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Abstract

The LHC is planned to deliver five times the nominal instantaneous luminosity in the
High-Luminosity LHC (HL-LHC). To address the projected greater detector occupancies
and harsher radiation environment at the HL-LHC, considerable upgrades to most of
the ATLAS detector sub-systems are required. The Phase-II Upgrade is planned to last
approximately three years and is scheduled for 2026-2029. The ATLAS Tile Calorime-
ter (TileCal) will require the complete replacement of the readout electronics in order to
accommodate its acquisition system to the increased radiation levels, trigger rates, and
high pile-up conditions during the HL-LHC period. The Phase-II upgraded readout elec-
tronics will digitize the PMT signals from every TileCal cell for every bunch crossing
and will transmit them directly to the off-detector electronics. In the counting rooms,
the off-detector electronics will store the calorimeter signals in pipe-lined buffers while
transmitting reconstructed trigger objects to the first level of trigger at 40 MHz. The re-
placement of the on-detector and off-detector read-out electronics for increased resolu-
tion, trigger performance, and radiation tolerance for the HL-LHC operation conditions
is a major part of the Phase-II TileCal upgrading activities. The TileCal upgrade project
has undergone an extensive research and development program as well as several test
beam campaigns. Wits University’s Institute for Collider Particle Physics is responsible
for 50% (1024 units) of the total upgrade low voltage power supply transformer-coupled
buck converter (Bricks) that delivers 10 V to the front end system. In the year 2022, a
large-scale production and testing is planned for around 1024 radiation-tolerant power
supplies with the same output voltage. The LVPS Brick V7.5.0 currently installed within
the Tile Calorimeter will be completely replaced as part of this production. The LVPS
Bricks are located within the TileCal’s inner barrel and their operational reliability is off
critical importance. As a result, performance screening will be implemented, which will
include testing and certification of all LVPS Bricks manufactured. Radiation tests for Total
Ionizing Dose (TID), Non-Ionizing Energy Losses (NIEL), and Single Event Effects (SEE)
were also carried out to evaluate the radiation tolerance strategies used in the design
and to qualify the LVPS Brick for the HL-LHC requirements, as per the ATLAS policy on
radiation tolerant electronics.
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Chapter 1

Introduction

1.1 The Standard Model of particle physics

The study of particle physics is centered on understanding the properties of elementary
particles and the mechanisms by which they interact. The SM of particle physics neatly
contains our current knowledge of particle physics. The discovery of the Higgs boson in
2012 by the ATLAS [1] and CMS [2] collaborations, was a major breakthrough for particle
physics and subsequently there are currently no particles in the SM which have not been
experimentally observed.

The SM specifies the nature of every field (and every particle by extension) that has
been observed in nature, according to the theoretical framework of quantum field theory
(QFT). Particles are believed to be the outcome of propagating excitations in a number
of fundamental fields that transcend space and time, according to quantum mechanics.
Under the theoretical framework of quantum field theory (QFT), the SM describes the
nature of every field (and therefore every particle by extension) which has been observed
in nature. The observation of particles therefore allows us to probe the nature of the
fields from which they emerge, which allows us to further understand the fundamental
constituents of the universe [3, 4, 5].

1.1.1 Particles in the Standard Model

The importance of the many particles in the SM can be classified into two categories:
fermions and bosons. These two definitions describe not only particle spin, but also how
particles organize themselves in huge ensembles and interact with one another. This
has implications for our perceptions of and interactions with the physical environment.
Fermions have half-integer spin ( 1

2 , 3
2 , etc.) and have quantum mechanical wavefunctions

that are anti-symmetric when two of them are exchanged, implying that two fermions
cannot occupy the same quantum state at the same time. The matter that we are familiar
with on macroscopic scales is made up of fermionic particles, which sounds intuitive.
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Figure 1.1: The fermionic particle content currently explained in the SM, with their as-
sociated masses in parentheses. All quoted masses are taken from Reference [7, 8, 9, 10].
The errors have been omitted for significantly precise measurements.

This is especially true in the SM, where we believe matter is virtually exclusively com-
posed of electrons orbiting bound states of quarks (protons and neutrons). In Figure 1.1,
the fermionic particles of the SM are given along with their properties. In principle,
freely moving leptons can be observed in nature, but free quarks cannot. Quarks have
been demonstrated to follow a concept known as "confinement", which causes them to
spontaneously cluster into groups to make hadrons (such as protons, neutrons, pions,
etc.). This is linked to the fact that quarks carry a color charge (different from their elec-
tric charge), which was derived from the patterns by which quarks cluster [4, 5, 6]. There
is an equally massive anti-particle associated with each fermion in the SM, which has
inverted internal charges. The fermions in the SM are chiral in nature and can have left-
handed or right-handed projections, which is a measure of whether or not a particle’s
spin is aligned with its momentum [7, 8, 9, 10]. Bosons serve as interaction mediators
in the Standard Model. Electromagnetism, the strong nuclear force, and the weak nu-
clear force are three fundamental interactions in the SM that are responsible for distinct
forces that have been identified in nature. These interactions are linked to the interchange
of spin 1 gauge bosons, which originate from the requirement that certain symmetries,
known as gauge symmetries, be obeyed by nature. As a result, these bosons are also
known as gauge bosons. The photon (γ) is linked to electromagnetism, while the gluon
(g) to the strong interaction; both particles have no mass. The massive W and Z bosons,
with masses of 80.385 ± 0.015 GeV and 91.1876 ± 0.0021 GeV, respectively, mediate the
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weak interaction [11, 12]. The graviton, a spin 2 gauge boson, is thought to be linked
to gravity. However, there is currently no experimental proof that it exists. The Higgs
interaction, which is not mediated by a gauge field, is another fundamental interaction in
the Standard Model. It is rather included by hand as a field that allows particles to have
mass whilst maintaining the SM’s required symmetries. The spin zero (scalar) Higgs bo-
son is added to the SM as a result of this. A massive particle with a mass of 125.09 ±
0.24 GeV [12, 13]. The theoretical account of electroweak symmetry breaking clarified the
origin of the Higgs boson (and the masses of all known heavy fundamental particles) [12,
13, 14, 15].

1.1.2 Electroweak Interaction

The purpose of the SM’s early development was to use gauge invariance to combine mul-
tiple theories of particle interactions. Quantum Electrodynamics (QED) can be explained
using a theory based on gauge invariance under a U(1) group symmetry, which gives
rise to the photon and its interactions, while Quantum Chromodynamics (QCD) uses an
SU(3) group symmetry to give rise to eight gluons and their interactions with quarks via
colour charge. A Yang-Mills theory [13] is a theory that is built on an SU(N) group. A
Yang-Mills theory can also be used to describe the weak interaction. However, there are a
few caveats that make the description more complicated. This section explains these lim-
itations and how to overcome them using the notion of electroweak symmetry breaking
(EWSB). Glashow, Weinberg, and Salam (GWS) developed the Electroweak (EW) Theory
to better comprehend weak interactions [6, 7]. The Yang-Mills theory combines weak and
electromagnetic interactions into a single theory. According to the theory, all left-handed
fermions are organized as weak iso-doublets (components that mix during transforma-
tions in an isospin space), for the neutral and charged leptons, and the up- and down-type
quarks, respectively:

qL =

(
u
d

)
L

and,

(
vℓ
ℓ−

)
L

, (1.1)

Under the EW gauge group, right-handed fermions are considered as singlets and do
not transform: U(1)Y SU(2)L SU(2)L SU(2)L SU(2)L SU(2)L SU(2)L The SU(2)L group
transformations exclusively affect left-handed fermion doublets, as shown by the sub-
script L. Weak hypercharge, denoted by the γ symbol, is a conserved quantity deter-
mined by the Gell-Mann Nishijima equation [16, 17]:

γ = 2(Q − I3), (1.2)

where I3 is the third component of a fermion’s isospin, while Q is its electric charge. The
U(1) group’s generator is represented by the parameter γ. This fermion treatment is re-
quired, but it comes with two unavoidable drawbacks. To begin with, the need of gauge
invariance necessitates the theory’s bosonic mediators to be massless, just as photons and
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gluons are massless. The bosonic mediators of the weak interaction (the W and Z bosons)
should have a non-negligible mass, according to Fermi’s prior work [18, 19]. The sec-
ond issue has to do with rewriting the theory in terms of left-handed and right-handed
fermion projections. Because the EW theory exclusively applies SU(2) transformations
to left-handed doublets, gauge invariant mass terms for fermions that are known to be
massive cannot be written down. As a result, the fermions couldn’t have mass terms.
Surprisingly, the insertion of the Brout-Englert Higgs (BEH) mechanism solves both dif-
ficulties [20, 21, 22]. In the 1960s, Peter Higgs, Francois Englert, and Robert Brout pre-
sented the BEH mechanism, which was the first to illustrate how a gauge field might gain
mass without breaking gauge invariance. Guralnik, Hagen, and Kibble [23] followed up
on this theoretical discovery with similar work. The answer lies in postulating the ex-
istence of a scalar field with a non-zero vacuum expectation value (VEV), which will be
explained briefly below. Consider a complex field ϕ interacting with a U(1) gauge field
Aµ for illustration purposes. When introducing the gauge field, gauge invariance must
be preserved by embedding Aµ into the Lagrangian as follows:

L = (Dµϕ)+(Dµϕ)− 1
4

FµvFµv − µ2ϕ∗ϕ − λ(ϕ ∗ ϕ)2, (1.3)

where Fµv = ∂µ A - ∂v Aµ and Dµ is the covariant derivative Dµ = ∂µ - ieAµ. The kinetic
terms of the scalar field and gauge field, respectively, could be denoted by the first two
terms in Equation 1.5. The other two terms can be thought of as the negative of a potential
V(ϕ) (i. e. such that L = T - V). Interactions between ϕ and Aµ arises from the covariant
derivative, and gauge invariance rules out the possibility of a mass term for Aµ. It’s
worth noting that ϕ has two degrees of freedom because it is complex. The gauge boson
is a massless particle with no mass. A has two degrees of freedom as well, bringing the
total number of degrees of freedom in the theory to four. The particle spectrum produced
by the theory can be approximated from a quantum mechanical standpoint by looking at
minor variations of the Lagrangian in Equation 1.5 around a stable background.We can
now analyze the particle spectrum by expanding around the new vacuum of the theory
by changing the fields such that h = Re(ϕ) -v and = Im(ϕ). This will result in the following
(without all of the interaction terms):

L(h, χ) =
1
2
(∂µh)(∂µh)− λv2h2 +

1
2
(∂µχ)(∂µχ)− 1

4
FµvFµv +

1
2

e2v2 AµAµ (1.4)

The penultimate term in Equation 1.4 is an instantaneous mass term for the gauge field,
(mA = ev√

2
). There is also a large scalar boson h with mass mh =

√
λv as well as another

massless scalar. It can be proved that is not a real particle in the theory since it can be
eliminated from the Lagrangian by performing a simple U(1) rotation after selecting a
fixed gauge and h is a Higgs boson [24, 25]. There are four degrees of freedom in the
theory as expressed in Equation 1.5, and there should be four degrees of freedom after
expanding around the vacuum. Equation 1.4 has one degree of freedom for the large
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scalar h and three degrees of freedom for the now massive gauge field.

1.1.3 Quantum chromodynamics

Quantum Chromodynamics (QCD) is a theory based on the SU(3)C colour group [26].
The requirement of the Lagrangian’s local gauge symmetry involving colored quark
fields leads to massless gluon vector bosons that can interact with each other. The SU(3)C

group’s unique structure implies gluon-gluon interactions that lead to the theory’s asymp-
totic freedom and confinement, ensuring the transmission of color neutral states to macro-
scopic distances. The QCD Lagrangian can be read as follows:

LQCD = −1
4
(Fa

µv) +
n f

∑
k=( f lavors)

Ψ−j
k (i /Dm)ij)Ψi

k + Lgauge (1.5)

where (Dµ)ij= δij ∂µ - igAa
µ

λij
2 For each color i and flavor k, there are eight a = 1...8 spin-1

massless gluon fields Aa
µ that mediate the strong interaction and quark fields ψi

k. The cou-
pling of the strong interaction g is linked to the gauge invariance of the QCD Lagrangian.
The kinetic term for - 1

4 (Fa
µv)(Faµv) generates the gluon self- interaction. The structure

coefficients fabc are related to the generators of the SU(3)C color group Gell-Mann matri-
ces λa

ij by [λa, λb] = iλc defining the corresponding Lie algebra. To perform perturbative
calculations, the gauge fixing term Lgauge must be added. The propagators for the gluon
fields are not defined otherwise. In summary, the application of perturbative aspects of
QCD framework to hadronic scattering and final state objects not only played an impor-
tant role in the development of collider physics, but also contributed to the verification
of the EW sector of the SM through the discovery of the W and Z bosons, as well as the
bottom and top quarks.

1.2 The Large Hadron Collider and its experiments

Particle accelerators are used in particle physics experiments. Particle physics is a branch
of physics that aims to discover the structure of matter at the smallest scales possible. In
terms of dimensional analysis, length and energy are inversely proportional. As a result,
only high energies can probe small distances. It is for this reason that particle accelera-
tors are an important field of investigation in particle physics since colliding particles are
accelerated to high energies. The Large Hadron Collider (LHC) [11] is the world’s largest
and most powerful particle accelerator. It is part of the accelerator complex at the Eu-
ropean Organization for Nuclear Research (CERN) (Figure 1.1), and located in a circular
tunnel between 45 m and 170 m beneath the France-Switzerland border near Geneva. The
accelerator complex is made up of a series of particle accelerators, each of which boosts
the energy of a particle beam before injecting it into the next one in the chain. The LHC
features a 27-kilometer circumference and two parallel beam pipes that run through 1232
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Figure 1.2: CERN accelerator complex with Large Hadron Collider (LHC), Super Proton
Synchrotron (SPS), Proton Synchrotron (PS), Antiproton Decelerator (AD), Low Energy
Ion Ring (LEIR), Linear Accelerators (LINAC), CLIC Test Facility (CTF3), CERN to Gran
Sasso (CNGS), Isotopes Separation on Line (ISOLDE), and neutrons Time of Flight (n-
ToF) LHC [5].

main dipole and 392 main quadrupole superconducting magnets, which bend and focus
the two counter-rotating protons or heavy ions beams. The LHC beams cross in four ex-
perimental caverns, in which large experiments are built around the crossing point. Each
experiment is outfitted with many layers of sub detectors and instrumentation in order
to measure and identify the particles that emerge from the collisions energy. Two of the
experiments are general-purpose detectors: A Toroidal ApparatuS (ATLAS) [1] and the
Compact Muon Solenoid (CMS). These detectors are designed to investigate a variety
of particle physics phenomena. A third experiment, A Large Ion Collider Experiment
(ALICE) [12] is designed to measure heavy ion collisions in order to study the physics of
strongly interacting particles including the quark-gluon plasma, while the Large Hadron
Collider beauty (LHCb) experiment is designed for precision measurements of heavy b-
quark interactions to explore questions such as CP violation and the matter-antimatter
asymmetry of the universe.
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1.2.1 LHC upgrade for the high luminosity era

The vast majority of collisions at LHC are low-momentum transfer minimum bias events.
The LHC was designed to deliver a peak luminosity of 1034cm−2s−1 in order to produce
adequate rates of inelastic collisions, which produce particles with sufficiently high an-
gles with respect to the beam axis to be measured, and which could be interesting for new
physics research. The LHC has a proton bunch crossing rate of 40.08 MHz, with multi-
ple particle collisions per bunch crossing. As a result,the LHC experiments are equipped
with multi-level trigger and data gathering systems that reject uninteresting events in
order to make data quantities reasonable while reducing the loss of fascinating physics.
The discovery of the Higgs particle in 2012 cemented the idea of pushing the LHC to its
limits by increasing the luminosity to produce a substantially larger volume of particle
collisions over the accelerator’s lifetime [27]. The HL-LHC program will allow for more
precise measurements of SM particles and processes, as well as increased sensitivity to
huge particles and unusual processes that may arise at rates lower than our current sen-
sitivity levels. Increasing the peak LHC luminosity to 5 × 1034 cm−2 s−1 will result in an
integrated luminosity of up to 250 fb−1 each year, with a total of at least 2500 fb−1 during
a ten-year period after the upgrade [11].

Experiments at the LHC

ATLAS, CMS, ALICE [8], and LHCb [1] are the four experiments that will be installed
at the LHC [27] accelerator. ATLAS and CMS are proton-proton detectors with similar
physics goals but distinct designs. The key distinction is in the magnet system, which
has a significant impact on the detector geometry. Two specialized detectors, ALICE and
LHCb, have also been developed. ALICE specializes in heavy ion (Pb-Pb) collisions,
while LHCb focuses on B-physics and the CP-violation that goes with it. The technical
design studies for ATLAS, CMS, ALICE and LHCb provide further information on the
detectors.

CMS

The Compact Muon Solenoid (CMS) is a multi-purpose proton-proton collision experi-
ment. CMS is smaller than ATLAS, with a length of 22 meters and a height of 15 meters.
Despite this, its mass is over two times that of ATLAS, at 12500 t. The CMS detector will
be built around a 13 m long superconducting solenoid with a bore of 5.9 m and a nominal
magnetic field strength of 4 T, resulting in a compact design of the muon spectrometer.
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ALICE

ALICE (A Large Ion Collider Experiment) is a heavy-ion detector that was created to
study Pb-Pb collisions. The physics of strongly interacting matter and the quark-gluon-
plasma will be studied with ALICE. This provides us with a better understanding of
our universe as it existed just after the big bang. ALICE has a unique feature in that it
will reuse components of the L3 experiment that was previously running at the Largest
Electron-Positron accelerator (LEP). The ALICE detector is being developed by a team of
over 1000 physicists and engineers from 105 institutes across 30 countries. It has a total
volume of 161626 m3 and a weight of around 10 000 t. ALICE is made up of a forward
muon spectrometer and a middle barrel that measures hadrons, electrons, and photons.
The central section covers the polar angles from 45 ◦ up to 135 ◦ and housed in a massive
solenoid magnet that was left over from the L3 experiment at LEP. From the inside out,
the barrel contains an Inner Tracking System (ITS) of six planes of high-resolution sili-
con pixel (SPD), Three particle identification arrays of Time-of-Flight (TOF), Ring Imag-
ing Cherenkov (HMPID), and Transition Radiation (TR) detectors, high-resolution silicon
pixel (SPD), drift (SDD), and strip (SSD) detectors, a cylindrical Time-Projection Cham-
ber (TPC), and three particle identification arrays of Time-of-Flight (TOF), Ring Imaging
Cherenkov (HMPID), and (TRD) detectors, and two electromagnetic calorimeters (PHOS
and EMCal).

LHCb

The LHCb was built to investigate CP violation and other unusual events in B meson
decays. These studies are important not only for elementary particle physics but also
for cosmology, as they help to explain why matter dominates antimatter in our world.
LHCb can work at much lower luminosity (1032 cm−2s−1) than the nominal luminosity
of LHC. Therefore it is possible to reach its full physics potential already in the beginning
of LHC operation [28]. The LHCb was built to investigate CP violation and other un-
usual events in B meson decays. These researches are important not only for elementary
particle physics but also for cosmology, as they help to explain why matter dominates
antimatter in our world. The LHCb can operate at a substantially lower luminosity (1032

cm−2s−1) than the LHC’s nominal luminosity. As a result, it is possible to realize its full
physics potential even before the LHC starts operating cite.

ATLAS

The ATLAS experiment is explained more in detail in the following sections as the ATLAS
Hadronic Tile Calorimeter is subject of this thesis.
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Figure 1.3: The ATLAS Detector and its detector subsystems from the LS0 ATLAS layout.
(1) Muon Detectors; System of magnets: (2) Toroid Magnets and (3) Solenoid Magnet;
Inner Detector: (4) Transition Radiation Tracker, (5) Semi-Conductor Tracker and (6) Pixel
Detector; Calorimeters: (7) Liquid Argon Calorimeter and (8) Tile Calorimeter. The inner
beam line (IBL) and New-Small-Wheel (NSW) are seen on both ends of the detector [29].

1.3 The ATLAS Experiment facing the High Luminosity LHC

Increasing the LHC luminosity [29] also poses major challenges for the detectors. The
larger numbers of collisions per bunch crossing mean that interesting physics events will
be overlaid by high numbers of particles from simultaneous minimum bias events, mak-
ing selection of interesting events more difficult. It also means that detectors and elec-
tronics must be able to tolerate much higher quantities of radiation. These new challenges
necessitate the developing of new electronic designs for the front end and off detection
systems based on newer technology. This thesis highlights the author’s contributions to
making ATLAS capable of meeting the demanding requirements for the HL-LHC.

