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Abstract

Continuing to push back the frontiers of high energy physics requires colliders and detectors
of increasing scale, operating at higher energies and intensities than ever before. The
unavoidable byproduct of these experiments is an increase of radiation in the surrounding
area. However, reliance on human interventions for such tasks is unsustainable and other
methods must be investigated. This thesis will outline the use of emerging technologies
to reduce occupational radiation exposure in the ATLAS ID Decommissioning, and other
high-radiation environments. This work anticipated the addition of digital twins in the Virtual
Reality Intervention Planning Platform; a benchmark radiation tolerance would provide users
with a lifetime estimation useful for maintenance planning.
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1 Introduction

Continuing to push back the frontiers of high energy physics requires colliders and detectors of
increasing scale, operating at higher energies and intensities than ever before. The unavoidable
byproduct of these experiments is an increase of radiation in the surrounding area. Necessary
maintenance and decommissioning work must be carried out on the machines within this
hostile environment. However, reliance on human interventions for such tasks is unsustainable
and other methods must be investigated.

The Organisation of European Nuclear Research, more commonly known as CERN, is the
European particle physics laboratory located on the Franco-Swiss border between the city
of Geneva and the Jura mountains. The organisation is made up of 23 member states, and
collaborates with over 600 institutions worldwide. Cutting edge particle physics research is
carried out at experiments across the CERN complex. The Large Hadron Collider (LHC),
located at CERN, is the largest and highest energy proton/ion collider in the world. The
ATLAS experiment at the LHC measures high energy collision and debris measured in
detectors. Measuring tracks and closest to the collisions, with the harshest radiation exposure,
is the Inner Detector (ID). It has received substantial radiation damage over the course of
ATLAS operations; its technology has also deprecated during this time. The ID is planned to
be replaced the start of the High Luminosity-LHC (HL-LHC), with the Inner Tracker (ITk),
which is a new entirely silicon-based detector designed to operate within the higher radiation
uence of the HL-LHC operations. As the detector has been activated due to the incident
radiation, its decommissioning needs to be carefully planned in order to avoid unnecessary
and dangerous radiation exposure to the technicians carrying out the work.

Virtual Reality (VR) is an emerging technology that allows the user to disconnect from
the physical world. This can be exploited to allow the exploration of hazardous environments
with minimal risk. Base VR software often allows the addition of custom scripts, which add
extra functionality for the user's needs. A virtual reality intervention planning platform was
developed to reduce occupational radiation exposure in the ATLAS ID Decommissioning, and
other high-radiation environments.

The thesis is structured as follows: This rst chapter provides the introduces the context
and motivation behind the work presented. The second chapter covers radiation interactions
with matter. This starts with the theory and generalised cases of incident particles and the
target material. From there, it reviews how incident radiation damages a silicon lattice -
silicon being the main element used in the semiconductor sensors in the ATLAS detector
systems. Following that is a subsection on radiation damage to living tissue. This explains
how radiation a ects living cells, the need for radiation protection protocols, and how CERN
enacts radiation protection onsite.

The third chapter introduces the LHC, explaining how the collider works and the



motivation behind the planned upgrade to the HL-LHC. After that it will consider the ATLAS
experiment in detail, with special attention to the ID and the mechanical structures of the
experiment. It also covers the logistical aspects such as the detector's installation within
the cavern, the dierent detector con gurations for maintenance work, the rationale and
plan for the ID decommissioning, and the method employed to estimate radiation levels for
interventions.

The fourth chapter de nes virtual reality in the context of this work. What is considered
virtual reality, what is required for virtual reality to be e ective, and the “industry standards'
that have been established in the eld. This chapter also introduces the base software
used for the Virtual Reality Intervention Planning Platform - Virtalis Visionary Render -
its capabilities, and its strengths and weaknesses.

The fth chapter covers the creation and proof of concept of a Virtual Reality Intervention
Planning Platform for radiation dose estimation and intervention planning. It presents the
conception and design of the platform, including the virtual dosimeters which track the users'
doses in real time as they explore the virtual environment.

