their importance within the system. In chapter 3, focuses on the

Low Voltage Power Supply (LVPS) with an overview of the Brick design. It also dis-

cusses the enhancement to the current prototype in the LVPS Brick including thermal

management and real-time monitoring with capabilities to measure and provide: in-

put/output voltage, input/output current and temperature measurements from two

places inside the device. LVPS brick veri�cation process and measurements of its

temperatures using the test bench are also presented. In chapter 4, shows the crucial
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role played by the burn-in to ATLAS TileCal in order to reduce the early life failures

of LPVS Bricks. Interventions to replace the failed units is complicated by the fact

of the di�cult access to TileCal electronics of the ATLAS detector, the existing radi-

ation and the strong magnetic �eld in the cavern. He also describes each component

of the burn-in test station (Main Board, Brick Interface board, Load interface board

and Coolant System). In chapter 5, summarises software contributions of developing

an application for the burn-in test station with the main goal to provide monitor-

ing, control and data collection capabilities. Microcontrollers are also incorporated

in the main board and interface boards to carry out a wide range tasks according

to the particular PCB relay messages. Simulations were performed to ensure that

the Analogue-To-Digital Converters (ADC) in the circuit are properly functioning.

Provide some preliminary results using the burn-in for one Brick undergoing burn-in

process. Last chapter is conclusion on the work done and future prospects on the

project.

1.3 The LHC

1.3.1 Uncover possibilities

The main aims of the LHC proton-proton physics program are to test and verify

predictions of Elementary Particle Physics theories, and to search for new physics.

Elementary Particle Physics attempts to describe how the universe works by study-

ing the most fundamental constituents of matter and their interactions. To date,

the Standard Model of Particle Physics is the most complete theory describing the

fundamental interactions and classifying all the known elementary particles.

The Standard Model (SM) illustrates the microscopic universe as a series of inter-

actions between matter particles involving forces that act via the interchange of in-
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Figure 1.1: Overview of the Large Hadron Collider Experiments and the CERN
Accelerator Complex [56].

termediate force-carrier particles. Quarks and leptons are the two families of matter

particles or fermions. According to their mass and stability, each fermion family is

split into three generations. At microscopic scales, the SM also describes three of the

four known forces, each of which is linked with scalar force-carrier particles known

as bosons. First-generation elementary particles help compensate for the stable mat-

ter. The second and third generations of particles are more massive, and they decay

rapidly to lighter, more stable particles as shown in Figure 1.2.

The SM was a reliable model for explaining elementary particles and their inter-

actions, but there is signi�cant evidence that it is not complete. For one thing, it

lacks an explanation of gravity. It also contains a large number of free parameters
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Figure 1.2: Schematic depiction of the Standard Model of Particle Physics. To the
left: three generations of matter. To the right: gauge bosons, the Higgs boson and
the still undiscovered graviton [78].

that must be �ne-tuned to �t the observations. Many of our observations in nature

hint to a hypothesis other than SM. Here are few selected examples:

ˆ Neutrinos are projected to have no mass in the SM because they do not couple

to the Higgs �eld. However, oscillations between the three various forms of

neutrinos, or \
avors", have been recorded [2] , demonstrating that neutrinos

are really heavy. These oscillations may indeed be explained if neutrinos have

mass eigenstates that di�er from their 
avor eigenstates. As expansions to the

SM, mechanisms for the neutrino to gain mass are thus necessary [13].

ˆ There is currently compelling cosmological evidence that the universe's energy

content, as well as its pace of expansion, cannot be described only by the SM.

To explain these facts, some theories propose cold dark matter [12] and repul-

sive dark energy [63], which would account for a considerable amount of our

universe's energy content.
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Figure 1.3: Experiments at the LHC and their location [15].