1.3.1 ATLAS detector overview and coordinate system

The ATLAS experiment makes use of a right-handed coordinate system with its origin
located at the nominal interaction point (IP) in the centre of the detector and the z-axis
along the beam pipe. The x-axis points from the IP to the centre of the LHC ring, and
the y-axis points upwards. Cylindrical coordinates (r, ϕ) are used in the transverse plane,
where ϕ is defined as the azimuthal angle around the z-axis. The pseudo-rapidity is de-
fined in terms of the polar angle θ as η = −ln tan (θ/2). is a cylindrical detector with
dimensions of approximately 25 m diameter and 44 m length, weighing approximately
7000 tons. It is instrumented with multiple layers of detectors at increasing distance from
the interaction point in the centre of (Figure 1.3). The four main detector subsystems are



Chapter 1. Introduction 10

Figure 1.4: ATLAS Detector Particle detection schematic [1].

the inner tracking detector, the calorimeters, the muon spectrometer, and the supercon-
ducting magnet systems. The bunches of protons arriving each 25 ns along the z axis
collide at the interaction point in the centre. A particle’s momentum along the z axis is
termed longitudinal momentum, while the projection of a particle’s total momentum p
on the xy plane is defined as the particle transverse momentum pT. The pseudo-rapidity
(η), is a convenient and commonly used way to express the polar angle θ of high energy
particles [30].

1.3.2 Particle detection on the ATLAS detector

In the various sub-detectors, the Standard Model particles exhibit distinct signatures.
Data from the tracking, calorimeter and muon spectrometer subsystems are combined to
identify and characterize each particle produced in a collision (Figure 1.4). ATLAS uses
a system of magnets to bend charged particles’ paths in a known magnetic field to mea-
sure their momentum and energy. For accurate momentum and charge measurements,
the central solenoid enclosing the Inner Detector generates a nominal field of 2 T. To allow
accurate muon energy measurement, the muon spectrometer employs a system of super-
conducting toroidal magnets with a nominal field strength of 0.6 T. The Inner Detector
consists of a high-granularity Pixel Detector for precise vertex reconstruction, a semicon-
ductor strip tracking detector for high-density track measurement near the beam pipe,
and a transition radiation straw-tube Tracker for large-radius tracking and particle iden-
tification. The Liquid Argon Electromagnetic Calorimeter (LAr) and the Hadronic Tile
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Calorimeter (TileCal) are part of a system of calorimeters that absorb and measure the
energies of both charged and neutral particles leaving the tracking volume. High-density
absorber materials stop electrons, photons, and hadrons in both calorimeters, while ac-
tive materials provide a signal proportionate to the energy deposited by secondary par-
ticles and particle cascades. The innermost calorimeter layer (LAr) is made up of layers
of absorber material (lead) and active material (liquid argon). The electromagnetic barrel
calorimeter and end-caps, which include the forward calorimeter (FCAL), electromag-
netic end-caps, and hadronic end-caps, are included in LAr. For precise measurements
of the energy and location of electrons and photons, LAr is highly granular, with around
200,000 channels. The outer calorimeter (TileCal) is made up of steel absorber sheets with
scintillating plastic tiles sandwiched in between. TileCal has ten thousand photomulti-
plier channels that read out the scintillating light produced by hadrons and hadronic jets,
which is less granular than LAr. The Muon Spectrometer is ATLAS’s furthest detector.
This sub-detector incorporates three massive superconducting air-core toroid systems
with gas-filled tracking chambers to measure the bending radius of muons as they leave
the detector, with a total of about 200 000 channels. The subsystem can identify muons
from cosmic rays and from other muons, in addition to providing good muon momen-
tum resolution.

1.3.3 Muon Spectrometer

The ATLAS Muon Spectrometer [13] bends the trajectories of muons in a magnetic field
created by a system of large, superconducting air-core toroid magnets, and measures
their tracks with four different types of tracking chambers, each with positions optimized
for full spatial coverage and momentum resolution. The Muon Spectrometer uses two
types of trigger detectors, as shown in Figure 1.5: Resistive Plate Chambers (RPC) for the
barrel region and Thin Gap Chambers (TGC) for the end-cap region. Chambers (RPC)
for the barrel region and the Thin Gap Chambers (TGC) in the end-cap region. The Mon-
itored Drift Tube (MDT) chambers track and measure momentum for both the barrel and
the end-cap, with the exception of the innermost layer of the end-cap, where Cathode
Strip Chambers (CSC) are positioned [31]. The end-cap inner station (EI station) will be
replaced with a NSW detector made up of eight layers of Micromegas and eight layers of
small-strip TGC as part of the ongoing Phase-I upgrade. In addition, each small-sector
MDT chamber in stations 7 and 8 (BIS78) for the barrel inner (BI) station will be replaced
with a small-diameter MDT (sMDT) chamber and a thin-gap RPC. The following are the
overall Phase-II upgrade strategies [32]: (1) increase the number of RPC and TGC trigger
layers in the barrel and endcap regions, respectively; (2) combine TGC and NSW infor-
mation to reduce fake trigger muons found in the endcap region; and (3) use MDT as a
trigger device at the first trigger level to improve the trigger muon momentum resolution.
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Figure 1.5: The Muon Detector [33].

1.3.4 Inner Detector

The tracks describing the trajectories of charged particles as they travel through the de-
tector can be reconstructed. The Inner Detector’s major goals are to get exact particle
trajectory data and to properly estimate their initial spatial coordinates [12]. The inner
detector (Figure 1.6) is made up of three different detector layers stacked in concentric
cylinders around the beam axis, with a maximum length of 7 m and a radius of 115 cm.
The end-cap detectors, on the other hand, are arranged in disks perpendicular to the
beam axis. Over |η| ≤ 2.5, the Inner Detector as a whole provides full tracking cover-
age.

1.3.5 The Pixel Detector

The Pixel Detector (Figure 1.7), the innermost element of the Inner Detector, was designed
for very high-granularity and high-precision measurements as close to the interaction
point as possible. This sub-detector takes three measurements per track over the entire
acceptance and is utilized to determine secondary vertices from short-lived particles like
B hadrons and τ leptons, as well as to calculate the impact parameter resolution. The
Pixel detector, which has around 140 million channels, is made up of three concentric
barrel layers and five disk layers on each, with the goal of achieving a high angular cov-
erage. The pixel modules are placed on support structures in the two end-cap sections
and on staves in the barrel region, as shown in (Figure 1.7 to the left).
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Figure 1.6: ATLAS Inner Detector [29].

To reduce energy loss from crossing particles, as well as multiple scattering and sec-
ondary interactions, light materials are used for support structures and sensors. The
carbon fiber support structures incoparate cooling circuits built into them. The pieces
that make up a pixel barrel module are shown in (Figure 1.7 to the right). Each module
contains 61440 pixel elements read out by 16 FE chips, each of which serves a 24 × 160
pixel array. The module’s interconnections are made on a flexible Kapton printed circuit
board (PCB), which is wire-bonded to the electronics chips. On the sensor surface, the
output signals are routed to a hybrid on top of the chips, and then to a separate clock-and-
control integrated circuit. Individual circuits for each pixel element are included in the
read-out chips, as well as buffers for storing data until an L1 trigger choice is made. The
Pixel Detector elements were designed to withstand a total dosage of ionizing radiation
of more than 300 kGy and over 1015 neutrons per cm−2 over 10 years of operations [27].

1.3.6 The Semiconductor Tracker

The Semiconductor Tracker (SCT) [12] surrounds the Pixel Detector. This subsystem con-
tributes to momentum, impact parameter, and vertex position computations by provid-
ing eight measurements per track. The SCT’s four barrel modules are mounted on carbon
fiber cylinders that house the cooling system, and the end-caps are made up of nine an-
nular disks at each end of the barrel region. This arrangement, which has over 6.2 million
channels, covers the radial region from about 30 to 52 cm, with hermetic azimuthal cov-
erage of |η| ≤ 2.5. Four single-sided p-on-n silicon detectors make up each module.
On each side of the module, two detectors are wire-bonded together to form strips. The
electronics are set above the detectors, and two of these strips are glued together in a
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Figure 1.7: Assembly view and cross-section of an ATLAS Pixel Detector module (left)
and the Schematic drawing of the ATLAS Pixel Detector (right) [34]. The IBL is not in-
cluded in the image.

back-to-back configuration separated by a heat transmission plate. Both the Pixel De-
tector and the SCT require extremely high dimensional stability, relatively cold detector
operation (–7◦C), and adequate heat dissipation from both the detector leakage current
and the electronics.

1.3.7 The Transition Radiation Tracker

The Transition Radiation Tracker (TRT) [12] is made up of 372000 cylindrical drift tubes
or 4 mm diameter cylindrical straws. The barrel portion has about 50000 straws, each
separated at z = 0 to reduce occupancy. The remaining 320000 straws are spread radi-
ally in the end-caps, with the read-out at the outer radius. Individual modules with 329
to 793 axial straws make up the barrel portion, while 18 wheels in each of the end-caps
have a total of 224 layers of radially arranged straws. A thin 30µ m diameter gold-plated
tungsten sensing wire sits in the center of a straw, while the 4 mm diameter conductive
coated Kapton surface functions as a cathode by being held at high voltage of negative
polarity. The straws are filled with a gas mixture consisting of 70% Xe for good X-ray
absorption and 27% CO2 and 3% O2 for photon quenching and increasing the electron
drift velocity. Interleaved between the straw layers are polypropylene foils or fibre ra-
diators. Tracking is provided by the drift tubes, and additional discrimination between
hadrons and electrons is provided by the visible X-ray emitted when electrons pass the
interleaved radiators.

1.3.8 Magnet System

The ATLAS superconducting magnet system consists of three large air-core toroids that
generate the magnetic field for the Muon Spectrometer and a central solenoid (CS) that
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provides the magnetic field for the Inner Detector. The magnets are kept cool by helium
at 4.5 K, which is supplied by a central refrigeration unit in the side cavern. To achieve
the desired calorimeter performance, the CS is placed in front of the EM calorimeter and
must be as thin as possible. As a result, the CS is built into the LAr vacuum vessel, avoid-
ing the need for two additional vacuum walls. The central field’s nominal strength is 2 T,
with a peak magnetic field of 2.6 T at the superconductor. A magnet current is provided
by a dedicated network of high current conductors from a Un-interrupted Power Supply
(UPS). The central solenoid is powered by a 8 kA power supply, and the barrel toroid
is powered by 20 kA supply. One barrel toroid (BT) and two end-cap toroids make up
the eight air-core toroids (ECT). Each toroid is made up of eight double-pancake race-
track coils arranged symmetrically around the beam axis. The barrel toroid’s coils are
housed in independent cryostats, whereas the end-cap toroids are housed in a single
huge cryostat. The superconductors in the barrel and end-cap toroids have peak mag-
netic fields of 3.9 and 4.1 T, respectively. A power supply powers the toroid coil system.
An aluminium-stabilized NbTi superconductor is employed to achieve the requisite high
magnetic fields. To provide appropriate mechanical strength, it is contained in the core
of an aluminum alloy case. A sufficient and proven quench prevention system has been
built to prevent the coils from overheating. The partition scheme of the barrels consists of
two central long barrel segments (LBA, LBC) which are serviced from both sides aswell
as the shorter extended barrel segments (EBA, EBC) at each end.
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Chapter 2

The Tile Hadronic Calorimeter
system

The ATLAS Tile Hadronic Calorimeter system [35, 36, 33] is designed to absorb parti-
cles coming from the collision point and measuring their energy, with the exception of
the energy carried by muons, neutrinos and potentially any undiscovered weakly in-
teracting particles. As electromagnetic particles scatter shower and lose energy more
quickly than hadrons, the ATLAS calorimeters are subdivided into inner electromag-
netic calorimeter and outer hadronic calorimeter layers, each optimized for the particles
that they measure. Photons, positrons, and electrons in the Electromagnetic Calorime-
ter undergo bremsstrahlung and pair creation as they move through matter, resulting in
a shower of secondary particles until there is insufficient energy to continue these pro-
cesses. Particle showers are initiated in the Hadronic Calorimeter by hadrons interacting
with atomic nuclei as they pass through the detector. In both scenarios, the incoming par-
ticle energies can be obtained by measuring the energy deposited by the cascades they
generate. The Electromagnetic Calorimeter covers the |η| ≤ 3.2 pseudo-rapidity region,
a hadronic barrel calorimeter covers |η| ≤ 1.7, hadronic end-cap calorimeters cover 1.5
≤ |η| ≤ 3.2, and forward calorimeters cover 3.1 ≤ |η| ≤ 4.9 [35, 36, 33].

2.1 Liquid Argon Calorimeter

The ATLAS Electromagnetic Calorimeter depicted in Figure 2.1, also known as the Liq-
uid Argon Calorimeter, is made up of two parts: a barrel that covers |η| ≤ 1.475, and
two end-caps that cover the region 1.375 ≤ |η| ≤ 3.2. This subsystem’s barrel region is
made up of two identical half-barrels separated by a 6 mm gap at z = 0, while the end-cap
region is made up of two coaxial wheels on each side. This calorimeter includes Copper-
Kapton electrodes submerged in liquid Ar at –183◦C with layers of lead and stainless
steel absorber plates over its whole surface area [37]. The electrodes and absorber plates
are placed in an accordion-shaped geometry to ensure perfect ϕ symmetry without az-
imuthal cracks. For better energy resolution, the lead thickness in the absorber plates was
tuned as a function of η.
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Figure 2.1: The Liquid Argon Calorimeter [36].

2.2 Hadronic Calorimeter overview

In ATLAS, the Hadronic Calorimeters are adapted to meet the various requirements and
radiation exposures. The Tile Calorimeter, the LAr Hadronic End-cap Calorimeter (HEC),
and the LAr Forward Calorimeter are three separate hadronic detectors (FCAL). HEC
and FCAL were chosen for the larger pseudorapidities where higher radiation resistance
is needed because of the intrinsically radiation-hard LAr technology. The following are
the main objectives of hadronic calorimetry:

• to identify and measure the energy and direction of jets

• to measure the total missing transverse energy (Emiss
T )

• and to improve the EM calorimeter’s particle identification by measuring quantities
such as leakage and isolation

The thickness of the hadronic calorimeter is a key metric in achieving these goals. Mea-
surement and simulations showed that the total thickness of 11 interaction lengths (λ) is
sufficient to reduce passage through to the muon system and provide good containment
for hadronic showers.

2.2.1 Tile Calorimeter

TileCal is a sampling calorimeter [15, 34] using iron as the absorber and scintillating tiles
as the active material (Figure 2.2). As the high energy hadron travels through the steel
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Figure 2.2: The Hadronic Tile Calorimeter [34].

tiles, they interact with the atomic nuclei. As the particle showers pass through the scin-
tillator tiles, they excite atoms, which then emit photons as they return to their ground
state. Wavelength shifting (WLS) fibres collect a portion of the emitted light from op-
posite sides of the scintillating tiles and provide it at a different wavelength to pairs of
photo-multiplier tubes (PMTs). From the collected photons, the PMTs generate signals
that are shaped into unipolar pulses of FWHM of 50 ns. The energy of the total light
produced is proportional to the energy deposited by the hadron.

2.3 Current Superdrawers and front-end electronics

An EB module is read out by 32 PMTs housed in a super-drawer along with the associ-
ated electronics. The calorimeter Super-Drawers (SD) are positioned at the calorimeter’s
outer radius. There are 2 SD, each housing 45 PMTs and related electronics, which are
all read out by an LB module. The total number of PMTs is 9852, with two PMTs read-
ing nearly all calorimeter cells for redundancy. In the current system, the super-drawers
are two 1.5 m long drawers with a common power and read out. The Front-End-Board
(FEB), Digitiser Board, Interface Board, and Trigger Summing Board are the four boards
that make up the present on-detector electronics. The FEB amplifies (Bi-gain x1, x64) and
shapes PMT signals as well as preforms calibration functions. The first-level calorime-
ter trigger (L1Calo) uses analog signals that correspond to the pseudo-projective towers
of 0.1 x 0.1 in ∆η x ∆ϕ [34, 38]. TileCal generates the towers signals by summing the
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Figure 2.3: TileCal wedges, optical components, drawers and on-detector electronics dis-
tribution [34].

analog signals from each FEB using the Trigger Sum Board. The sum outputs are sent
off-detector to the trigger pre-processor system through 90 m cables. The signals from
the FEBs are digitised at bunch crossing frequency by the Digitiser board and stored on
local pipeline memories until an L1Calo accept Trigger is received.Whenever the data is
selected by the L1Calo, it will be routed to the Interface board,where it will be serialized
and sent off-detector to the Read-Out Driver (ROD). The ROD further formats the data
before sending it to the Data Acquisition System (DAQ). The Level 1 trigger selection
process reduces the data rate from 40 MHz at the PMT output to a more manageable 100
kHz after the interface board [34].

2.3.1 PMT Blocks

The PMT blocks can be precisely positioned in front of their WLS fiber bundles (See
Figure 2.3). Each incorporates a light mixer, a photomultiplier, a high voltage divider,
and a 3-in-1 card inside its cylindrically formed structure. The PMTs and electronics are
shielded from residual magnetic fields from the ATLAS toroids by a mechanical structure
constructed of steel, iron, and -metal. The Hamamatsu R5900 is the PMT of choice, with
a tiny size of 28 x 28 x 28 mm3 and an 8-amplification-stage dynode. A light mixer is
positioned between each fibre bundle and the associated PMT photo-cathode to improve
light detection uniformity.



Chapter 2. The Tile Hadronic Calorimeter system 20

Figure 2.4: The Drawer distribution interfacing between on-detector and off-detector
electronics. Digitizer blocks are used to represent 3-in-1 Motherboards and digitizer
boards for ease of use [34].

2.3.2 3-in-1 cards

The current front-end electronics of TileCal’s electronics, read-out the chain of the 3-in-
1 cards. The name comes from the three primary roles they provide: large dynamic
range pulse shaping, charge injection calibration, and slow integration of PMT currents
for monitoring and calibration. The 3-in-1 cards were designed to have very low noise by
reducing active components and taking advantage of the fact that non-active components
like capacitors and inductors do not emit the extra noise that many active components
do. This device takes fast current pulses with an FWHM of around 15 ns from the PMT
and converts them to a unipolar pulse with an FWHM of about 50 ns.

2.3.3 The Level-1 trigger summation boards

The L1 trigger summation boards are located in the drawer’s electronics’ uppermost
layer. Trigger tower signals from the calorimeter systems are required by the off-detector
L1 trigger system. The barrel section requirement in TileCal is met by adding five shaped
pulses from each of the three cell sampling layers: two from the first layer, two from the
second layer, and one from the third layer. Given the overlapping zones for some towers
between the barrel and extended barrel, less signals may need to be summed in some cir-
cumstances. The off-detector L1 trigger electronics receive the analogue sums produced
by the summation boards.

2.3.4 The 3-in-1 Motherboard

The 3-in-1 Motherboards, which are in charge of transferring low voltage power and
digital control signals to the PMT blocks, cover the drawer’s electronics innermost layer.
The Motherboard supplies +5 V, –5 V, and 9 V power, as well as a precise 4.096 V reference
voltage with a very low temperature coefficient (0.5 ppm per ◦C) for each of the 3-in-1
cards charge injection calibration mechanism. The slow integrator and charge injection
calibration systems are also controlled by differential digital and analogue buses that
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run the length of the Motherboard. The 3-in-1 cards are all identical, but they must be
operated and configured differently depending on where they are in the detector.

2.3.5 Digitizer Board

The digitizer board, which is located on the drawer’s second layer, receives analogue
shaped pulses from the 3-in-1 cards 2.4. The TileDMU and the TTCrx [39] are two spe-
cialized ASICs used on this board. The incoming pulse samples are digitized and tem-
porarily stored in pipelines within the TileDMU. The TTCrx uses the TTC system to
receive and distribute synchronized commands and LHC-synchronous clocks from the
off-detector electronics. The TileDMU transfers the corresponding data samples for the
triggered event to the interface board when the TTCrx receives an L1A signal.

2.3.6 Interface Board

The interface board acts as a link between the drawers and the off-detect electronics.
Every super-drawer has a single interface board that sends the digitized data from the
digitizer boards to the TileCal ROD. The transmission wires between the interface board
and the several digitizer boards attached to it were set up in a star arrangement.

2.3.7 High Voltage Power Supply

A High Voltage Power Supply (HVPS) board system supplies the PMTs, which is sepa-
rated into 256 independent and electronically equivalent sub-modules. Each sub-module
is connected to an HVPS board in a super-drawer, allowing it to supply High Voltage
to up to 48 PMTs. Each sub-module delivers common voltage via the off-detector HV
source, which can be -700 V, -900 V, or -1100 V with a current of 20 mA. Each PMT chan-
nel can be adjusted by up to 350 V from the common voltage in the super-drawer.

2.3.8 Low Voltage Power Supply

The Low Voltage Power Supply (LVPS) system’s on-detector part is known as a LVPS
Box or fLVPS. It consists of a box that is plugged into each module finger [34]. The LVPS
Box regulates the power for a single super-drawer from a central location. The LVPS
Box distributes 300 W to the super-drawer on average via eight separate output voltages,
powering the HVPS board (–15 V, 15 V, and 5 V), the 3-in-1 Motherboards (15 V, –5 V, and
5 V), and the digitizer boards (5 V and 3.3 V). The CAN Open protocol is used to connect
the 256 LVPS Boxes for control and online monitoring.
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2.3.9 Charge calibration system

Electronic pulses of different amplitudes can be injected into the system to test the behav-
ior of each channel’s digitization and read-out chain over its whole dynamic range. By
injecting a known charge into the input of the 3-in-1’s shaper-amplifier stage and mon-
itoring the response ( pC

ADCcounts ) of the digitized read-out, these imitate PMT pulses. A
pair of capacitors on the 3-in-1 cards are charged to a known voltage by a 10-bit Digital
to Analogue Converter (DAC), with a precision reference voltage given from the Moth-
erboard, in the Charge Injection Scan (CIS) system. The commands are interpreted by
the TTCrx on the interface board and distributed to the 3-in-1 through the motherboard.
An analogue switch discharges the capacitors into the analogue chain when a discharge
signal is received via the TTC.

2.3.10 Laser calibration system

The high-power LASER system sends short, regulated light pulses to the light mixers in
the PMT blocks through optical fibres. In the absence of collisions, this allows measure-
ments of individual PMT gains. The light signals received by each PMT are converted
into shaped analogue pulses in the 3-in-1 cards, which are then read by the digitizer. The
CIS and LASER systems may test and calibrate the PMTs and down-stream electronics in-
dividually by giving calibration pulses before and after the PMT. The LASER calibration
system is utilized for quick TileCal monitoring, time calibration, and channel-by-channel
gain correction calculations.

2.3.11 Cesium source calibration system

Radioactive 137Cs γ sources are transferred hydraulically through water-filled tubes that
pass through each scintillating tile in the calorimeter in the Caesium system. The WLS
fibres collect scintillation light and transport it to the PMTs. Because the Cs source gen-
erates powerful, slow signals that would saturate the 3-in-1 shaper, a separate read-out
channel with a slow integrator circuit and ADC, as well as CANbus read-out, has been
constructed [34].

2.4 Trigger and Data Acquisition

The luminosity (L) of an accelerator is defined as the proportionality factor between the
number of events per second ∂N/∂t and the cross section σ. The LHC could achieve
around 20 collisions per crossing with nominal beam currents. Particularly for p-p colli-
sions, the luminosity is reduced to the proportionality constant between the number of
inelastic particle collisions in a certain time and the inelastic cross section. The original
design luminosity of the LHC is 1034 cm−2s−1 [40], which was chosen chosen for research
of physics processes with very small cross sections. For reading out all detector channels
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Figure 2.5: The ATLAS TDAQ system with three levels of event selection [31, 40].

at the same bunch crossing, the typical data size is around 1 MB. Given the 40 MHz bunch
crossing rate, the massive volumes of data generated are impractical to store or analyse.
Since a major fraction of the events will not contain interesting physics, processing and
storing all of the data generated is neither practicable nor valuable.

The ATLAS trigger system was designed to be able to distinguish between interesting
events and store as much of them as possible. The trigger system, as illustrated in Fig-
ure 2.5, consists of three levels of event selection, each of them refining the decisions made
in the previous level, and consequently reducing the event rate by orders of magnitude
by applying additional selection criteria. The Level-1 trigger (L1) is a hardware-based
trigger that operates at a 100 kHz output rate. The L1 decision is based on a coincidence
or veto criterion for different object combinations, which is obtained from reduced gran-
ularity data from a subset of detectors. The Level-2 trigger (L2) is software-based and
reduces the rate to 1 kHz by processing energy sums, position and pT of candidate ob-
jects. Despite the fact that L2 has complete access to all event data with full precision
and granularity, it usually only needs the data in the region-of-interest defined by the L1
trigger. The level-3 trigger (L3) is also software-based and it operates by filtering events
by confirming the results of L2 decisions and then using L2 data to seed its own analy-
sis. The final rate at L3 is 100 Hz, which translates to around 100 MB/s, with an event
size of about 1 MB. In order to be able to handle these high rates, parallel processing is
employed in all trigger levels [31, 40].



24

Chapter 3

The Phase-II Upgrade programme for
the HL-LHC

3.1 Phase-II Upgrade overview

The High-Luminosity era for the LHC is motivated by the potential to extend and im-
prove contributions to the LHC physics program, as well as to help bring the scientific
community closer to answering fundamental questions of particle physics. Measure-
ments of rare Higgs decays and Higgs self-couplings, as well as extending the reach
of searches for new phenomena like as supersymmetry, quark and lepton substructure,
and new gauge bosons, are among the HL-LHC targets [40]. Taking data at the High-
Luminosity LHC requires significant upgrades to most of the ATLAS subsystems to han-
dle the expected higher detector occupancies and the harsher radiation environment. For
geometrical considerations, HL-LHC will have the greatest influence on subsystems with
low radii and large pseudorapidity. Given the considerable impact of high particle fluxes
and radiation damage on each of them, replacements or significant modifications in the
Inner Detector, foward calorimeter, and forward muon wheels are expected. Subsystems
like barrel calorimeters and muon chambers, on the other hand, are projected to be ca-
pable of handling the new high luminosity environment, thus they won’t be changed.
Upgrades to ATLAS will include modern technology like radiation hard tracking detec-
tors with better granularity and bandwidth, as well as radiation-hard FE electronics.All
of these upgrades will result in higher event rates and larger event volumes, necessitat-
ing a major expansion of the trigger and (DAQ) systems [31].

ATLAS upgrade plans are divided into three main phases, corresponding to three long
technical shut-down periods of the LHC [11, 12, 13]. The Phase-II is anticipated for 2027-
2031 and will span around three years. Installation of new inner triplet magnets and eight
crab cavities near ATLAS as part of the LHC upgrade will maximize the overlap of the
proton beams at the collision location by compensating the crossing angle. Luminosity
leveling will also be enabled, allowing the instantaneous luminosity to be maintained at
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Figure 3.1: Phase-II Upgrade electronics diagram [30].

a constant value for extended running durations and limiting peak pile-up in the experi-
mental detectors. The improved LHC is expected to have an instantaneous luminosity of
around 5 × 1034 cm−2s−1. Phase-II upgrade plans for ATLAS include a redesigned Inner
Detector without TRT, as well as additional trigger and calorimeter upgrades. The Wits
University, ICPP has been involved with ATLAS TileCal and are responsible for produc-
ing and testing the upgraded LVPS system. A major part of the Phase-2 TileCal upgrade
activities is a replacement of the on-detector and off-detector read-out electronics for im-
proved resolution, better trigger performance, and radiation tolerance for the HL-LHC
running conditions [11, 12, 13, 14, 15].

3.2 TileCal Phase-II Upgrade

The concern with gradually increasing the luminosity is that it will push the original AT-
LAS trigger and data gathering system beyond its limits. This raises the question of how
to adapt ATLAS to these new conditions. The current trigger implementation will not be
able to cope well with these luminosity values [12, 13, 15, 37, 38]. Since it was considered
difficult to increase the input rates to the second level trigger, the first level trigger would
have to be made more selective. For each bunch crossing, roughly 20-40 proton-proton
collisions will occur under normal conditions, although this number might increase to
400 after Phase-II. More effort will be required to investigate these collisions. A simple
way to reduce trigger rates is simply to increase the thresholds, but this would have a sig-
nificant impact on physical performance. Implementing new, more advanced algorithms
is a better option, but this necessitates giving the trigger with more and better data. The
triggers, particularly the first-level trigger, will be significantly modified during the up-
grades. Real-time topological algorithms will create more selective trigger judgments
immediately after Phase 0 to increase physics performance without increasing rates. Af-
ter Phase 1, the isolated-lepton, jet, and energy-summation triggers will be replaced by
new feature extraction processors. For improved isolated lepton identification, they will
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Figure 3.2: A general segmented image of TileCal [34].

leverage finer-granularity trigger data from the modified LAr calorimeter front end elec-
tronics, which will help reduce the impacts of pileup on jet and sum-ET triggers. The
current analog trigger inputs for the first level trigger will be decommissioned during
Phase-II , and the first level trigger will be separated into a level 0 and level 1 trigger with
greater input rates and longer latencies to allow for additional processing. The muon de-
tector will also be upgraded to improve the efficiency of its trigger, reducing the problem
of fake muons by ensuring that reconstructed tracks come from the interaction region. In
Phase 1, one element of the muon detector system, the so-called little wheels, will also be
replaced. The TileCal, is a sampling calorimeter built with layers of steel absorber ma-
terial alternating with scintillating plastic tiles as active material. High energy particles
interacting with the steel plates produce showers of secondary particles. These are then
sent through the plastic scintillator tiles, which, when stimulated, emit ultraviolet (UV)
light. Organic compounds added to the plastic convert the UV radiation into visible blue
light [35, 36, 33]. The scintillating light propagates through the plastic tile to the wedge’s
edges on both sides, where wavelength shifting (WLS) fibres absorb it and re-emit it at
a longer wavelength (green). the majority of the green light is trapped within the WLS
fibres by total internal reflection, and propagated to PMTs at the rear girder of the mod-
ule. The PMTs convert the light to electrical signals which the on-detector electronics
process and read out. The steel plates and 460000 scintillating tiles are radially oriented
with regard to the xy plane. The optical read-out of Tilecal is radially segmented into
three layers, with the steel and scintillator staggered in between layers [35, 36, 33]. Al-
though the scintillating tiles are all 3 mm thick, their radial and azimuthal lengths vary in
eleven various sizes, ranging from 97 mm < r < 187 mm to 97 mm < l azimuth < 187 mm.
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Figure 3.3: TileCal read-out cell mapping for contiguous long barrel (LB) and ex-
tended barrel (EB) wedges. This cell distribution is symmetric respect to the interaction
point [34].

TileCal’s steel-to-scintillator ratio is 4.7, allowing hadrons to travel an effective nuclear in-
teraction length of λ = 20.7 cm before encountering an inelastic nuclear interaction. The
TileCal is split longitudinally into four cylindrical barrel sections, each of which is made
from 64 wedge shaped segments with a ϕ granularity of approximately ∆ϕ = 0.1 radians,
as shown in Figure 3.1. The two central barrel segments cover the pseudo-rapidity range
–1.0 η < 1.0 and together they make up what is known as the long barrel (LB). The two
remaining barrels segments are called the extended barrels (EB) and are located on each
ends of the Long Barrel covering the region between 0.8 < |η| < 1.7. The ATLAS detector
is divided longitudinally into sides A and C around z = 0, resulting in the names EBA,
LBA, LBC and EBC for the 4 barrel sections. The barrels are radially segmented into 1.5,
4.1 and 1.8 λ in the case of the LB, while the EB is radially segmented into 1.5, 2.6 and
3.3 λ, giving a total calorimeter depth of 7.4 λ at η = 0. For each module the η segmen-
tation is ∆η = 0.1 for layers A and BC, and ∆η = 0.2 for layer D. As a result, each cell has
a transversal segmentation of ∆η × δϕ = 0.1 × 0.1, or 0.2 × 0.1 for layer D. The TileCal
modules are segmented into read-out cells with three dimensional coordinates r, ϕ and
η by bringing bundles of WLS fibres from the scintillating tiles in each cell to separate
PMTs. The TileCal detector’s 5182 read-out cells is read-out by a pair of PMTs, one for
each side of the wedge-shaped module. The TileCal segmentation is also designed to or-
ganize the cells into so-called "trigger towers" pointing back towards the nominal contact
point and with η range in steps of around 0.1 radians to supply valuable hadronic data
to the L1 trigger as seen in Figure 3.3. There is also a gap region between the LB and the
EB which is equipped with unique cells. The longitudinal and radial segmentation of the
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cells in each module is designed to build approximately 2000 projective trigger towers in
η. Each trigger tower’s cells are added together and fed into the ATLAS L1 calorimeter
trigger. The girders at the back of each wedge house two extractable aluminum drawers,
each of which can hold and serve up to 24 PMTs. The two drawers in each module are
connected together mechanically and electrically to form a so-called super-drawer.The
super-drawers hold all of the on-detector electronics in addition to the PMTs.The ana-
logue shaping and amplification of PMT pulses, signal digitization, pipelined read-out
of sampled data, and systems for calibration and high-voltage distribution are all han-
dled by these electronics.

3.3 Phase-II upgrade readout electronics

3.3.1 Mechanics

In Phase-II, TileCal will replace the current drawer structures with structures half the
length of the current drawers to improve accessibility, robustness, and lower the magni-
tude of a possible single point of failure. The new 70 cm-long mechanical structures are
called mini-drawers (MD). For the upgraded detector, A superdrawer for the upgraded
detector will be made up of four independent mini-drawers for LB, each with its own
power and signal pathways to the back-end electronics. Each MD will host 12 PMTs, 12
Front-End-Cards (FENICs), 1 Main Board, 1 Daughter Board and 1 HV passive distribu-
tion board. The EB will have 3 mini-drawers and 2 micro-drawers, which are additional
drawers that hold the PMTs in place but do not contain digital circuitry [38, 41].

3.3.2 Photomultiplier blocks

Due to ageing, approximately 10% of the PMTs located inside the PMT blocks will be
replaced. The PMT blocks can be accurately positioned in front of their respective WLS
fibre bundles. Each PMT block incorporates a light mixer, a photomultiplier, a high volt-
age divider, and a FENICS card inside its cylindrically formed structure. The mechanical
structure is made of steel, iron and µ-metal to shield the PMTs and electronics from up to
500 Gauss from residual magnetic fields from the ATLAS toroids. A light mixer is posi-
tioned between each fibre bundle and the associated PMT photo-cathode to improve light
detection uniformity. The HV divider, in addition to distributing different high voltages
between the dynodes of the PMT, also provides interconnects between the PMTs and the
FENICS cards via the sockets in the PMT base [41, 42, 43].

3.3.3 Front End board

The electronics at the front of the read-out chain are called Front End boards (FENICs).
TileCal developed a Front End board for the new infrastructure with Signal Shaping and
Calibration, which shapes and amplifies PMT analogue signals. FENICS provides two
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types of read out: The "fast readout" for physics operates in two distinct gains to cover a
dynamic range of 200 fC energy of a minimum-ionizing-particle (MIPS) to 1000 pC, while
the "slow integrator readout" integrates the PMT current for calibration of the calorimeter
with a 137Cs γ source and luminosity measurements. The FENICS will provide improved
precision and better noise performance. The prototypes have been properly validated for
the radiation levels envisaged at the HL-LHC and are currently in the pre-production
phase [44, 45, 46].

3.3.4 Mainboard

The Mainboard (MB), which is in charge of transferring low voltage power and digital
control signals to the PMT blocks, is the innermost layer of the drawer’s electronics. Each
MD has a Mainboard (MB) that takes data from the FENICS, PMTs, digitizes it, and sends
it to the DaughterBoard (DB). The fast read out uses 24 12-bit ADCs at 40Msps, while the
integrator readout uses 12 16-bit SAR ADCs. The FENICS cards are all the same, but
they must be controlled and set differently depending on their location in the detector.
For that purpose, the Motherboard handles address decoding and selection according to
each of the FENICS card locations. The Motherboard is responsible for address decoding
and selection for each of the FENICS card locations. The Mainboard has been completely
qualified for the radiation environment that may be encountered [44, 45, 46].

3.3.5 Daughterboard

The on- and off-detector systems are linked by a Daughterboard (DB) installed on the
MB. It receives and propagates LHC synchronized timing, configuration, and control
commands to the front-end electronics, as well as reading, formatting, and transferring
data from MB channels to off-detector systems. Each DB is equipped with two Kintex Ul-
trascale FPGAs [38, 46, 47]. Both the MB and the DB have been developed with two elec-
trically independent sides for added robustness. The digitizer board sits on the second
layer of the drawer and receives the analogue shaped pulses from the FENICS cards. This
board takes advantage of two custom ASICs: the TileDMU and the TTCrx. The incom-
ing pulse samples are digitized and temporarily stored in pipelines within the TileDMU.
The TTCrx uses the TTC system to receive and distribute synchronized commands and
LHC-synchronous clocks from the off-detector electronics. The TileDMU then transfers
the necessary data samples for the triggering event to the interface board when the TTCrx
receives an L1A signal [46, 47].

3.3.6 High Voltage Power Supply

The PMTs are powered by a High Voltage Power Supply (HVPS) board system, which is
divided into 256 independent and electronically equivalent sub-modules and supplies a
common voltage via an off-detector HV source that can be –700 V, –900 V, or –1100 V with
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Figure 3.4: Drawer distribution of TileCal upgrade and interface between on-detector
and off-detector electronics [49].

a current of 20 mA. To maintain linearity even at high luminosity, high PMT current re-
quire active dividers, hence current passive dividers will be replaced with active dividers.
Unlike the current system, the HV distribution system will be controlled remotely at the
HV regulation board, now known as the HV remote board, which is located outside of
the detector’s radiation environment in the USA15 cavern. Regulation board prototypes
have been evaluated and shown to meet the HV stability requirements [38, 48].

3.3.7 Low Voltage Power Supply

The TileCal Low Voltage Power Supply (LVPS) provides power to all of the TileCal’s
front-end electronics of the TileCal. The current LVPS system has a two-stage LV dis-
tribution system, whereas the improved LVPS distribution system has three stages. The
LVPS are the TileCal component that is most exposed to radiation due to their position in
the detector located adjacent to the finger. Multiple radiation test campaigns have been
conducted in order to select the best components. All LVPS Bricks convert the 200 V in-
put from the bulk supply in the USA15 cavern to 10 V for the front-end electronics, which
is then transformed to various voltages by Point-of-Load regulators. The LVPS Bricks are
designed with better reliability, lower noise and improved radiation tolerance. The moni-
toring of the Bricks is being done by an ELMB (Embedded Local Monitoring Board) chip,
hosted by an ELMB motherboard (ELMB-MB) inside the LVPS Box. The ELMB mother-
board has been re-designed to be compatible with the new Tri-State control method of the
LVPS Bricks. The LVPS system was fully prototyped and tested in vertical slice test with
both on and off-detector elements [38, 41, 42]. This will be discussed in greater detail in
chapter 4 as it falls within the scope of the thesis.

3.4 Back-end electronics

The upgraded back-end electronics system will be housed in the USA15 racks (same as
the current set-up), 70 meters away from the detector. The Phase-II Tile PreProcessor
modules and the Trigger and DAQ interface (TDAQi) boards are two separate systems
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Figure 3.5: Drawer distribution of the Demonstrator and interface between on-detector
and off-detector electronics [49, 51].

that make up the Phase II Tile back-end electronics. The Advanced Telecommunications
Computing Architecture (ATCA) requirements are used in the Tile back-end electronics
system [45, 46, 47]. The ATCA framework provides a commercially and standardized
platform for high-speed serial interconnects on the back plane supporting different I/O
interfaces.

The PreProcessor (PPr), which is housed in the counting rooms, collects data from the
detector and uses digital filters to compute energy and time for each PMT channel. The
pipeline buffers are transferred to the PPr, as opposed to the current system, which in-
cludes on-detector data pipelines. PPr is made up of CPMs (Compact Processing Mod-
ules) [50, 51], housed by an ATCA (Advanced Telecommunications Computing Architec-
ture) carrier board, which process data from two TileCal modules. An ATCA carrier is
utilized to provide a connection between the CPMs and Trigger and Data AcQuisition
interface board (TDAQi) [50, 52, 53, 54].

3.5 Demonstator Project

The different components of the upgraded TileCal electronics have been developed in
parallel by an international collaboration of ATLAS institutes and universities. A Tile-
Cal Demonstrator project was initiated with the purpose of inserting and testing the new
hardware in the ATLAS detector for functionality, performance, and integration tests in
order to ensure that the new system can be effectively integrated and operated in the
HL-LHC environment. In order to operate within ATLAS, the Demonstrator is also re-
quired to maintain compatibility with the legacy TileCal hardware, so that it can operate
in parallel with the legacy ATLAS systems without compromising data taking [48, 55,
50].
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Figure 3.6: Picture of the Tile PreProcessor Demonstrator [55].

3.5.1 Demonstrator system and readout chain

As shown in Figure 3.5, the demonstrator is a fully functional Phase-II read-out proto-
type compatible with the current system (i.e. the legacy-to-be system after the Phase-II
upgrade). The Demonstrator module provides energy measurements for every calorime-
ter cell, as well as the analog trigger sums that are sent to the current Level-1 trigger. The
Demonstrator consists of four MD’s, each of which can service up to 12 PMT channels,
and a Superdrawer (SD) that divides a legacy TileCal drawer into four. The SD will dig-
itize two gains of up to 48 TileCal PMTs in real time and transfer the digitized sampled
data to the off-detector systems at a rate of 40 MHz. Calorimeter samples corresponding
to each cell are transferred at 40 MHz to the off detector electronics through optical links,
using the novel read-out architecture [56, 57].