ˆ It is reasonable to hypothesize that there should be a theory that connects the

electroweak and strong forces, just as it has been demonstrated that the weak

and electromagnetic forces are expressions of the same gauge invariant theory

that is subject to symmetry breaking. This is only one of many convincing

reasons why a Grand Uni�ed Theory (GUT) of basic forces should include our

SM of particle physics [33].

The LHC's ATLAS detector attempts to test our knowledge of the SM and hunt

for evidence of beyond SM physics. The LHC is upgraded to the High Luminosity

(HL-LHC) in order to boost the sensitivity of the detectors on its ring to uncommon

processes. The ATLAS detector and its extension, which will run concurrently with

the LHC, are discussed in the upcoming sections.

1.3.2 The LHC Experiments

All experiments are encased at the LHC as shown in Figure 1.3. The recent dis-

coveries are most likely the result of the two general-purpose detectors the ATLAS
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and CMS. The additional trials are intended for more focused research: A Large Ion

Collider Experiment (ALICE) will be the results of the Pb-Pb collision, such as the

predicted quark-gluon plasma property. Instead, LHCb (LHC beauty) will focus on

the physics of B-mesons. TOTEM (TOTal Elastic and di�ractive cross section Mea-

surement ) and LHCf (LHC forward) are smaller detectors that examine soft collision

characteristics and are linked to CMS and ATLAS, respectively.

ATLAS and CMS are LHC general-purpose particle detectors that can detect elec-

trons, photons, muons, hadrons, and jets generated when particles collide or decay.

The detectors may also determine the presence of neutrinos if they cover a large solid

angle around the collision point using the missing transverse impulse approach if they

cover a big solid angle around the collision point. The fact that two detectors are

meant to examine the same sort of phenomenon may appear redundant; yet, this trait

is extremely bene�cial since it allows for cross-checking of potential discoveries with

separate methodologies. The similar function and operating conditions shape the two

detectors almost identically; nonetheless, the particular design of each detector and

the choice of magnet system are so di�erent that each one has a distinct personality.

After three years of operation, these two experiments announced the discovery of a

new elementary mass particle with a mass of 125 GeV, as predicted by the 50-year-

old Higgs Boson (SM) [27]. The LHCb is intended to explore CP (Conjugation and

Parity) violation in the bottom quark sector, whereas ALICE is intended to study

quark-gluon plasma from heavy ion, lead-lead, and lead-proton collisions [16].
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1.4 Plans for LHC and ATLAS detector upgrades

1.4.1 The High Luminosity LHC

The LHC is intended to collision protons at 14 TeV center of mass energy and

deliver a total integrated luminosity of 300 fb� 1 to each of its two general purpose

detectors, ATLAS and CMS. Figure 1.1 depicts the LHC 
ow chart. It has so far hit

13 TeV and provided over 100 fb� 1 of data. Data gathered at the LHC since 2010 have

resulted in some of the most accurate measurements of SM parameters and toughest

constraints for beyond SM values, when combined with the discovery of the Higgs

boson. However, without a considerable rise in instantaneous luminosity beyond

2020, the LHC's statistical gain will be minimal, and it will take ten years to half

the statistical error in the data. The LHC will be updated during Long Shutdown

3 (LS3) 2024-2026 to increase its discovery potential and retain statistical bene�t

from running for a longer length of time. This increase results in an instantaneous

brightness that is roughly 5 to 7 times more than the initial design value, enabling

for the collection of 3000 to 4000 fb� 1 collision data over the following 10 to 12~years

[9].

1.4.2 The ATLAS detector upgrade plan

In addition to the LHC, numerous upgrades for the ATLAS detector are planned

in order to ensure appropriate physical performance with a greater instantaneous

luminosity and to deal with the impacts of long-term radiation exposure owing to

the increased integrated luminosity. These improvements are carried out during the

lengthy downtime periods of LS1, LS2, and LS3.

The ATLAS detector's Phase-II modi�cations will be undertaken during LS3. A sig-

ni�cant improvement to the trigger and data collecting system is in the works. The
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