The Off-detector electronics will be used to reset data in the pipeline buffers that are
awaiting for a trigger decision and in parallel, provide the rebuilt data to the trigger
system. The reconstructed information includes calibrated energy per cell or group of
cells. After the trigger decision, The selected data will be sent to the central ATLAS
data gathering system. The PreProcessor is the core element of the back-end system,
providing communication with the front-end to transmit commands and to receive the
digitized PMT data [51, 49]. Following the received trigger signal, the data are transferred
off-detector to be stored in pipelines, then reconstructed and triggered-out by the TileCal
PPr, which accepts legacy Timing Trigger and Control commands and triggers, as well as
Detector Control Systems commands, and provides the triggered data.
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The Demonstrator maintains compatibility with the current TDAQ system by providing
legacy analogue trigger outputs to L1Calo, receiving ATLAS triggers and slow control
(SC) commands and timing via the TTC system, and interfaces with existing detector
control and operation monitoring systems. A block schematic of the Demonstrator is
shown in Figure 3.6. To maintain compatibility with the legacy systems, the Mainboard
and front-end boards are capable of providing analogue sums to the legacy L1Calo via
the legacy summation boards. The Daughterboard [50] provides timing and propagates
the configuration commands sent by the TilePPr [55], which in turn receives ADC data
and conditions data from the Daughterboards, receives and decodes TTC commands and
triggers from the legacy TDAQ, and reads out triggered data to the legacy ROD [15].
Data taking and results showing the response of the various particles with different beam
energies and incident angles were done in 2018 and 2021 [51, 49, 56].
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Chapter 4

TileCal Low Voltage Power Supply
System

4.1 Low Voltage Power Supply

As explained in Chapter 2, the LVPS for the Phase-II upgrade of the TileCal LVPS (Low
Voltage Power Supply) [52, 53, 54] system provides the front end electronics with 10V
DC. In the finger adjacent to the superdrawer, a LVPS Box also known as a fLVPS is pre-
pared, which gives feedback and control via a monitoring system. Each LVPS Box has
eight DC/DC converters, also known as Bricks, that convert 200V DC input to 10V DC
output. This results in a total of 256 LVPS Boxes in the Tile Calorimeter. The LVPS Box is
water-cooled, the Bricks are affixed on both sides of the cooling plate which sink the heat
inside the LVPS box. The LVPS Box contains an ELMB-MB with an ELMB chip, a Fuse
Board distributing 200 V DC coming from ATLAS technical cavern USA15 to the Bricks
and an internal cable set connecting elements inside the LVPS Box with outside elements
via a 72 pin Harting connector.

The ELMB incorporates a CAN bus protocol for communication that allows for the mon-
itoring of behavioural parameters of DC/DC converters such as Input Current (Iin), Out-
put Current (Iout), Input Voltage (Vin), Output Voltage (Vout), and two onboard temper-
atures (TMEAS2) and (TMEAS3). The Auxiliary boards (AUX-Boards) are located at
USA15 and provide control of the Bricks inside the LVPS Box, including the ability to
turn each Brick on and off individually. The main difference between the LVPS Phase-II
upgrade and the previous versions of Bricks is that all produced Bricks inside the LVPS
Box will provide the same output voltage. There are eight types of Bricks in an LVPS box
modified for the particular sub-circuit that it is powering in the current system installed
in the TileCal. As a result, the output voltage and current of each of the eight Bricks
are different. The upgraded Brick design is similar to the existing design [53], with the
same box, water-cooled cold plate, and basic footprint as the existing system. The new
design, on the other hand, will be unique. Rather than having eight separate Brick types
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Figure 4.1: TileCal power distribution block diagram. Top left includes the Minidrawer
power distribution. Bottom left is the updated 3 phase power distribution scheme. Top
right is the image of the LVPS Brick and bottom right is the LVPS Box or fLVPS.

in a box with different voltages and currents, the new design will utilize only one type
of Brick, converting the 200V input voltage to a 10V output voltage. The voltages for the
individual loads will be created from the output voltage of the Bricks using point-of-load
regulators located at the loads [52, 53, 54].

4.1.1 Power Distribution system

A 3 stage power system is used to distribute power from the Low Voltage Power Sup-
plies [34, 56]. A picture of a LVPS box is shown in Figure 4.1. The LVPS Box uses switch-
ing "Buck Converter" technology to convert the high voltage, low current power pro-
vided from the bulk source, into the low voltages needed by the various sub circuits in
the front-end electronics. In comparison to the usage of linear supply, switching technol-
ogy improves the efficiency of power conversion. In the present system, eight different
voltages are generated on Bricks that reside in the fLVPS. The power is distributed to
the front-end circuits over cables that run inside the drawer. The TileCal electronics use
Point-of-Load (POL) regulators selected for low noise and radiation tolerance [54, 56, 57].
Each Brick supplies voltage to one side of a Minidrawer, and each Mainboard and Daugh-
terboard are operationally divided into independent sides with distinct power sources.
The current monitoring and control system utilizes the ELMB (Embedded Local Moni-
toring Board), attached on top of a custom mother board which provides 32 analogue
inputs, 8 analogue outputs and 8 digital outputs.
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The control system for the LVPS has two parts. The first is a CANbus interface, which
may be used to fine-tune the output voltage, monitor input and output currents and
voltages, and monitor temperatures inside the LVPS. The interface in the LVPS uses the
ELMB, which is a standard for slow controls in ATLAS. The second part of the control
system is based on the sub-system of small power supplies, named AUXBoard which are
installed in USA15 as with the bulk 200V DC power supplies. There is one AUXBoard
required for 4 startup and shutdown systems (one system per LVPS Box). The second
part is a startup and shutdown control system, which provides a “start-up” pulse to the
LVPS to get it started, and a current loop to enable and disable the outputs of the fLVPS.
The current LVPS Bricks have a well-developed, custom design that has gone through
multiple versions. The requirements on the LVPS Bricks [34] are substantially more de-
manding than can be accommodated by commercial off-the-shelf (COTS) power supplies.
These requirements include: good radiation tolerance; compact packaging to fit into the
footprint available for the fLVPS; operation in a magnetic field, and low-noise are among
these requirements. A summary of the basic performance requirements is shown in Ta-
ble 4.1. The drawer electronics and the fLVPS are water-cooled to remove the heat from
the detector and keep the electronics operating properly. Although the present system is
not redundant against individual Brick failures, the design of the current Bricks empha-
sizes reliability. The estimated mean time to failure (MTTF) of 1.56 Bricks for the LVPS
system, which corresponds to approximately 2 failures per year. A recent reliability study
was performed on the selected components of the LVPS Brick.

4.1.2 Environmental Constraints

The LVPS boxes are located in the "finger" of the drawer and have a particular metallic
shielding, to lower the amount of radiation received and to minimize the influence of
the magnetic field, however the shielding does not provide total protection. The residual
magnetic field is 0.02 T, enough to have an impact on components such as the power
transformers and ferrite chokes. The LVPS boxes are also subjected to the radiation from
the calorimeter, in order to better define the radiation constraint for the new design, the
computation of the amount of radiation received per 10 years LHC runs at full luminosity
was reconsidered by the Radiation Task Force. To cope with these radiation levels over
long periods, radiation-resistant components were chosen; large scale tests were effectu-
ated to identify the better ones [34]. While the metallic shielding protects the Bricks, it
also encloses them, making it difficult to dissipate heat. In addition to the small dimen-
sions of the Bricks suggests that the heat generators are very dense; in such conditions a
robust cooling system is required. A water-cooled plate runs down the center of the LVPS
box, with ceramic posts strategically positioned across the bottom side of each Brick pro-
viding coupling with the plate. From these conditions linear power supplies would not
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Parameter Value
Threshold for stable load < 2 A
Over Voltage Protection 11.5 - 12.5 V
Over Current Protection 8 - 10.75 A
Efficiency > 80%
Nominal Output Power < 125 W
Duty cycle 30-40%
Frequency 280 - 320 Hz
Input Power 0.24 A
Over Temperature Protection 72◦ C

Table 4.1: Basic design parameters for the fLVPS Brick [34].

work correctly in the magnetic field and would have a larger size that would not fit in the
restricted space of the drawer. In addition switching supplies are more efficient and, as a
consequence, have a smaller heat dissipation. The LVPS’s maintenance is difficult due to
the strict space constraints and limited access to the detector, thus reliability and stability
of operations are a critical requirement.

4.2 fLVPS components

4.2.1 ELMB motherboards

The physical mounting point for the ELMB is provided by the ELMB motherboard. The
ELMB, wiring from the AUX boards in USA15, the DCS (Detector Control System) CAN-
BUS network, and eight LVPS Bricks are all connected to the motherboard. The ELMB
can monitor seven parameter for each Brick (voltage input and output, current input and
output, two temperatures, and voltage on each Tri-State control line). The Tri-State con-
trol lines provide remote enable/on/off control of each of the 8 Bricks independently
from each other. Additionally the ELMB2 monitors two temperature sensors at the inlet
and outlet of the LVPS liquid cooling plate. The ELMB motherboard also provides ca-
pacitive filtering and transient voltage protection of the LVPS Tri-State control lines. One
ELMB motherboard is located inside each of the 256 Low Voltage Power Supply (LVPS)
boxes that are mounted inside the Tile Calorimeter.

4.2.2 Low Voltage boxes

The LVPS Box powers the front-end electronics for the TileCal. Its location in the overall
TileCal low voltage distribution architecture is shown in Figure 4.1 Each box powers one
"superdrawer" that is linked to a TileCal module. For the whole TileCal, 256 boxes are
required. In the Long barrel (LB) part, a superdrawer has four mini-drawers, whereas the
extended barrel (EB) section has three. LVPS Bricks are assigned to supply power to each
mini-drawer. Therefore, an LVPS Box requires 8 Bricks for the LB modules, and 6 Bricks
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Figure 4.2: LVPS Brick circuitry block diagram.

for the EB modules. For the sake of interchangeability should the need arise, it is prudent
to put 8 Bricks in all boxes. In addition to 8 Bricks, each box also houses a ELMB2 a fuse
board, cabling connections between the components and I/O, and a water-cooled heat
sink, in a steel enclosure that acts as a shield not only against mechanical forces, but also
against the ambient magnetic field. The LVPS Box overall physical dimensions are set at
175 mm x 170 mm x 156 mm by the size of the available volume inside the "fingers".

4.2.3 AUX Boards

The AUXBoard is part of the control chain that allows the on-detector low voltage distri-
bution to be controlled remotely. It delivers Tri-State signals for regulating the DC/DC
200/10V Bricks as well as power for the on-detector ELMB. They also have an interlock
safety mechanism that shuts down the 200 V input to the Bricks if particular connections
or connectors are disconnected. The AUXBoards are VME-based 6U PCBs that are lo-
cated in USA15. There are 64 AUXBoards, and each one must control four LVPS Boxes
remotely.

4.2.4 Upgrade LVPS Brick description and design

The LVPS Brick block diagram of the circuit shown in Figure 4.2. The heart of the design
is the LT1681 controller chip [58], it is a dual transistor synchronous forward controller
able to produce the drive pulse at the frequency of 300 kHz with an output duty factor
that can vary from a few percent up to a maximum of 45%. The pulse width is controlled
by a feedback circuit based on the values of the output voltage of the Brick. This input
permits us to ensure continuous mode operation at the nominal voltages and currents.
The signal from the LT1681 is sent to the FET Drivers. These are transistor drivers that
have sufficient current and voltage drive to drive the high-side. Switching power sup-
plies are objects able to produce a DC signals with reduced voltages with respect to the
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Figure 4.3: WITS LVPS Brick prototype (top side).

input signal while maintaining the power dissipation very low. Both the high-side and
low-side transistors voltages turn on and conduct for the duration that the output clock is
in the high state, and both are in the off state when the clock is low. When the MOSFETs
conduct, current flows through the primary windings of the transformer, which transfers
energy to the secondary windings. A buck converter that steps down the 200V DC to low
voltages is implemented on the secondary side of the transformer and converts the sig-
nal to a constant voltage for the output. The output side also contains an additional LC
stage for noise filtering. Voltage feedback, for controlling the output voltage, is provided
by the optoisolators. This component processes the electrical signal converting it into
digital signal, at the input stage, and transmitting it through pulsed light signal to the
output where it is converted back to an electrical analog signal. The signal is transmit-
ted maintaining the input and output electrically insulated from each other. The design
also incorporates two shunt resistors for measuring the output current, the voltage for
which is also fed back using an optoisolator. The value of the output voltage is controlled
by a reference voltage that comes from the central controller in the LVPS box, and the
ELMB. The Brick has three types of protection circuits built-in as part of the design, over
voltage protection (OVP) and over current protection (OCP) are on the primary side and
are configured specifically for each particular type of Brick. The third one is over tem-
perature protection, which monitors the temperatures of the low-side transistor on the
primary side. This circuit is integrated in the LT1681 design. When one protection circuit
is triggered an off signal is sent to the LT1681 which stops the Brick immediately. Several
monitor circuits are implemented on the Brick, these circuits send the information to the
ELMB that in case of need can command a shutdown. In particular the ELMB monitors
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Figure 4.4: WITS LVPS Brick prototype (bottom side).

two temperatures on the primary side of the Brick both close to the input of over tem-
perature protection of the LT1681 and the output values. The upgrade Brick will have a
single Brick on/off control through a Tri-State line using the LVPS Brick. The Tri-State
control lines are driven by the power supplies where the start for the Brick ranging at 15
±2 V DC and the high impedance signal enables the LM9074M regulator on the LVPS
Brick(Figure 4.3). The disable state signal disables the LM9074M regulator on the LVPS
Brick and thus switches off the Brick when switched to ground.

4.2.5 Improvements of latest prototype

Real-time monitoring of LVPS Brick

The Brick senses six analog signals and sends them to the ELMB motherboard, which in-
cludes input voltage and current, output voltage and current, and the temperature read-
ings from two points on the Brick (primary and secondary side switches), measured using
thermistors. Custom computer software was compiled to perform and monitor the LVPS
Brick and the tests are graphically displayed and recorded onto log files [57, 59, 60]. Test-
ing ensures that LVPS Bricks meet the criteria listed in 4.1. The feasibility of the design
regarding the electrical parameters of specification was verified using a test-station [60,
61] that was assembled at the University of the Witwatersrand. Various tests determine
whether the protection circuitry of the LVPS is functioning correctly. Built-in protection
circuitry are assessed for over current protection (at 10.5 A) and over temperature protec-
tion (at 72 ◦C), in addition to the over voltage protection (at 12 V).
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Figure 4.5: Two dimensional temperature maps of a +10 V Brick operating at 2.3 A with
thermal coupling with Aluminum Oxide thermal coupling. These maps have been ob-
tained with the application of a Bergquist gap-pad on the LT1681 [58] and FET drivers.
Thermal reading of the previous 8.1.0 version of the power supply (left) and the Thermal
reading of current 8.4.2 version of the power supply (right).

Thermal management

In the upgraded design the ceramic posts utilize the same Aluminumn Oxide (Al2O3)
material (Figure 4.4) to provide thermal coupling. The ceramic posts provide sufficient
heat dissipation and can be seen from the two dimensional temperature maps of a +10 V
Brick operating at 2.3A which are shown in Figure 3, the old version of the power supply
which had significantly lower efficiency MOSFETs (left) and new upgraded version with
high efficiency MOSFETs (right). Even if the obtained improvement are clear, there are
two zones, where the location of the converter LT1681 and the location of the FET driver,
that still show a very high temperature during operation. For this reason, these chips at
the bottom side are coupled to the plate with the application of the Bergquist gap-pad for
further reduction of the temperature to the two critical components responsible for heat
generation of the power supply.

Tri-State Control method testing

The legacy Bricks need separate two signals to run whereas the upgrade Bricks will uti-
lized an individual Brick on and off control through a Tri-State control method where
each Brick can be controlled, started and disabled by a Tri-State control line. The start
up voltage ranges from 15 V ± 2 V DC. This signal initially powers the primary side of a
Brick. The high impedance or (keep alive signal) is maintained by the Brick as it enables
the LM9074M regulator. This is a logic signal. This signal ranges from 4 V - 7 V DC. The
disable signal ranges from 2 V DC to 0 V DC. This signal disables the LM9074M regulator
on the LVPS Brick, which will turn the Brick off. Once the Brick is turned off, the start-up
pulse is required to turn the Brick back on. The line is pulled low at the Brick, so a floating
condition at the Aux Board or an open circuit will disable the Brick. The Tri-State method
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was simulated using virtual components on Proteus software [62] to mimic the start up
circuitry of the Brick and using the voltage divider rule with the bias (Tri-State) voltage
as can be seen on equation 4.1 and an example calculation on equation 4.2 as follows:

VOn/O f f = (Vsupply − VTri−State) ∗ [R54/(R54 + R62)] + VTri−State, (4.1)

for example if we have a VTri−State = 1 V, VSUPPLY = 15 V; R54 = 680 ohms; R62 = 4.3k ohms

VOn/O f f = 15 V − 1 V)[680 ohms/(680 ohms + 4.3k ohms)] + 1 V = 2.9116 V (4.2)

which would switch the Brick ON as the linear voltage regulator chip is power by 5 V and
run enable is 2 V. Several simulations can be seen on Figure 4.6 and Figure 4.7 and in the
Appendix. The start up voltage ranges from 15V ± 2 V DC. This signal initially powers
the primary side of a Brick. The high impedance or (keep alive signal) is maintained by
the Brick as it enables the LM9074M regulator. This is a logic signal. This signal ranges
from 4 V - 7 V DC.The disable signal ranges from 2 V DC to 0 V DC. This signal disables
the LM9074M regulator on the LVPS Brick, which will turn the Brick off. Once the Brick
is turned off, the start-up pulse is required to turn the Brick back on. The line is pulled
low at the Brick, so a floating condition at the Aux-Board or an open circuit will disable
the Brick.

Overall performance and reliability analysis

The overall performance of the tested low voltage power supplies must meet the strin-
gent specifications of the ATLAS Phase-II LVPS project. Testing is based on two testing
stations, both followed by debug and repair sessions. The sessions address protection
and monitor circuits and are separated by the Burn-In which aims at having the Bricks
working under stress conditions. At the end of the checkout procedure all the Bricks
must match the design parameters within the allowed ranges before checkout. Quality
control testing at the University of the Witwatersrand is ongoing and test benches are
operable. The LVPS prototype guarantees over 80.5% efficiency at 2.3 A nominal load,
+10 V input and able to withstand harsh environments from the overall design [60].
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Figure 4.6: Simulation of 15 V start up pulse input and 15 VDC Tri-State.
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Figure 4.7: Simulation of 15 V start up pulse input and 0 VDC Tri-State.
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Chapter 5

Quality assurance testing of the Low
Voltage Power Supply Brick

5.1 Pre-production and production checkout

The components for the LVPS Bricks are obtained in part from the industry and the Uni-
versity of the Witwatersrand, where the upgrade Bricks have been re-designed and are
being tested. A technical document was written to explain the techniques and require-
ments for the production of Bricks to the local industry. When the Bricks arrive at WITS,
they come with all of the necessary components as well as a label indicating the Brick ID.
To ensure the high quality of the final product transported to CERN, each Brick must be
tested. The following steps make up the test procedure:

• Visual inspection;

• Initial tests (debugging, repair, repetition of initial test if required;

• Burn-in testing;

• Final test (debugging and repair , repetition of final test if necessary);

• Shipping to CERN

The initial step is visual inspection, which includes inspecting each part’s soldering and
the cleanliness of the Brick, as well as validating the correct installation of individual
components.

During the visual inspection, a serial number and a barcode are assigned to the Brick,
which will be used to identify it. The Brick has logged into the database at this stage. The
initial test, which consists of a set of highly automated tests, is the next phase. The test
determines the general state of the Brick (output voltages and currents, clock efficiency,
Brick start-up and shutdown) as well as the proper operation of the protection and moni-
toring circuits. The next section contains more information about this test bench used for
certification. If the Brick fails one or more tests, a technician and/or engineer will inves-
tigate the cause and correct the problem before retesting the Brick. The database is then
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updated with the initial test results, repairs, and the final passing date. The Brick is now
ready for Burn-In, a 6-hour test that stresses components and solder joints on the verge of
failure by running at the upper limit current. Temperatures, input and output voltages,
and currents are monitored and measured on each Brick during the test to ensure that it is
working properly. Thermal grease is put under the posts to aid the coupling of the Bricks
with a water-cooled plate during the Burn-In process, as it is done in regular working
conditions. Temperatures from the Burn-In are stored in a database along with the date.
The Brick is put through its last test after the Burn-In. This session is followed by debug-
ging and repairs if necessary; nonetheless, just 3.7% of the Bricks are expected to fail the
final test. After repairing only the final test is repeated. The final part of the procedure
is the application of the Bergquist gap-pad [63] and the packaging for shipping. During
the performance, Bricks are accompanied by a personal datasheet that contains all the
information on the tests and on the details of the failures and repairs. Whenever Bricks
are not under test, they are placed in electrostatic resistant bags and stored according to
Brick and test phase they are undergoing [34, 59, 60].

5.2 LVPS test bench

The test bench was developed for the purpose of evaluating the functionality of the LVPS
Bricks following their production [59, 60]. The test bench provides a set of independent
parametric and functional tests (input current, LT1681 DC/DC converter chip function-
ality, and feedback loop parameters) tests to be performed by personnel and would gen-
erate reports that can be stored in a database for future analysis. The test bench consists
of a test fixture providing support for both the LVPS Brick and interface card that facili-
tates the monitoring and control of the power supplies. The test bench is fully automated
by means of a LabVIEW control program [64]. The test of one LVPS Brick requires only
4 minutes to go through the sequence of automated tests and guarantees full functional
testing. The control software is read out and controlled by different commercial instru-
ments. The central element of the system is a data acquisition (DAQ) [65] module from
National Instruments which serves as the primary method for acquiring data from the
Brick under test. The DAQ module communicates with the computer via a PCI-express
card [66], which acts as a gateway for the PC to the Data Acquisition module. In addition
to the Data Acquisition module, the test stand has several other instruments, including an
electronic load meter which provides a programmable load for testing the performance
of the upgraded Bricks. A programmable power supply is used for providing +5V for
peripheral circuitry of the interface card, including the bias voltage for the temperature
sensors as well as Tri-State voltages to start. A programmable high voltage power supply
is used to provide the 200V needed to power the Brick under test. Lastly, a digital oscillo-
scope is used for reading out waveforms, clock and the dynamics of the output voltage.
These instruments are controlled and read out using either a USB/RS232 or GPIB bus.



Chapter 5. Quality assurance testing of the Low Voltage Power Supply Brick 47

Figure 5.1: Test station block diagram.

The basic system topology is shown in Figure 5.1.

5.3 Automated testing software

A real-time program was modified to read the status and the internal test results of all
the individual Bricks under test. The test program can also evaluate the data read for
each test, and applies cuts to determine if the measurements meet the acceptance crite-
ria. The program is written graphically in a National Instruments LabVIEW framework,
together with drivers provided by the commercial instruments and the routines for com-
munication with the DAQ module. The program also checks the functioning of the LVPS
Bricks (current, voltages and temperature). The program evaluates the Brick’s operation
and checks the data collected by commercial equipment, which are used to perform the
procedure. It also saves the data for each Brick test. The test bench is based on a com-
puter controlling and reading out several commercial equipment which performs the
tests. Eleven separate tests in total complete the procedure, each communicating with
several instrumentation devices. The full composition of the test stand can be seen in
Figure 5.2.

5.3.1 Description and functionality of tests

In the initial and final tests we check that the main functions and parameters (shown
in Table 5.1) of the Bricks are correct. The required parameter range corresponds to 3σ
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Figure 5.2: Individual Brick test stand for testing and real time monitoring of LVPS Brick
behaviour.

around the nominal value for all tests except the over voltage and over current protec-
tions. For these tests the requirement is set by quality assurance procedures. In the fol-
lowing a brief functionality of each test is given however the goals of these tests can
be summarized as follows: Ensure that the Brick responds correctly to regular start-up
and shut down procedure commands and that it respects the load parameter (tests 1, 6);
checks the voltages and the currents at the input and output stages, verifies the function-
ing of the relative monitor and ensures that the Brick responds correctly to the external
reference changes (tests 2, 7, 8, 9, 10); check the output and the feedback sent to the
LT1681, to ensure the stability of the output (test 5); ensure the correct behavior of the
over voltage and over current protection circuits by forcing the Brick in the condition to
trigger the circuits (tests 3, 4) verifying the functioning of the temperature monitors (test
11). The following are the test purposes:

1. The minimum stable load test is designed to determine the minimum load that the
power supply can behaving correctly. In this condition, the output from LT1681 is
read with the oscilloscope. The load is then decreased until missing clock cycles
are registered, the load value is recorded. Permitted values for the test can be seen
from the minimum and lower bounds listed in Table 5.1.

2. Minimum Output Voltage test measures the minimum output voltage. The lower
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Parameter Minimum Maximum
Frequency Standard Deviation (Hz) 0 1000
Frequency Max (Hz) 290000 350000
Frequency Min (Hz) 250000 310000
Minimum Stable Load (A) 0 2.3
Minimum Output Voltage (V) 9.8 10.9
Over Voltage Protection Trip Point (V) 11.5 12
Over Current Protection Trip Point (A) 10.25 10.75
Duty Cycle Standard Deviation (%) 0 0.1
Clock Duty Cycle Average (%) 0 45
Clock Duty Cycle Standard Deviation (%) 0 0.15
Maximum Start-up Delay (s) 0.2 0.08

Table 5.1: Testing station test parameter bounds. These parameters are used to restrict
the response of the output to a change in measurement when evaluating the LVPS Brick
under test.

limit for each Brick is shown in Table 5.1. These values are within a few percent of
the nominal output values.

3. The voltage trip point test checks the over voltage protection circuitry of the Brick.
The test simulates an over voltage (for the output voltage) triggering the protection
circuit that trips the Brick. The condition of over voltage is reached decreasing
the external reference value. The test records the voltage when the Brick trips. The
protection circuit is set to shutdown the Brick at 10-20% over the nominal operating
voltage.

4. The current trip point test simulates an over current event which would cause the
protection circuit to trip the Brick. The test simulates an over current event (for the
output current) triggering the protection circuit that trips the Brick. The condition
of over current is reached decreasing the load value. The test records the current
when the Brick trips. The protection circuit is set to shutdown the Brick at 25-50%
over nominal operating current.

5. The output stability test is used to check the stability of the output and the signal
from the Brick. The test also measures the frequency and duty cycle of the driving
pulse. The output voltage, the frequency and the duty cycle of the driving pulse
are measured over several iterations. The maximum output voltage RMS is then
required to be within the values listed in table 5.1 The driving pulse frequency
must be within 10kHz range of the nominal frequency of 300kHz. The duty cycle
for the 10V Brick generally accepted RMS value is 0.1% for all Bricks. In Table 5.1
the desired duty cycle factors for each Brick are shown.

6. The startup verification test measures the delay that the Brick takes to start-up. It
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Figure 5.3: Test panel to perform various tests (left) and the manual control feature on a
graphical user interface (right).

is typically measured when the voltage reaches 90%. For this measurement the
oscilloscope probes are connected to the output and to the input of the Brick to
register the pulse, the delay is measured when the voltage amplitude reaches 90%.
Start-up delay acceptable values are shown in Table 5.1.

7. The reference voltage is also measured at regular intervals to determine the re-
sponse of the output of the external reference and checks the correct functioning
of the output voltage monitor. In the test, we measure the slope and offset of the
output voltage (Vout) versus the reference, then we take the same measurements
for Vout monitor versus offset. The output has a well defined slope in the process
which allows us to check that the output monitor sees the changing in the output
and to define the proportional coefficient between the monitor and Vout.

8. The output current versus load test checks the correct working of the monitor’s
circuit. The Brick is started at the minimum output voltage and the load is increased
to 80% of the trip point. Output of Iout monitor is taken at regular intervals of the
load. The test measures the slope and offset of the plot.

9. The calibration test is performed to make sure that the voltage input monitor is set
to the correct value. The output voltage is set to the nominal value and the test
measures the value of the input voltage monitor. The correct value is 1 V for all
Bricks with a tolerance of ± 0.05 V.

10. Current Input Monitor This test checks the correct calibration of the current input
monitor. Vout is set to the nominal value and the test measures the value of the
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Figure 5.4: The test monitors the output voltage of the LVPS Brick. Permitted values for
all the Bricks should be within the 3σ range. The test recorded for 10 minutes.

input current (Iin) monitor.

11. The temperature monitor test is used to check the temperature of the monitor lo-
cated near the input of LT1681 temperature protection. The Brick is cooled using a
fan during the test therefore the measured values do not correspond to the opera-
tion values.

The manual control feature has been included in the test bench along with an Elec-
tronic LOG book feature which is a widely used service on many CERN experiments.
A LabVIEW-based program has been implemented into the test bench to automate new
ELOG [67] entries containing test parameters immediately after a LVPS Brick test is com-
pleted. The Test bench logs 50 parameters of each Brick in a single ELOG entry. The
ELOG client is run locally on the test bench, and pipes parameters to the ELOG daemon
on the local PC. Further the copy of the results is stored in a TileCal database for future
reference. The development of the database can be seen on Appendix D.

5.4 Monitoring and control results

Some notable metrics that are also measured are the clock and its jitter which are moni-
tored to see how they affect the system’s stability and to make sure that the LVPS Brick
protection circuitry is operating properly. This test bench also verifies the protection cir-
cuitry of LVPS Brick, which protects it from over temperature, current and voltage. If the
output voltage, current or the temperature of the Brick exceeds the allowed range it can
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Figure 5.5: Temperature measurements taken for continuously for 30 minutes. B6 (left),
C1 (right) thermistor measurements located on the LVPS prototype Bricks.

damage the Brick itself, as well as to the components it is powering. If the temperature or
the output voltage of the Brick exceeds the tolerance limit it can damage the components
of the system and reduce the life expectancy of the Brick. The test process is initiated by
the user with the required test. After the test is completed, the program then automati-
cally configures all the necessary parameters and displays a binary pass or fail alongside
the respective test as shown in Figure 5.3. The program can also export the results as a
text file or if required in a form of a graphical representation. For the completion of a test
sequence, all tests need to be successfully completed without any error messages being
displayed. The pass status all of its respective tests must have yielded results within the
allowed parameter distribution, that is, all eleven tests within the sequence must have
received a pass.

Another significant metric we are measuring is the signal feedback where the test checks
the correct functioning of the monitor circuit of output voltage (see results in Figure 5.4) to
be distributed at the front end electronics of the TileCal. The Brick is started at a nominal
load of 2.3 A. The manual control feature is a new addition, which allows the Brick to
be monitored at any period interval. Permitted values for all the Bricks should be within
the 3σ range. For values outside the specified values, these are considered as a failure of
a Brick. The expected voltage of the power supply should not exceed 12.5 V, which can
be observed from Figure 5.4 where both the upper and lower bounds of the tested Brick
are with the required specifications. The two single-ended temperature measurements
(TMEAS2 and TMEAS3) for the prototype Bricks under test can be observed in Figure 5.5.

5.5 Summary of test bench results

The results of the different tests for all produced LVPS Bricks were tested in the period
2019-2021. Most common failures were on tests number 3, 5, while tests number 3 repre-
sents a special case where some constants will be verified. The Over voltage protection
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tuning (test 3) involves an operational amplifier which has been updated and specifica-
tion of value bounds is a subject of discussion in internal meetings. Almost all the 10 V
Bricks will be tested and their respective output files (see Appendix C) will be uploaded
on the CERN document repository as machine readable files, and to the ATLAS TileCal
Phase-II upgrade.
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Chapter 6

Software and Firmware development
for a Burn-In test bench

6.1 Accelerated aging of the low voltage power supply

Burn-In testing, often known as accelerated aging, is a method of detecting premature
component failure. The LVPS Brick and components will be stressed in an environ-
ment with an increased temperature during the Burn-In process [68]. This environment
stresses the electronics under test, causing components that would otherwise fail pre-
maturely to fail during the test period, before the newly manufactured electronics are
deployed on the detector, where access can be limited. "Infant mortality failure" refers
to a form of failure that occurs early in the life of new electronics. The failure rate dis-
tribution in Figure 6.1 depicts this period of early failure. The bathtub curve described
in Figure6.1 [69] describes the expected failure rate as a function of time of any compo-
nent taking into account infant mortality, constant random failures, and wear out failures.
The three stages of failure that define the full life span of a population of electronics are
described by the following:

• Infant Mortality: This is the period where early failures reveal themselves. This is
possibly due to a lack of control in manufacturing processes. Components fail at a
high rate, but this rate decreases with time.

• Stage 2, Normal Useful Life: This is the period where rate of failure is nearly con-
stant, and due to randomly occurring faults.

• Stage 3, End of Life: Period marked by increase in failure rate due to aging of com-
ponents; this period marks the end of the useful life span of a device.

The failure rate of any of these stages can be quantified in terms of the hazard function
h(t) which is the number of unit failures per unit of time.

h(t) =
f (t)
R(t)

(6.1)
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Figure 6.1: Bath-tub curve [69, 70].

f (t) is the time to (first) failure distribution (failure density function) and R(t) is the
probability of no failure before time t. R(t) can be related to the failure distribution F(t) as

R(t) = 1F(t) (6.2)

The Hazard function f(t) depends on the existence of the a failure distribution F(t) de-
scribing the probability of failure where T is time at which failure occurs.

6.2 Burn-In test bench development at WITS

6.2.1 Burn-In test bench

The Burn-In station’s electronics is comprised of a desktop PC with software that oper-
ates eleven compartmentalized micro-processors within the Burn-In station. The Burn-In
station is controlled from a central PC, and data is saved locally. The LabVIEW envi-
ronment was used to construct the main program that runs on the PC. The LabVIEW
program had previously existed, but it had to be modified and updated to work with
the new Burn-In station. Although portions of old code were used for inspiration, the
software used in the microprocessors local to the Burn-In was specifically designed. An
external coolant refrigeration unit was employed in this design, and the entire equipment
and electronics required to operate the Burn-In station is a PC, and a high voltage power
source located outside of the Burn-In station. This hardware interconnection is depicted
in Figure 6.2. The high voltage power supply (PVS60085MR) normally supplies 1 kW of
power at 200 V while the Burn-In station is operating with 8 Bricks. The programmable
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Figure 6.2: Burn in hardware block diagram [71].

power supply is controlled by the PC LabVIEW software via a VISA [68] communication
link over Ethernet.

6.3 Software development for Burn-In bench Electronics

A single serial communication via UART [70] over USB link is sent to the LabVIEW soft-
ware to all eleven micro-processors on each Brick interface card in the Burn-In station.
UART communication is suited for communications between embedded systems and
PC-based microprocessors [70]. To enable UART over USB, an FTDI IC [72] is used. The
eleven microprocessors internal to the Burn-In station perform specific function tasks.
Within the Burn-In station, there are 8 "Brick Interface" PCBs (one for each Brick), two
"Load Interface" PCBs, and one "Supervisor or MainBoard" PCB. Only the Main Board
physically communicates with the PC, and communicates with the other interface boards.
Its main job is to multiplex data between the PC and the other 10 interface boards.

This way, the LabVIEW software on the PC communicates with only one micro-processor
at a time. The full set up of the test bed can be seen in Figure 6.3 where the black-colored
paths are UART buses. Note that these buses do not represent traditional UART over a
RS232 bus (+/-15 V), but over a USB bus from the PC to the Main Board, and then from
the main board to the various interface boards over TTL logic. Each interface board for
the Brick and load contains a 16 bit PIC16F883 micro-controller. All the other colored
paths carry power. The HV path carries 200 V to each Brick, a path carries 12 V to power
each interface PCB, and the 12V output from each individual Brick to the electronic load.
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Figure 6.3: Burn-In Test bed.

6.3.1 Mainboard

This PCB board contains a PIC16F883 [73] micro-controller that allows for direct commu-
nication between each micro-proccesor and the PC through UART. It acts as a serial data
multiplexor between the PC and the Brick Interface and Load Interface boards that are
selected (MUX 1 of 11, addresses 0 - 10). The communication is established utilizing an
FTDI IC and a serial link (RS232) over a USB virtual COM port. Multiplexing is accom-
plished in LabVIEW on the PC by asserting the RTS (Request to Send) flag on the UART
level and transmitting the desired address. Following this address initialization, all bytes
transmitted from the PC are delivered directly to the corresponding read out board, with
no work or interference from the main board.

6.3.2 Brick Interface Board

The Brick Interface board’s primary role is to digitize and transmit data to the PC via a
20-pin ribbon cable’s through the various analog inputs. A Linear Technology (LTC2449)
16-channel ADC digitizes all analog input signals from a Brick. All of the Brick behavioral
characteristics are measured, including Vin, Iin, Vout, Iout, and two Brick temperatures.
To control and monitor each Brick, each has its own identical and equivalent interface
board. The interface board additionally provides a Voltage startup of +15 V and +5 V for
powering the Brick’s thermistors.
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Figure 6.4: Simplified LabVIEW control program execution diagram.

6.3.3 Dummy Load board

Two Dummy Load boards are included in a Burn-In test-bed. Each PCB has four pro-
grammable current loads for Bricks (currents ranging from 0.5 to 20 A. The Load Read-
out Board controls each Dummy Load. Each Dummy Load is controlled by Load readout
board. A Voltage on the load (Vload) and the sink programmed current (Iload) are mea-
sured.

6.3.4 Dummy Load Interface board

This PCB board is almost identical to the Brick Interface board. The program and com-
mands for the Peripheral Interface Controller (PIC) are also the same. The purpose of
the Load Interface Board is to read, control, and alter the parameters of a four-channel
electronic Dummy Load board, as well as to read Vload, Iload measurements. The load in-
terface board contains the same LTC2449 ADC which samples the voltage and current of
the Brick’s output measured at the electronic load. The second task of the load interface
is to shift bits into the DAC registers contained on the electronic load to command the
load current.

6.3.5 Embedded Firmware

The firmware of all the interface boards was written in embedded-C [74]. Both the Brick
interface board and the load interface board used a state machine. Representative dia-
grams for each the boards are displayed in Figure 6.4. The PIC16F883 micro-controller
unit (MCU) is critical because it receives signals from the board-mounted Analog Digital
Converter (ADC) chip and delivers them to the main board. Digital communication for
the Main boards and, by extension, the LabVIEW control software was also provided by
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Parameter Burn-In Nominal range Trip Point
Operating Temperature 60◦C 35◦C 70◦C
Applied Load 5 A 2.3 A 6.5 A
Run-time 6 hours - -

Table 6.1: Basic conditions for Burn-In procedure.

the MCU. This communication allows the Brick interface boards’ aforementioned func-
tionality to be controlled. It achieves it by employing its ADC chip to understand data
from its input/output (I/O) peripherals. The LabVIEW control program uses the Brick
interface boards to control and collect data from a Brick during its automated procedure.
The micro-controller stores the temporary data it receives in its data memory, which the
processor accesses it using instructions from its program memory to understand and
apply the incoming data. It then communicates with its I/O peripherals and takes the
appropriate action. Multiple software programs, notably MPLAB X [73] and Custom
Computer Services (CCS) software compiler [75] are required to program an MCU. A
commercial compiler was chosen as the legacy code was compiled in CCS. An Integrated
Development Environment (IDE) is used for writing and configuring the code. It works
in conjunction with the CCS software compiler, which builds and compiles the code into a
Hexadecimal (HEX) source file. The HEX file contains settings, configuration information
and register data. The MCU only recognizes the hex file as machine code, which it uses to
send and receive commands. The MPLAB X Integrated Programming Environment and
PICKIT 4, allows for debugging and programming of the Microchip PIC [73]. The Pro-
teus framework [62], is used for design, simulation and debugging of a firmware circuit.
We used this framework to convert a schematic of the BI board to functional diagram
whereby a simulation was carried out to debug the circuits connections. This procedure
is critical since it aids in the resolution of difficulties that may develop on the Printed
Circuit Board (PCB) prior to its populating. Because the PIC is the major component on
the PCB, the simulation is also utilized to check signal flow and operation.

6.4 Burn-In test procedure

During the Burn-In procedure, the Bricks are exposed to higher operating conditions,
which stimulate failure mechanisms within the Bricks. These requirements must be met
within the constraints imposed by the Brick’s design and operation. There are two rea-
sons for this. The first is concerned with effective Burn-In, and the second with the proce-
dure’s implementation. The failure modes that are simulated must be failure modes that
can occur during TileCal operation, such as an increase in operating temperature. If the
OCP or OTP trip parameters are met during Burn-In, a Brick will initiate a trip. Phase-
II Brick Burn-In procedure thermal profile is illustrated in Figure 6.5. The temperature
value originates from a thermistor located in between the primary side MOSFETs. This
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Figure 6.5: Burn-In procedure [71].

thermistor, which records one of two on Brick temperatures, was selected as it is utilized
in the Brick OTP circuitry in which it measures the highest on-Brick temperatures origi-
nating from the MOSFET switching losses. The thermal profile can be sub-divided into
three distinct regions. These are known as the rise, soak and fall regions. At the onset of
the Burn-In procedure the Bricks are switched on and put under a 5 A load. The Bricks
and the cooling system are thermal equilibrium at 20 ◦C at this point. This lower bound
was selected due to it being the average on-detector temperature of the Bricks when they
are are off. The temperature steadily climbs via the action of the cooling system increas-
ing the temperature of the heat-sinks. This process is assisted by the Bricks self-heating
due to inherent power conversion inefficiency. The characteristic curve is a result of the
heat capacity of the system, conductive as well as radiative losses. The soak region begins
after time Trise and continues for a total time period known as the soak time at the Burn-In
temperature of 60 ◦C. The Burn-In procedure run-time is taken as the sum of the rise and
soak time. This as the Brick must remain under load during the entirety of Burn-In. At
the eight hour mark the Burn-In procedure is terminated with the Bricks being switched
off and brought down to their starting temperature. The time that it takes for the Bricks
to be brought down to their starting temperature is known as the fall time.

6.5 Preliminary Burn-In results

During the production testing cycle of LVPS, each Brick will be checked into a Burn-In sta-
tion which performs the accelerated aging. Here, a LVPS Brick is subjected to a stressed
environment where the load and temperature are both elevated. In this environment the
expected operational life of the Brick is slightly reduced, in order to get the run duration
through the infant mortality state in a more timely manner. It is ideal to operate the test
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Figure 6.6: Thermal images for the LVPS Brick (left) and Dummy Load Board (right)
undergoing Burn-In testing.

at 60 ◦C, and slightly below the lowest maximum temperature of any device on the Brick,
which is 72 ◦C. The following parameters have been selected for the burn in procedure.
A preliminary Burn-In was done on an individual Brick as part of the development of the
test station at Wits University.

6.6 Burn-In test bench Summary

As of the time of writing the thesis, the large scale manufacturing of over 1000 LVPS
Bricks for the ATLAS Tile Calorimeter will occur in third quarter of 2022. Testing mecha-
nisms are in place necessary for quality assurance testing to ensure that the design, con-
struction, and production techniques of the Bricks are reliable before they are inserted
into ATLAS. The Burn-In is currently being finalized with some calibration of , with the
integration of the LabVIEW control software and hardware. An extensive study will be
conducted once more Bricks are available.
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Chapter 7

Radiation tests performed on the
Low Voltage Power Supply Brick

7.1 Radiation interaction with matter

Ionizing radiation can have an impact on semiconductor devices. The characteristics of
the interaction between a semiconductor and high-energy radiation are determined by
a variety of properties of both the incident radiation and the semiconductor material.
Ionization effects from incoming radiation interacting with shell electrons, displacement
of atoms in the target material from their initial lattice position, and nuclear reactions
from incident hadrons interacting with the target nucleus are the three main categories
of radiation effects on semiconductor devices. These three phenomena can happen at the
same time and are sometimes triggered by a single impact particle. Ionization is very
common, resulting in free electrons that can generate electron-hole pairs if they have
enough energy. The energy required to form an electron-hole pair and the ionization
capability of unit volume for the particular material or generation rate determine the
production of electron-hole pairs [76].

7.1.1 Interactions of photons with matter

Photons are electrically neutral particles with zero rest mass [77, 78, 79]. Depending
on the energy of the photon and the Z of the target atom, one of three possible routes
dominates the interaction of a photon with an atom (Figure 7.1). The total cross-section
of an interaction of a photon with an atom is equal to the sum of all three partial cross-
sections of the following processes:

1. The photoelectric effect occurs when a photon is absorbed by one of the atomic
electrons, resulting in the ionization of the target atom when the excited electron is
released. The difference between the energy of the incident photon and the binding
energy of the electron is the energy of the released electron or photo-electron. The
atom nucleus absorbs the majority of the recoil momentum during the operation.
If the incident photon’s kinetic energy is high enough to extract a K-shell electron,
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Figure 7.1: The Auger process from two perspectives. (a) depicts the Auger de-excitation
process in two steps. In the 1s level, an incident photon (or electron) creates a core hole.
The transition energy is transferred to a 2p electron that is emitted when an electron from
the 2s level fills in the 1s hole. As a result, there are two holes in the final atomic state,
one in the 2s orbital and the other in the 2p orbital. (b) uses X-ray notation to depict the
same process, K L1, L2, L3 [79].

an electron from the L-shell will inhabit the newly accessible lower energy state,
a process that ends with the L-shell emitting either a low-energy Auger electron
or a characteristic X-ray. An incident electron can also occur in the Auger electron
emission process, as shown in Figure 7.1, can also occur by means of an incident
electron. A secondary ionization can occur along the path of a photo-electron, re-
sulting in the formation of more e-h pairs in a semiconductor material.

2. The incident photon’s energy is substantially higher than the binding energy of the
K-shell atomic electrons during Compton scattering. An atomic electron is released
as an energetic Compton electron when it receives a fraction of the energy of the
incident photon. The energy transferred to the rebound electron can be a signifi-
cant fraction of the initial energy of the photon. The incident photon loses energy
as a result of the inelastic collision, resulting in a wavelength shift known as the
Compton shift. Compton scattering takes precedence over the photoelectric pro-
cess as the energy of the input photon is emitted. The charged particle interaction
phenomenon will be aided by the Compton electrons created.

3. Pair production is a natural phenomena that occurs when energy is converted to
matter. A photon striking a high Z nucleus can be entirely absorbed and its energy
turned into a positron-electron pair by the pair production process, which has a
minimum energy threshold of 1.02 MeV (2 x 0.511 MeV). The photoelectric effect
prevails for Silicon (Z=14) up to energies of around 50 KeV, while pair formation
dominates from energies of around 20 MeV, as seen in Figure 7.2. The vast in-
termediate energy range between 50 keV and 20 MeV is dominated by Compton
scattering.
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Figure 7.2: The relative contribution of various processes of photonic radiation interac-
tion with matter [78].

7.1.2 Interactions of charged particles with matter

The penetrating particles lose energy in all interactions between charged particles and
matter. The main interaction mechanism is based on the Coulomb interaction, which can
result in either elastic Rutherford scattering of the charged particle with the target atom’s
nucleus or inelastic scattering of the charged particle with the atom’s orbital electrons,
causing both excitation of atomic electrons and atomic ionization. In addition, the fol-
lowing less common processes can occur: Cherenkov radiation, which occurs when a
particle moves faster than light non the same medium, and transition radiation, which
occurs when the medium is in-homogeneous [78]. The mass difference between heavy
and light charged particles, the interaction mechanisms change. The relative contribution
of these processes to total energy loss is determined by the incoming particle’s kinetic en-
ergy and the target material’s characteristics. The energy of incident particles delivered
to the material is expressed by the Linear Energy Transfer (LET), which is defined as the
differential energy loss divided by the differential route length. The dominant process
in the interaction of matter with light charged particles for lower energies is ionization.
However, other channels of interaction can also take place. These include Moeller in-
teraction in the presence of elastic scattering of an electron from another electron, and
Bhabha scattering when a scattering of an electron from a positron occurs and electron-
positron annihilation results in two photons. The emission of Bremsstrahlung radiation
is the primary interaction mechanism at higher energy. One or more Rutherford scat-
terings can occur, resulting in large variations in the particle’s path. For a wide energy
range of incoming electrons or positrons traveling through lead [78], Figure 7.3 displays
the contributions of several processes to the fractional energy loss per radiation length.
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Figure 7.3: Fractional energy loss per radiation length in lead as a function of electron or
positron energy [16].

7.1.3 Interactions of neutrons with matter

Neutrons have zero charge and interact with matter through nuclear processes such as
elastic scattering, inelastic scattering, spallation, fission, radiative capture, and transmu-
tation. The neutron transmits some of its energy to the nucleus of an atom of the target
material through elastic collisions. After catching a portion of the energy from the inci-
dent neutron, the nucleus of the target atom is left energized in the process of inelastic
scattering. When the excited state of the nucleus transitions to a stable state by produc-
ing a gamma particle as a result of the nucleus de-excitation [80], inelastic scattering can
lead to radiative capture. Both elastic and inelastic neutron scattering processes can shift
the target atom from its lattice position if the transmitted energy is substantial. A high-
energy neutron can trigger a spallation reaction, in which the nucleus is split into many
fragments. Fission occurs when a heavy nucleus captures a sluggish neutron, becomes
excited, and splits into fragments as a result. And the transmutation process entails a nu-
clear reaction in which the incident neutron is captured by the target nucleus and another
particle, such as a proton or an alpha particle, is emitted as a result. The material atom
transmutes, or changes atomic number, as a result of this nuclear reaction. TIonization
causes the recoiling atom from any nuclear event to lose energy and may displace other
lattice atoms in the process. Scattering processes and nuclear reactions favor generation
of displaced atoms and ionization for silicon atoms interacting with fast neutrons (EN > 1
MeV), causing changes in the electronic behavior of silicon based semiconductor devices.
The capture effect dominates the interaction with slow neutrons. The two most popular
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Figure 7.4: Characteristic neutron damage function for Silicon [80].

techniques of defining the neutron damage function are shown in equations 7.1 and 7.2.

DN = σ(EN) · v(EN) (7.1)

DN = EN · σ(EN) (7.2)

where: EN is the Energy of the incident neutron, σ(EN) is the interaction cross section
of a neutron of energy EN with a lattice atom, and v (EN) is the average number of dis-
placed atoms after the primary knock-out interaction with a neutron of energy EN. The
neutron damage functions are characteristic of the properties of both the lattice and its
atoms. Both neutron damage functions for Silicon are shown in Figure 7.4.

When neutral hadrons interact with matter, displacement processes generally take prece-
dence over ionization processes. In contrast, ionization processes dominate interactions
with charged hadrons like protons, with only a small fraction generating displacement
damage.
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Figure 7.5: Characteristic neutron damage functions for Silicon [81, 82].

7.2 Radiation effects on electronics and semiconductor devices

Semiconductor devices can be impacted in a variety of ways, depending on the type of
radiation. The different effects for understanding how radiation causes changes in the
electronic behavior of semiconductor devices can be divided into three categories:

1. Total Ionizing Dose (TID) effects: When a device is exposed to a low ionizing radi-
ation dose over a lengthy period of time and creates trapped charges and interface
states are created in the gate oxides and isolation oxides. The trapped charges accu-
mulate over time, causing quasi-permanent device changes that eventually lead to
functional failures. Various effects can be found in various types of electronic com-
ponents, including: Threshold voltages in Field Effect Transistors are shifted due to
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holes trapped in the gate oxide layer. Gain is reduced in operational amplifiers, but
bias currents, offset voltages, and currents increase.

2. Single Event Effects: When ionization occurs above a certain LET (also known as
the LET threshold) in sensitive parts of an exposed electronic device, the deposited
charge might disrupt the device’s operation or produce transient current pathways.
The critical charge required to form a SEE is highly dependent on the size of the de-
vice feature (See Figure 7.5). There are two types of SEEs: non-destructive and
destructive: Non-destructive, or soft, SEEs can be recovered by a system reset, re-
programming/re-configuring the device or reprocessing of affected data. Non de-
structive SEEs include the following types: Single Event Upsets (SEU) occur when
the logic state of an electronic element changes because of charge accumulation dur-
ing the ionization processes. When the logic state of an electronic element changes
due to charge accumulation during the ionization processes, Single Event Upsets
(SEU) occur. Flipped bits or logic state changes are most common in digital devices
including memory, CPUs, and FPGAs. Devices using MOS or bipolar technology
are both susceptible to SEUs. When the collected charge is spread throughout dif-
ferent circuit elements, multiple bit upsets can occur, resulting in logic state changes
in many cells of the circuit. When an ionizing particle causes voltage pulses that
propagate through the circuit, Single Event Transients (SET) occur. A SET can cre-
ate analogue output signal distortion that does not always result in a flipped bit
unless it is passed through a digital circuit, resulting in an incorrect bit value being
latched in a sequential logic unit. SETs are more difficult to record and correct than
SEUs due to their spontaneous nature. The manufacturing method, current pulse
amplitude, and operation frequency all affect a device’s sensitivity to SETs. Because
of their smaller feature sizes and wider frequency ranges, current devices are more
susceptible to SET.

When a device fails, destructive or hard SEEs occur, resulting in lasting device or
system damage. The following are the several types of hard SEEs: When ionized
particles produce transient currents at the interface between two complementary
MOS transistors in CMOS and BiCMOS devices, Single Event Latch Up (SEL) oc-
curs. The transistor pair can be thought of as a P-N-P arrangement that works
similarly to a Silicon Controller Rectifier (SCR) or a thyristor. Single Event Burnout
(SEB) is a problem that mostly affects high-power MOS transistors like DMOS and
VDMOS. In the presence of a high drain source voltage, an ionizing particle trav-
elling through a volume of parasitic bipolar transistor can generate an overly large
localized current. When voltage is provided to the base-emitter junction, avalanche
multiplication of the current in the BJT (Bipolar Junction Transistor) collector al-
lows the transistor to be switched on. The BJT may overheat, causing the device to
burn out, if the localized power density is high enough. SEBs are always harmful,
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Figure 7.6: On the left: Total ionizing dosage in Gy/4000 fb−1 in the tracking and
calorimeter regions of the Phase-II ATLAS detector. On the right: Displacement damage
in silicon, expressed as the corresponding fluence of 1 MeV neutrons with an integrated
luminosity of 4000 fb−1. For both images the minimum-bias pp events are simulated with
Pythia 8 at 14 TeV centre of mass energy assuming an inelastic cross section of 80 mb. The
GEANT3/GCALOR code is used to model particle tracking and interactions with mate-
rial using the latest geometry description of the Phase-II ATLAS detector. In azimuth, the
geometry model is symmetric, with z = 0 [34].

leading the gadget to fail permanently.

3. Non-Ionizing Energy Loss (NIEL) effects lose the majority of the kinetic energy of
an incident proton; however, a minor part of the energy known as Non-Ionizing
Energy Loss (NIEL) can contribute to lattice displacement effects. Incident protons
and neutrons, as well as electrons with energies exceeding 150 keV, can produce dis-
placement damage, as can gammas indirectly through photo-nuclear interactions
with protons and neutrons [81, 82]. The minimal energy necessary to permanently
displace an atom from its lattice location to a defect position is called the displace-
ment energy (Ed) On average, Ed = 25 eV for many materials [83, 84].

If the recoil atoms’ acquired kinetic energy is greater than twice the displacement
energy of other atoms (Trecoil–atom > 2 x Ed), they can cause displacement [81,
82, 83]. As shown in Figure 7.5 a classic collision between two spherical balls can
be used to visualize displacement events. Different types of simple displacement
flaws are presented in the following:

• (a) Vacancy: the lattice position left unoccupied by a displaced atom.

• (b) Divacancy: two adjacent vacancies.

• (c) Interstitial: a displaced atom occupies a non-lattice position.

• (d) Di-interstitial: two adjacent interstitials.
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Electronics Z-High R-High R-Low TID NIEL SEE
cm cm cm Rad n/cm2 p/cm2

High-Voltage 275 400 400 1000 1.32x1012 2.31x1011

Mainboard 275 410 410 1000 1.03x1012 2.46x1011

FENICS 280 400 410 1000 1.03x1012 2.46x1011

Daughter Board 240 400 400 200 2.44x1011 1.50x1010

LVPS-Barrel 300 390 400 2000 1.77x1012 4.20x1011

LVPS-Endcap 635 390 400 400 2.44x1011 5.64x1010

Table 7.1: Radiation doses simulated for 4ab−1 of HL-LHC running [42].

7.3 TileCal Radiation requirements for HL-LHC

TileCal’s read-out electronics are shielded by the calorimeter body, therefore radiation ex-
posure limits are less stringent than those of other ATLAS sub-detectors (see Figure 7.6).
The expected increase in particle fluxes for the HL-LHC, however, requires more radia-
tion tolerance in the on-detector components [85]. For the LVPS Brick, an integrated total
ionising dose (TID) of up to 200 Rad and displacement damage (NIEL) corresponding
to 2.44 × 1011 1 MeV n/cm2 is expected over the 10 years of HL-LHC operations. SEE
rate estimations are based on a fluence of up to 1.5 × 1012 protons cm−2. The current on-
detector read-out electronics save digitized data from every bunch crossing that passes
through digital pipelines, making the data subject to corruption due to higher SEE rates.
The improved TileCal circuits address this issue by transferring data off-detector, away
from the pipeline memory, which are exposed to radiation. Table 7.1 lists quantitatively
the locations of the on-detector electronics boards and the simulated doses for the most
exposed electronics during the whole HL-LHC period. Safety factors are introduced by
the ATLAS Electronics Coordination Group as specified in Table 7.1 to account for error
margins associated with the different types of radiation tests.

7.4 Radiation Testing of the LVPS Brick prototypes

To qualify the LVPS Brick for use at the HL-LHC, the power supply must be tested for
Total Ionizing Dose (TID), Non-Ionizing Energy Loss (NIEL), and single-event effects
(SEE), using radiation doses that correspond to the expected exposure over the course of
10 years of HL-LHC operation, with safety factors. Following the ATLAS Radiation Pol-
icy and the ATLAS policy on radiation tolerance electronics [85]. For our radiation tests,
since the specifications differed depending on the type of radiation, we chose three sites
with relatively pure particle sources for our radiation experiments. This seemed prudent
in order to clearly understand the sources of radiation damage, since the mechanisms are
different for each type of radiation. We performed six sets of radiation susceptibility mea-
surements total to test (see Table 7.2) the various prototype LVPS Brick. The following is
a summary of these studies.
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Radiation Type Location Simulated Dose/ Fluence SFsim SFlot Target Dose

TID [Gy]
Barrel 53.56 1.5 4 1607
End-caps 34.3 1.5 4 1029

NIEL [n/cm2]
Barrel 3.49 x 1012 2 4 2.79 x 1013

End-caps 9.59 x 1011 2 4 7.67 x 1012

SEE [p/cm2]
Barrel 5.3 x 1011 2 4 4.24 x 1012

End-caps 9.8 x 1010 2 4 7.84 x 1011

Table 7.2: LVPS Radiation Type, simulated dose and target dose. The radiation is com-
puted in terms of total ionizing dose (TID), non ionizing energy loss (NIEL) and single
event effect (SEE) are shown. The three last columns show the radiation dose assumed in
2020 for the present LVPS design, the survival limit dose and the safety factor assumed
for the new design. Safety factors are introduced by the ATLAS Electronics Coordina-
tion Group as specified in Table to account for error margins associated with the different
types of radiation tests. Safety Factors: SFsim (Safety Factor on the simulation giving the
Doses or Fluences) and SFlot (Safety Factor corresponding to the variation from lot to lot
of components) [34].

7.4.1 Total Ionizing Dose testing

We performed one test on the Bricks for Total Ionizing Dose susceptibility using gamma
irradiation from the cobalt-60 (60Co) CERN facility. The test was performed on 28 April -
01 May 2019. The gammas were produced from a 60Co source, with energy equivalent of
1 MeV. The dose rate of the source was measured by an ionization chamber at the start of
the runs. The test apparatus was configured as shown in Figure 7.7 The port containing
the 60Co source is on the left side of the picture. The Bricks were situated 76 centimeters
from the source. At this location, the dose rate was estimated to be 2.2 krad/hr. In each
run, we went up to 500 Gy of TID at the center of the setup to make sure we get 480 Gy
at the farthest point of setup from the source. The 4 Bricks were assembled on a panel
with cooling fans and 5 Ohm resistive loads. The Bricks were operating at 2 A (similar
to condition of powering half of a mini drawer). The flux from the source was parallel to
the plane of the printed circuit boards. There were also buffer boards that were utilized
below the line of sight of the port, and were protected with lead Bricks. The apparatus
was cooled using a 40 cm fan that blew ambient air onto the Bricks. The readout computer
was located outside of the room, connected to the buffer boards through 16 meters of
cable. The Bricks were being controlled and monitored from the control room using a
data acquisition module from National Instruments. Each Brick was connected to DAQ
module through a buffer board. Monitored parameters from each Brick were the output
voltage and current, and temperatures on two points on the Bricks.

TID Results

There were no hard failures of Bricks during the TID irradiation study. No transient event
phenomena occurred during gamma irradiation, in the power supplies. All the Bricks
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Figure 7.7: Picture of the LVPS Brick (Left) and Interface Board (Right) in the cobalt-60
test facility at CERN.

were running and monitored during up to end of the tests with only an output voltage
drop of 1 mV/Gy. Since the accepted range of output voltage is 8 to 12 V from the point
of load regulators, this drop is completely acceptable due to wide range of input voltage
for our front end electronics. Parameters showed expected behaviour as a function of
time for output voltage as shown in (Figure 7.10) and the output current in (Figure 7.10)
both over a 12 hour duration. There was a general degradation of performance observed
as the total dose increases. Most notable are:

• An increase in clock jitter

• An increase in the clock frequency

• Slow deviations of the monitored voltages

• A tendency of the opto-isolator to eventually fail at very high dose rates. The nature
of the failure was such that the Brick failed to restart after being turned off in a
normal way.

• A tendency of the FET driver to eventually fail at very high dose rates

We noted that these effects for the most part showed up at very high dose rates. We
conclude that the design is sufficient for the next decade of running, given the high safety
factor imposed on the TID specification.
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Figure 7.8: Output Current (A) left and output voltage (V) right of the LVPS monitored
during irradiation testing at the 60Co facility.

Brick Buffer Board Load Trip?
V8.3.1 0 150 ohms No
V8.3.2 1 150 ohms No
V8.3.1 2 150 ohms Once
V8.3.2 3 150 ohms Once

Table 7.3: Bricks tested at 60Co for gamma susceptibility.

7.4.2 Non-Ionizing Energy Loss testing

Three runs of NIEL tests on the Bricks with neutrons were performed in the TRIGA reac-
tor [86] in Ljubljana, Slovenia from Quarter 4 in 2019 and Quarter 3 in 2020. The Bricks
were irradiated in the in the tangential Channel, a horizontal channel piercing the con-
crete biological shield, the reactor tank and the graphite reflector around the core is to
allow irradiation of electronics of lateral dimensions of at least up to 12 cm in a rela-
tively intense neutron flux, of the order of 1012 n/cm−2 s−1. The tests were performed
on individual components and on full Bricks with energy equivalent to 1 MeV equiva-
lent neutrons. To use this facility, the Bricks and components under test were placed in a
water-tight vessel, and lowered into the cooling pond of the reactor. At the bottom of the
pond is the exposure area. When the reactor is powered, a door is opened, allowing the
sample to receive the neutron flux from the reactor core. Because of the configuration,
this reactor can support a large sample volume, with a nearly uniform flux over a 30 cm
x 30 cm area. Pictures of the setup are shown in Figure 7.9.

7.4.3 NIEL Results

Table 7.4 below shows the results of the neutron tests performed at Ljubljana. Three of
the components did not survive the full fluence of 2.5 x 1013 n/cm2, but they survived a
lower fluence of 2 x 1013 n/cm2. It was discussed in several internal meetings that if the
lot safety factor can be removed, the NIEL target fluence will become 7 x 1012 n/cm2. We
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Figure 7.9: Output Current (A) and output voltage (V) of the LVPS monitored during
irradiation testing at the Ljubljana, TRIGA reactor.

Component Test Result at Test Result at
2 x 1013 n/cm2 2.5 x 1013 n/cm2

Brick Fail (1) Fail (4)
LT1681, LT3080 Fail (2) Fail (4)
LM6142 Pass (6), Fail (2) Pass (3), Fail (1)
LM9074, IR2110 Pass (2) Pass (1)
SI8920 Pass (4) Pass (2)

Table 7.4: Summary of components and Brick tested at different target fluences.

concluded our NIEL tests, considering that we can procure the three mentioned compo-
nents from a single batch as per the radiation electronics task force (RETF) recommenda-
tions.

7.4.4 SEE testing

SEU testing was performed at the Paul Scherrer Institute (PSI), using the Proton Irradia-
tion Facility (PIF) which is constructed for testing spacecraft components. Of particular
interest in these studies was the performance of certain critical parts: the LT1681 con-
troller chip; the IR2110 FET driver; and the SI8920-Isolation amplifiers. The functions of
these parts in the circuit were described in Section 4 under the LVPS Brick Design. We
performed three sessions of irradiation tests on the Bricks with protons using at PSI with
200 MeV proton beam with a flux of 3 x 108 p/cm2/s. The beam cross section in PSI is 5
cm by 5 cm. This means we cannot test the Bricks and had to design boards for individual
components to perform the tests and mimic the operation of the chips on the LVPS Brick.
A single reference chip outside the beam circle was used for the tested boards. An active
measurement of the response of the Bricks and component boards under irradiation was
desired, thus a reasonable time period to search for any detrimental effects was chosen
to be several hours. The SEE effects should be independent of rate. The general setup
that we used is shown in Figure 7.11. The Boards were placed so that the front face in the
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Figure 7.10: Output Current (A) and output voltage (V) of LVPS Brick 1 monitored during
irradiation testing at the Ljubljana, TRIGA reactor.

fixture was at a distance of 157.5 cm from the beam with the boards situated to be per-
pendicular to beam. Although not shown in this photo, several equipment (Oscilloscope,
Function generator, Power Supply and DAQ module and PC) were put out in the maze
area. Alignment was done with a laser and mirrors and the intensity normalized. The
Beam intensity was controlled by us in a remote section facility. The readout computer
located 16 meters away in a room outside of the radiation area. The monitor voltages of
the Boards under test were measured continuously during the runs.

7.4.5 SEE Results

Results obtained from testing the PSI facility. Due to the beam size of the facility (cross
section of circle with diameter of 5 cm). We only needed to test 3 chips (1 isolation am-
plifiers and 1 MOSFET driver and MOSFET). Three boards were made, each having 10
pieces of one of the components placed in a circle of 5 cm diameter. Voltages and currents
of the components were monitored during the tests using a DAQ module. Target fluence
for each board is 5.42 x 1011 p/cm2 (5.42 x 1012 p/cm2 will be received in total by each
type of chip). Having a flux of 2 x 108 p/cm2 , we need 2700 seconds for each board.
From 10 irradiated chips on the board, at the end of the runs, 4 chips were damaged
due to TID effects caused by the interaction of high-energy photons or charged particles
(mainly protons and electrons) with the atoms of that material. The output voltage of 5
of the irradiated chips measured by DAQ was as expected (from which one was dead at
the end of the tests). The output voltage of 3 of the irradiated chips measured by DAQ
showed huge fluctuations. The output voltage of 2 of the irradiated chips measured by
DAQ went to almost zero for some time during irradiation. Results of some of the chips
are illustrated in Figures 7.13, 7.14 and 7.15. The tests were performed in 4 runs, and
there were a power cycle between each two consecutive runs:

• There were also three power cycles at the end of the tests, just to see if any of the
faulty chips will behave correctly after power cycle, or if any working chip will
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Figure 7.11: Isolation amplifier Board being set-up for irradiation.

continue to work

• The results from the reference chip (chip U11) showed that this chip behaved com-
pletely normal during the test however several isolation amplifier chips had huge
fluctuations during irradiation as seen in Figure 7.12. 6 out of 10 chips from each
isolation amplifier board didn’t survive the full dosage.

7.5 Irradiation Studies Summary

The LVPS Brick was tested for TID, NIEL and SEE to verify the readiness of the design
for the HL-LHC era. The design proved to withstand up to 20 kRad of TID, being enough
to qualify it for the HL-LHC lifetime within the radiation doses simulated as reported in
the ATLAS Tile Calorimeter Phase-II Upgrade Technical Design Report [44]. However,
the new dose values showed in were obtained after new simulations with new geometry
were done as presented in an internal meeting [44]. The new values dictate that to qualify
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Figure 7.12: Instability with Isolation amplifier.

the board, either a TID test should be done up to either 72 kRad or to 14.4 kRad if the test
includes annealing of the chips up to a day (24 hours) under bias room temperature. This
neutralizes the oxide-trapped charge that was built up during the exposure to radiation.
A radiation testing campaign to test the new LVPS Bricks for radiation tolerance has been
completed.

1. The measurements of the Brick performance to gamma irradiation (TID) showed
the following: There were no hard failures of Bricks during the irradiation study.
There is a general degradation of performance observed as the total dose increases.
Most notable are: an increase in clock jitter; an increase in output noise; an increase
in the clock frequency; slow deviations of the monitored values; a tendency of the
opto-isolator to fail, probably at very high dose rate, with the net result that the
Brick fails to restart after turned off. We note that these effects for the most part
showed up at very high dose rates. We conclude that the design is probably suf-
ficient for the next decade of running, given the high safety factor imposed on the
TID specification.

2. The measurements of the Brick performance to neutron irradiation (NIEL) showed
the following: There were no hard failures during the irradiation studies that were
attributable to radiation damage. There is a small degradation of performance ob-
served as the total dose increases. Since the changes observed were small, we con-
cluded that the design is sufficient for the next decade of running, given the high
safety factor imposed on the NIEL specification.

3. The measurements of the Brick performance to proton irradiation (SEE) showed
the following: There were hard failures for 1 of the components during the irradia-
tion studies. However, these failures are attributed to the isolation amplifier which
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Figure 7.13: Irradiated Chip U1 and U2 performance. The results from Chip U1 show that
in the first run, the output voltage goes to zero, which was then fixed by a power cycle to
zero, which was then fixed by a power cycle. The chip survived the test after receiving
400 Gy. The results from Chip U2 show that the output voltage had some fluctuations
during all the runs, which went away without a need to power cycle. The chip also
survived the test after receiving 400 Gy.

showed huge instabilities as soon as the beam was turned on 7.12. An attempt to
find a suitable candidate to test for TID, NIEL and SEE is being investigated. The
conclusion is that once a suitable candidate is found on the detector is much higher
than what would be predicted by SEE in the controller chip. Nonetheless, we con-
clude that the SEE problem with the isolation amplifier should be addressed before
pre-production commences.
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Figure 7.14: Irradiated Chip U3 and U4 performance. The results from Chip U3 show
that this chip almost behaved like the reference chip during the whole test. The chip
also survived the entire dose of 400 Gy. The results from Chip U4 show that in all of
the 4 runs, it goes to an unstable mode, where the output voltage fluctuates a lot. The
fluctuations started almost at the beginning of each run. The fluctuations did not stop
when the beam was stopped at the end of each run (a power cycle was needed). After
the last run (receiving 400 Gy), the chip stopped working properly (due to TID effects),
and even the two power cycles did not fix the issue.

Figure 7.15: Irradiated Chip U7 and U11 performance. The tests were performed in 4
runs, and there were a power cycle between each two consecutive runs. There were
also two power cycles at the end of the tests, just to see if any of the faulty chips will
behave correctly after power cycle, or if any working chip will continue to work.The
results from Chip U9 show that this chip almost behaved like the reference chip and did
not have any large fluctuations. The chip also survived the full radiation dose of 400 Gy.
The results from the reference chip (chip U11) shows that this chip behaved completely
normal during the test.
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Chapter 8

Conclusions

The LVPS Brick project and progress were examined in both a Preliminary Design Re-
view (PDR) and Final Design review at CERN. Several points were raised for discussion
prior to the pre-production stage. These crucial points from the FDR, as well as other
difficulties identified in lab tests and radiation tests, strongly support a minor change of
the LVPS Brick based on the identification of a good candidate for the isolation amplifier.

8.1 LVPS project summary

The work I have done for this thesis concerns the test and characterization of the all
produced iterations of the Brick from version 8.1 to 8.4.2. The front-end electronics is
powered by the low voltage power supplies, one for each module, composed by eight
Bricks controlled by a local motherboard. Since the beginning of operation the low volt-
age power supplies have proved to be the critical point of the front end system of TileCal:
A redesign project for the Bricks was taken by Wits University and University of Texas at
Arlington aiming at producing 2048 Bricks for the HL-LHC. The latest design addresses
several aspects of the Bricks that caused the instabilities of the initial design. A particular
attention has been devoted to reduce the temperature of the Brick, update the start up
circuitry to include the Tri-State functionality, to improve the protection circuits and to
have a better coupling with the cooling and radiation tolerant for the High Luminosity
phase.

A small number containing prototypes of the new Bricks have been installed and ex-
posed to CERN’s Super Proton Synchrotron accelerator for the 2021 test beam campaign.
The module obtained excellent results. All the Bricks produced have undergone a long
list of tests at Wits University to ensure the high quality and reliability needed for the
detector operation. The strict checkout procedure is based on two large testing sessions,
both followed by debug and repair sessions. The sessions address protection and mon-
itor circuits and are separated by the Burn-in which aims at having the Brick working
under stress conditions with the purpose of finding any component or soldering close to
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the failure edge. At the end of the checkout procedure all the Bricks match the design pa-
rameters within allowed error ranges. The Bricks are entering the Final Design Closure
in preparation for the pre production phase and will be installed on the detector during
2026-2028 period.

8.1.1 Brick Design and production

The LVPS Brick prototypes v8.1 and v8.2 were the first prototypes produced by Wits
University together with several local industry partners. After the PDR, there were two
design revisions. v8.3.1 and v8.3.2 designs that included the following 2 changes:

• Simplifying the enabling circuit and remove the bipolar transistors to improve the
NIEL tolerance.

• Separating the bias voltages to different thermistors for temperature monitoring, to
allow the over temperature protection in case of ELMB2 failure.

The finalization of the Tri-State method necessitated the slight tweak of the v8.3 Bricks.
The latest designs v8.4.1 and v8.4.2 included 2 changes

• Updating the startup circuit to make it compatible with Tri-State control scheme.

• Adjusting the soft startup circuit to limit the input inrush current, and avoid the
trip during the startup.

• The PCB will be fabricated in IPC class 2 with halogen free materials for LV Bricks
pre-production as per the new CERN safety regulations.

It is expected to have a slight modification after conclusion of the radiation tests for the
remaining component.

8.1.2 Functional testing

The Prototype LVPS Bricks have been tested both at the University of the Witwatersrand
and in the TileCal low voltage Vertical Slice Tests (VST) at CERN. Pre-production LVPS
Bricks are planned to be tested in the second VST in 2022. The LVPS Bricks initial test
stand hardware has been prepared to test all new Brick that will be produced with results
of previous test on the Appendices.

8.1.3 Burn-in testing

Burn-in test bench design has been finalized and in operation, using a water cooling
system with temperature controlled by a chiller. Two sets of burn-in stations will be used
for main production testing. The Burn-in test sequence has been defined, each LVPS Brick
will be tested with a 5 A load for 6 hours with preliminary results shown in section 6.
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8.1.4 Radiation testing

The campaign of irradiation tests for LVPS Bricks started 2 years ago, and has been mostly
following the original ATLAS radiation policy.

• The SEE tests were only focused on the replaced components after CHARM tests.
The new components (SI8920 and LT3080) were tested at PSI facility. SEU were
observed for the isolated amplifier (SI8920), which a few were recovered by a power
cycle.

• TID test was performed at Cobalt-60 facility at CERN with 3.75 Gy/hr up to 500 Gy,
then 0.3 Gy/hr up to 305 Gy on LVPS Bricks. Similar behavior was observed in both
low and high dose rate tests

• NIEL test was performed at TRIGA reactor in Ljubljana on LVBricks, 3 components
(LT1681, LT3080 and LM6142) were found to survive a lower fluence of 1013, 1 MeV
n/cm2.

8.2 Discussion and prospects

This work has followed the development and testing of the ATLAS TileCal LVPS Brick
over three revisions. The latest revision of the LVPS Brick is version 8.4.2 which has been
extensively developed, tested, and ready for installation in the TileCal upgrade Demon-
strator system for testing in ATLAS running conditions. A new revision, v8.5, is currently
under development and aimed at solving the remaining issues. The LVPS Brick will need
to be produced and extensively tested in advance of the scheduled Production Readiness
Review in 2022, after which approximately 1024 Low Voltage Power Supplies will be
produced, tested and delivered to CERN as per the contribution of Witwatersrand Uni-
versity to the ATLAS Upgrade for the HL-LHC era.
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Appendix A

Schematics and Tri-State control
simulations

Appendix A is used to provide some supplementary materials. For example, schematics
of the LVPS Bricks shown in Figure A.1, the custom schematic boards used for irradiation
studies to test individual components shown in Figure A.2, A.3. This is provided to both
the PCB manufacturer and the population house. The Tri-State control simulations were
done to validate the Brick start-up circuitry using the new Tri-State control method. This
allows for the Brick to be started, kept alive and switched off using a single line. The
simulations can be seen on Figures A.5 and A.6.
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Figure A.1: LVPS V8.5 Schematic.



Appendix A. Schematics and Tri-State control simulations 85
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Figure A.2: Schematics IR2110.
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Figure A.3: Schematics MOSFET.
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Figure A.4: Schematics SI8920.
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Figure A.5: Tri-State control method at 15V DC.
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Figure A.6: Tri-State control method at 0V DC input.
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Appendix B

Test benches set up and results

Appendix B includes the Test station set-up for the individual Brick and the Burn-In test
Bench firmware development discussed in section 6. Experimental results, test station
architecture, detailed radiation experimental settings. Figure B.1 shows the output log
file during testing of the LVSP Brick. The results consists of checking the minimum stable
load, voltages and temperature readings B.2. Figure B.3 depicts the set up of the Brick
on a heat sink plate running on an external refrigeration unit. Figure B.4 shows the full
compilation of the initial test stand and a custom temperature test stand to test individual
components. Some results of the Bricks are also shown in Figures B.5, B.6 and B.7. The
MainBoard PIC16F series micro controller code was written and modified for the new
custom boards used for the Burn-In test station. The registers and clock frequency was
also updated this can be seen on Figures B.8, B.9 and B.10. Testing of the code and ADC
channels was performed using a serial monitoring program and some values from the
ADC chip can be seen on Figure B.11. The new LabVIEW control panel was refactored
without changing the overall functionality of the software but updated and modified for
the use case of the latest version of the LVPS Bricks as seen in Figure B.12.
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2/24/22, 12:41 PM www.particle.cz/work/TileDB2/FileHandler.ashx?partkind=1&name=20LLEPSOHE002_HE 002.txt

www.particle.cz/work/TileDB2/FileHandler.ashx?partkind=1&name=20LLEPSOHE002_HE 002.txt 1/2

Username

Edward

1 status

PASS

1 DC sdev

0.270600

1 min freq

297162.100000

1 max freq

297430.600000

1 freq sdev

59.950000

1 min stable load

1.640000

2 status

PASS

2 Vout

9.962730

2Waveform


3 status

PASS

3 OVP

11.777100

4 status

PASS

4 OCP

10.440000

5 status

PASS

5 DC stdev

0.608000

5 DC avg

23.117100

5 Vout rms

0.013200

5 Vout feak

0.175000

5 freq

294.285500

6 status

PASS

6 Max Startup

0.000000

6 Min Startup

0.000000

6 #Startups

5.000000

7 status

PASS

7 Vout vs trim rms error

0.000927

7 Vmon vs trim slope

0.080204

7 Vmon vs trim offset

-2.305309

7 Vmon vs trim rms error

0.000977

7 Vout vs trim offset

10.929211

7 Vout vs trim slope

-0.380826

7 Monitor vs Trim


Figure B.1: Test stand log results of measured HE002 Brick.
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2/24/22, 12:41 PM www.particle.cz/work/TileDB2/FileHandler.ashx?partkind=1&name=20LLEPSOHE002_HE 002.txt

www.particle.cz/work/TileDB2/FileHandler.ashx?partkind=1&name=20LLEPSOHE002_HE 002.txt 2/2

7 Vout vs Trim


8 status

FAIL

8 Imon vs load rms error

0.172789

8 Vout vs load slope

-1.710918

8 Vout vs load offset

15.691154

8 Vout vs load rms error

2.798877

8 Imon vs load slope

-0.022267

8 Imon vs load offset

0.363318

8 Vout vs Load


8 Imon vs Load


9 status

PASS

9 Vin mon

1.031744

10 status

PASS

10 Iin mon

-0.008174

11 status

PASS

11 temp1

130.523639

11 temp2

132.756077

Brick Serial Number


Brick Type


Figure B.2: Test stand results of measured HE002 Brick.
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Figure B.3: Test stand set up of measured Brick.
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Figure B.4: Test stand set up of prototype Brick.
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Figure B.5: Temperature distribution for the MOSFET and Inductor temperatures, mea-
sured on LVPS Protoype Bricks.

Figure B.6: Temperature distribution for the MOSFET and Inductor temperatures, mea-
sured on LVPS Protoype Bricks.

Figure B.7: Temperature distribution for the MOSFET and Inductor temperatures, mea-
sured on LVPS Protoype Bricks.
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File: /home/edward/Desktop/MainBoard.pdf Page 1 of 3

/*
 * File:   led.c
* Author: Edward Nkadimeng
 *
 * Created on March 29, 2021, 1:16 PM
 */
/*
 * File:   MainBoard.c
 * Author: Edward Nkadimeng
 *
 * Created on March 29, 2021, 12:52 PM
 */
 
 
#include <16F883.h>
#include <ctype.h>
#device adc=8
#use delay(clock=16000000)
#fuses NOWDT,HS, PUT, NOPROTECT, BROWNOUT, NOLVP, NOCPD, NOWRT, NODEBUG
#use rs232(uart1, baud=9600, xmit=PIN_C6, rcv=PIN_C7)  // Jumpers: 8 to 11, 7 to 12
#use fast_io(A)
#use fast_io(B)
 
 
#define BUFFER_SIZE 32
BYTE buffer[BUFFER_SIZE];
BYTE next_in = 0;
BYTE next_out = 0;
 
 
#int_rda
void serial_isr() {
   int t;
 
   buffer[next_in]=getc();
   t=next_in;
   next_in=(next_in+1) % BUFFER_SIZE;
   if(next_in==next_out)
     next_in=t;           // Buffer full !!
}
 
#define kbhit (next_in!=next_out)
 
BYTE bgetc() {
   BYTE c;
 
   while(!kbhit) ;
   c=buffer[next_out];
   next_out=(next_out+1) % BUFFER_SIZE;
   return(c);
}
 
void relay(int i)
{
output_b(0);
delay_ms(100);
switch (i) {
    case 1:output_high(PIN_B0);break;
    case 2:output_high(PIN_B1);break;
    case 3:output_high(PIN_B2);break;
    case 4:output_high(PIN_B3);break;
    case 5:output_high(PIN_B4);break;
    case 6:output_low(PIN_A0);break;
    case 7:output_high(PIN_A0);break;
    default:;// output_b(0);
    }

Figure B.8: MainBoard PIC16F series micro-controller code.
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File: /home/edward/Desktop/MainBoard.pdf Page 2 of 3

}
 
#define MAX_CHAR 5
 
int MarginalityRead(void)
{
   long timeout;
   char x[MAX_CHAR];
   int hist[10];
   int i,j,index,max;
 
       timeout=100;
       i=0;
       for (j=0;j<MAX_CHAR;j++)
         {
          x[i]=0;
          while(!kbhit)
              {
              delay_ms(1);
              timeout--;
              if (timeout==0) goto nextchar;
              }
           /* Waiting for address */
           x[i]=getc();
           i++;
nextchar:  timeout=100;
         }
       for (j=0;j<10;j++) hist[j]=0;
 
       for (j=0;j<i;j++)
         {
         if (x[j]<10)
            {
            hist[x[j]]++;
            }
         }
 
       max=0;
       index=255;
       for (j=0;j<10;j++)
         {
         if (hist[j]>max)
            {
            max=hist[j];
            index=j;
            }
         }
 
       for (j=0;j<MAX_CHAR;j++) printf("%i ",x[j]);
       printf("\n\r");
       for (j=0;j<10;j++) printf("%i ",hist[j]);
       printf("\n\r");
       printf("%i\n\rXX\n\r",index);
 
return(index);
}
 
void main()
{
 
   char x;
 
   setup_adc_ports(NO_ANALOGS);
   setup_adc(ADC_OFF);
   setup_spi(FALSE);
   setup_timer_0(RTCC_INTERNAL|RTCC_DIV_1);

Figure B.9: MainBoard PIC16F series micro-controller code.
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File: /home/edward/Desktop/MainBoard.pdf Page 3 of 3

   setup_timer_1(T1_DISABLED);
   setup_timer_2(T2_DISABLED,0,1);

   enable_interrupts(global);
   enable_interrupts(int_rda);
 
   set_tris_a(0);
   set_tris_b(0);
   set_tris(0);
   output_b(255);
   
  
output_low(PIN_A4);
      delay_ms(1000);
      output_high(PIN_A4);
      delay_ms(1000);
      output_low(PIN_A4);
      delay_ms(1000);
      output_high(PIN_A4);
      delay_ms(1000);
      output_low(PIN_A4);
      delay_ms(1000);
      output_high(PIN_A4);
      delay_ms(1000);
      output_low(PIN_A4);
      delay_ms(1000);
      output_high(PIN_A4);
      delay_ms(1000);
      output_low(PIN_A4);
      delay_ms(1000);
      output_high(PIN_A4);
      delay_ms(1000);
 
 
    
//   prints("\r\nTransformer tester ready\r\n");
  output_low(PIN_B0);
   while (kbhit) 
   x=getc(); // Buffer clear
   while (input(PIN_B0)==0);
   while (1)
   {
 
 
      if (input(PIN_B0)==0)
         {
         x = MarginalityRead();
 
         if (x!=255) output_b(x & 15);
 
         while (kbhit) getc(); // Buffer clear
         
        while (input(PIN_B0)==0);
         }
   }
}

Figure B.10: MainBoard PIC series micro-controller code.
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Figure B.11: Serial PIC firmware development.



Appendix B. Test benches set up and results 100

Er
ro

r M
es

sa
ge

s 
(B

0-
B7

)
Re

v 
3

Re
v 

2
Re

v 
1

N
ot

es
Er

ro
r M

es
sa

ge
s 

(B
0-

B3
)

st
at

us

0

co
de

VI
SA

 R
ea

d 
in

 
Br

ic
k_

Re
ad

Va
lu

es
_f

ul
l.v

i-
>

br
ic

k_
va

lu
es

.v
i-

>
Lo

ng
te

rm
_r

ea
d.

vi
-

>
W

IT
S_

M
AI

N
_P

R.
vi

so
ur

ce

B0
 E

rr
or

 O
ut

st
at

us

0

co
de

VI
SA

 R
ea

d 
in

 
Br

ic
k_

Re
ad

Va
lu

es
_f

ul
l.v

i-
>

br
ic

k_
va

lu
es

.v
i-

>
Lo

ng
te

rm
_r

ea
d.

vi
-

>
W

IT
S_

M
AI

N
_P

R.
vi

so
ur

ce

B1
 E

rr
or

 O
ut

st
at

us

0

co
de

VI
SA

 R
ea

d 
in

 
Br

ic
k_

Re
ad

Va
lu

es
_f

ul
l.v

i-
>

br
ic

k_
va

lu
es

.v
i-

>
Lo

ng
te

rm
_r

ea
d.

vi
-

>
W

IT
S_

M
AI

N
_P

R.
vi

so
ur

ce

B2
 E

rr
or

 O
ut

st
at

us

0

co
de

VI
SA

 R
ea

d 
in

 
Br

ic
k_

Re
ad

Va
lu

es
_f

ul
l.v

i-
>

br
ic

k_
va

lu
es

.v
i-

>
Lo

ng
te

rm
_r

ea
d.

vi
-

>
W

IT
S_

M
AI

N
_P

R.
vi

so
ur

ce

B3
 E

rr
or

 O
ut

R
og

er
 v

an
 R

en
sb

ur
g 

(r
og

er
.v

an
re

ns
bu

rg
@

w
it

s.
ac

.z
a)

, ©
 2

02
1 

U
ni

ve
rs

it
y 

of
 t

he
 W

it
w

at
er

sr
an

d,
 S

ch
oo

l o
f 

Ph
ys

ic
s,

 H
TE

L

CO
M

4

U
SB

 P
O

R
T 

A
:

C:
\U

se
rs

\E
le

ct
ro

ni
cs

 L
AB

\D
es

kt
op

\1
4_

07
_0

9_
20

21
\L

ab
VI

EW
\L

og

TE
ST

 F
IL

E 
D

IR
EC

TO
RY

:

C
ar

ds
 O

K?
BU

RN
-I

N
 In

iti
al

iz
at

io
n 

O
K

In
it

ia
liz

at
io

n 
m

es
sa

ge

Ro
ge

r 
va

n 
Re

ns
bu

rg
O

PE
R

A
TO

R
?:

W
IT

S_
CA

RD
S_

BU
RN

IN
.T

XT

CA
RD

s 
IN

PU
T 

FI
LE

:

LO
N

G
 T

ER
M

 B
U

R
N

-I
N

 T
ES

T

0,
0

Lo
ad

 0

0,
0

Lo
ad

 1

0,
0

Lo
ad

 2

0,
0

Lo
ad

 3

0,
0

Lo
ad

 4

0,
0

Lo
ad

 5

0,
0

Lo
ad

 6

0,
0

Lo
ad

 7

LT
_L

oa
ds

07
:0

0
Ti

m
e 

to
 r

un
 (H

H
:M

M
)

00
:0

0:
00

El
ap

se
d 

LT
 ti

m
e

00
:0

0:
00

Re
m

ai
ni

ng
 L

T 
tim

e

N
O

ID
 B

ri
ck

 1
:

N
O

ID
 B

ri
ck

 2
:

N
O

ID
 B

ri
ck

 3
:

N
O

ID
 B

ri
ck

 0
:

0
1

2
3

N
O

ID
 B

ri
ck

 4
:

N
O

ID
 B

ri
ck

 5
:

N
O

ID
 B

ri
ck

 6
:

N
O

ID
 B

ri
ck

 7
:

1 -1

-0
,50

0,
5

Ti
m

e 
[m

in
]

1
-1

0

B
ri

ck
 7

T2
[°

C]
T3

[°
C]

Ef
f[

%
]

Ti
m

e 
[m

in
]

Te
m

p2
 [o

C]
 /

 E
ff

  

4
5

6

7

R
U

N
 F

O
R

EV
ER YE

S
N

O

0
Ts

 [m
in

]

0Cy
cl

e#

ST
O

P 
RU

N
W

IT
S 

M
A

IN
 B

U
RN

IN
 P

RO
G

RA
M

  (
v8

.5
.4

)
(c

)O
rig

in
al

ly
 d

ev
el

op
ed

 b
y 

B.
Pa

la
n 

 0
3.

02
.2

00
6,

 2
9.

3.
20

07
  C

ER
N

 fo
r 

th
e 

ve
r.6

 b
ric

ks
 

Re
vi

se
d/

M
od

ifi
ed

/T
es

te
d 

by
 R

og
er

 v
an

 R
en

sb
ur

g,
 2

02
1,

 (c
) U

ni
ve

rs
ity

 o
f t

he
 W

itw
at

er
sr

an
d,

 H
TE

L

0
,0

0
0
0

V
in

[V
]_

B
7

0
,0

0
0
0

Ii
n
[A

]_
B

7

0
,0

0
0
0

V
o
u
t[

V
]_

B
7

0
,0

0
0
0

Io
u
t[
A
]_

B
7

0
,0

0
0
0

T
2
[°

C
]_

B
7

0
,0

0
0
0

T
3
[°

C]
_B

7

0Ef
f_

M
ax

0Ef
f_

M
in

0T2
_M

ax

0T2
_M

in

0,
00

Ef
f[

%
]

0,
00

00

Il
oa

d[
A

]_
B

7

0,
00

00

V
lo

ad
[V

]_
B

7

R7
8

R9
3

M
0

M
1

M
2

M
3

M
4

M
5

M
6

M
7

M
8

M
9

1 -1

-0
,50

0,
5

Ti
m

e 
[m

in
]

1
-1

0

B
ri

ck
 6

T2
[°

C]
T3

[°
C]

Ef
f[

%
]

Ti
m

e 
[m

in
]

Te
m

p2
 [o

C]
 /

 E
ff

  

0
,0

0
0
0

V
in

[V
]_

B
6

0
,0

0
0
0

Ii
n
[A

]_
B
6

0
,0

0
0
0

V
o
u
t[

V
]_

B
6

0
,0

0
0
0

Io
u
t[

A
]_

B
6

0
,0

0
0
0

T
2
[°

C
]_

B
6

0
,0

0
0
0

T
3
[°

C]
_
B
6

0,
00

00

Ilo
ad

[A
] _

B
6

0,
00

00

V
lo

ad
[V

] _
B
6

0Ef
f_

M
ax

 

0Ef
f_

M
in

0T2
_M

ax

0T2
_M

in

0,
00

Ef
f[

%
]

1 -1

-0
,50

0,
5

Ti
m

e 
[m

in
]

1
-1

0

B
ri

ck
 5

Ef
f[

%
]

T2
[°

C]
T3

[°
C]

Ti
m

e 
[m

in
]

Te
m

p2
 [o

C]
 /

 E
ff

  

0,
00

00

V
lo

ad
[V

_B
5]

0,
00

00

Il
oa

d[
A

]_
B

5

0
,0

0
0
0

V
in

[V
]_

B
5

0
,0

0
0
0

Ii
n
[A

]_
B

5

0
,0

0
0
0

V
o
u
t[

V
]_

B
5

0
,0

0
0
0

Io
u
t[
A
]_

B
5

0
,0

0
0
0

T
3
[°

C]
_B

5
0
,0

0
0
0

T
2
[°

C
]_

B
5

0,
00

Ef
f[

%
]

0Ef
f_

M
ax

 

0Ef
f_

M
in

0T2
_M

ax

0T2
_M

in

1 -1

-0
,50

0,
5

Ti
m

e 
[m

in
]

1
-1

0

B
ri

ck
 4

T2
[°

C]
T3

[°
C]

Ef
f[

%
]

Te
m

p2
 [o

C]
 /

 E
ff

  

Ti
m

e 
[m

in
]

0,
00

00

V
lo

ad
[V

]_
B

4

0,
00

00

Il
oa

d[
A

]_
B

4

0
,0

0
0
0

V
in

[V
]_

B
4

0
,0

0
0
0

Ii
n
[A

]_
B

4

0
,0

0
0
0

V
o
u
t[

V
]_

B
4

0
,0

0
0
0

Io
u
t[
A
]_

B
4

0
,0

0
0
0

T
3
[°

C]
_B

4
0
,0

0
0
0

T
2
[°

C
]_

B
4

0,
00

Ef
f[

%
]

0T2
_M

in
0T2

_M
ax

0Ef
f_

M
in

0Ef
f_

M
ax

  
2

R7
8

R9
3

R7
8

R9
3

R7
8

R9
3

20
0V

 H
V

 S
U

PP
LY

  
(B

K 
Pr

ec
is

io
n 

PV
S6

00
85

M
R)

0,
00

00

Il
oa

d[
A

]_
B

3

0,
00

00

V
lo

ad
[V

]_
B

3

0
,0

0
0
0

T
2
[°

C
]_

B
3

0
,0

0
0
0

T
3
[°

C]
_B

3

0
,0

0
0
0

Io
u
t[
A
]_

B
3

0
,0

0
0
0

V
o
u
t[

V
]_

B
3

0
,0

0
0
0

Ii
n
[A

]_
B

3

0
,0

0
0
0

V
in

[V
]_

B
3

1 -1

-0
,50

0,
5

Ti
m

e 
[m

in
]

1
-1

0

B
ri

ck
 3

T2
[°

C]
T3

[°
C]

Ef
f[

%
]

Ti
m

e 
[m

in
]

Te
m

p2
 [o

C]
 /

 E
ff

  

0,
00

00

Il
oa

d[
A

]_
B

2

0,
00

00

V
lo

ad
[V

]_
B

2

0
,0

0
0
0

T
2
[°

C
]_

B
2

0
,0

0
0
0

T
3
[°

C]
_B

2

0
,0

0
0
0

Io
u
t[
A
]_

B
2

0
,0

0
0
0

V
o
u
t[

V
]_

B
2

0
,0

0
0
0

Ii
n
[A

]_
B

2

0
,0

0
0
0

V
in

[V
]_

B
2

1 -1

-0
,50

0,
5

Ti
m

e 
[m

in
]

1
-1

0

B
ri

ck
 2

Ef
f[

%
]

T2
[°

C]
T3

[°
C]

Te
m

p2
 [o

C]
 /

 E
ff

  

Ti
m

e 
[m

in
]

0,
00

00

Il
oa

d[
A

]_
B

1

0,
00

00

V
lo

ad
[V

]_
B

1

0
,0

0
0
0

T
2
[°

C
]_

B
1

0
,0

0
0
0

T
3
[°

C]
_B

1

0
,0

0
0
0

Io
u
t[
A
]_

B
1

0
,0

0
0
0

V
o
u
t[

V
]_

B
1

0
,0

0
0
0

Ii
n
[A

]_
B

1

0
,0

0
0
0

V
in

[V
]_

B
1

1 -1

-0
,50

0,
5

Ti
m

e 
[m

in
]

1
-1

0

B
ri

ck
 1

Ef
f[

%
]

T2
[°

C]
T3

[°
C]

Ti
m

e 
[m

in
]

Te
m

p2
 [o

C]
 /

 E
ff

  

0,
00

00

Il
oa

d[
A

]_
B

0

0,
00

00

V
lo

ad
[V

]_
B

0

0
,0

0
0
0

T
2
[°

C
]_

B
0

0
,0

0
0
0

T
3
[°

C]
_B

0

0
,0

0
0
0

Io
u
t[
A
]_

B
0

0
,0

0
0
0

V
o
u
t[

V
]_

B
0

0
,0

0
0
0

Ii
n
[A

]_
B

0

0
,0

0
0
0

V
in

[V
]_

B
0

1 -1

-0
,50

0,
5

Ti
m

e 
[m

in
]

1
-1

0

B
ri

ck
 0

T3
[°

C]
Ef

f[
%

]
T2

[°
C]

Te
m

p2
 [o

C]
 /

 E
ff

  

Ti
m

e 
[m

in
]

0,
00

Ef
f[

%
]

0T2
_M

in
0T2

_M
ax

0Ef
f_

M
in

0Ef
f_

M
ax

0T2
_M

in
0T2

_M
ax

0Ef
f_

M
in

0Ef
f_

M
ax

0,
00

Ef
f[

%
]

0,
00

Ef
f[

%
]

0T2
_M

in
0T2

_M
ax

0Ef
f_

M
in

0Ef
f_

M
ax

0,
00

Ef
f[

%
]

0T2
_M

in
0T2

_M
ax

0Ef
f_

M
in

0Ef
f_

M
ax

R7
8

R9
3

R7
8

R9
3

R7
8

R9
3

R7
8

R9
3

CO
M

3

U
SB

 P
O

R
T 

B
:

20
0,

00
Vs

[V
]

V

0,
00

00
Iin

[A
]

A

0,
00

0
Vi

n[
V]

V

0
# 

of
 B

ric
ks

 A
ct

iv
e

0,
00

00
A

Re
ad

in
g.

..
Re

ad
in

g.
..

Re
ad

in
g.

..
Re

ad
in

g.
..

Re
ad

in
g.

..
Re

ad
in

g.
..

Re
ad

in
g.

..
Re

ad
in

g.
..

6
5

4 0
1

2
3

Re
ad

in
g.

..

Figure B.12: BLA front panel.
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Appendix C

Radiation Set up and Results

The irradiated test boards shown on Figures C.1 and C.2 were set up at the proton ra-
diation facility. This included the Mosfet driver chips and Mosfets that were validated
and can be used for the latest LVPS Brick. Additional radiation test results are shown
for some of the isolation amplifier chips that had huge fluctuations during Single Event
Effects testing and can be seen on Figures C.3, C.4 and C.5.



Appendix C. Radiation Set up and Results 102

Figure C.1: MOSFET driver 1 Board.
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Figure C.2: MOSFET 1 Board.

Figure C.3: Irradiated Chip U5 and U6 performance. The results from Chip U5 show
that the output voltage had some fluctuations during all the 3rd run, which went away
without a need to power cycle. The chip also survived the test after receiving 400 Gy. The
results from Chip U1 show that in all of the 4 runs, it goes to an unstable mode, where the
output voltage fluctuates a lot. The fluctuations started almost at the beginning of each
run. The fluctuations did no stop when the beam was stopped at the end of each run
(a power cycle was needed). Except after run 2, where the chip behaved normally after
beam stopped. After the last run (receiving 400 Gy), and a power cycle, the chip started
to behave properly.
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Figure C.4: The results from Chip U7 show that this chip almost behaved like the refer-
ence chip during the whole test, except for some time during the second run, where it
showed huge fluctuations (went back to normal without a power cycle). The chip also
survived the entire dose of 400 Gy.

Figure C.5: The results from Chip U8 show that the output voltage had some fluctuations
during all the runs, which went away without a need to power cycle. The chip also
survived the test after receiving 400 Gy. The results from Chip U10 show that in all of
the 4 runs, it goes to an unstable mode, where the output voltage fluctuates a lot. The
fluctuations started almost at the end of the run. The chip also survived the entire dose
of 400 Gy.
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Appendix D

Database Development

A LabView module was provided by Prague University which helps to perform many
database operations without using structured query language (SQL) programming. The
idea is to create a record of the existence of a brick via LabView (see Figure D.1) or man-
ually and then upload measurements. This will go over to the webpage link as seen on
Figure D.2. The Database entries of LVPS Brick will be as follows:

1. To add new brick of 10V, Add new brick on Brick tab.

2. Enter the brick code and author of brick entry on the webpage form

3. Only basic data is required and under notes add the exact position of each brick
and which LVBOX it was position in. Note the temperature, voltage output and
current (RMS) metrics.

4. Compare with the UTA bricks on each of the recorded metrics.

Figure D.1: Database development LabVIEW Block diagram. The LabVIEW Database
Connectivity Toolset is an add-on package for accessing databases. The toolkit contains a
set of high-level functions for performing the most common database tasks and advanced
functions for customized tasks.
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Figure D.2: Database entry of measured Brick.
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