The sixth chapter goes over the addition of motion capture to the system. Motion capture
was used to track a technician performing decommissioning tasks on an accurate Mock-up
of the ID. This new location data provides an in-depth insight into the movements required
to remove sections of the ID. This new angle complements the extant system; the results
of the animated avatar's radiation exposure were returned to the ATLAS Inner Detector
decommissioning group.

The seventh chapter comprises of the irradiation of a robotic manipulator and camera.
This work was in preparation for digital twins to be included in the Virtual Reality platform;

a benchmark radiation tolerance would provide users with a lifetime estimation useful for
maintenance planning.

The eighth chapter provides a summary of the work, and is followed by the bibliography.



2 Radiation Interaction with Matter

This chapter will discuss the main mechanisms governing radiation-matter interactions, what
e ect these have on High Energy Physics experiments, and living tissue.

2.1 Particle interaction with matter

Radiation is a catch all term for any freely moving subatomic particle that can transfer energy
to some recipient matter. Neutrinos will not be considered radiation in this work because they
interact so rarely. Radiation types can be broadly categorised as:

" Heavy charged particles, eg. protons

" Light charged particles, eg. freely moving electrons
" High energy photons, eg. X-rays, Gamma rays

" Neutrons

~ Other

2.1.1 Massive charged particle interactions

The manner in which incident radiation interacts with matter depends on the radiation's
properties and its momentum, as well as the target material. For massive charged patrticles
there are three main mechanisms for energy loss, and the dominant mechanism is dependant
on the momentum of the incident particle. For particles with insu cient energy to ionise
the target material, inelastic collisions with the target material will cause thermal excitation.
For higher energy particles, ionisation and Bremsstrahlung losses (photons emitted when a
charged particle is submitted to negative acceleration) dominate. In this energy domain, the
energy loss per unit length, dE=dx, can be described by the Bethe-Bloch stopping power
formula, shown in Equation 1.
! " #
dE 222 1 _2mec® 2 2Tpax ()

ax Az N E 5 (1)

where the parameters are as follows:
" dE =dx is the energy lost by the incident particle per unit length of absorbing material.

K =4 N ar2mec® = 0:30™MeV g cm?, where N 5 is Avogardo's number, re is the
classical radius of an electron.

" z charge of incident particle in natural units



is the density of the absorbing material
~ Z is the atomic number of the absorbing material
" A is the relative atomic mass of absorbing material
" me is the mass of an electron

velocity of the incident particle in natural units

p
- =1= 1 2

" Tmax Is the maximum kinetic energy transfer in a single collision
" | mean excitation energy of the absorbing material
"~ () density e ect correction

The equation shows that the stopping power is dependant on the incident material via the
Z=A term, however it does not depend on the mass of the incoming particle, only its charge.
The mechanism of energy loss is in the Beth-Bloch range, where the incident particle has
momentum between 01 < < 500. The incident particle loses kinetic energy by ionising
atoms in the target material [1]. Bethe-Bloch is the only region where a material's stopping
power is not dependant on the mass of the incident particle.

Particles at 3:5 are called minimum ionising particles. The rise following the
minimum is due the increase in energy transferred to the material due to the e ect of
relativistic distortions in the electrostatic eld of the incoming particle [1]. This levels o
at higher momentum due to the density e ect - where atoms in the path of the incoming
particle will polarise, reducing the electrostatic eld acting on the material's electrons and
therefore the amount of energy lost [2]. The stopping power increases steeply once a charged
particle energy falls below the minimum ionisation. In this energy range, knowing the energy
of the incident particle is important in determining how far the particle will penetrate the
target medium.

Fig. 1 shows the idealised case of anti-muons and copper. Anti-muons are used as they can
demonstrate the energy loss mechanisms for heavy charged particles without other interactions
with the target material. At > 500, radiative losses from Bremsstrahlung photon emission
become the dominating cause of energy loss of an incoming particle. This is where a charged
particle is subjected to an acceleration by passing through an electric or magnetic eld. The
change in its kinetic energy is emitted as a photon.

Electrons are light charged particles, and have a higher charge-to-mass ratio than heavy
charged particles. For electrons, Bremsstrahlung radiation dominates from much lower
energies than their heavier counterparts, shown in Fig. 2.



Figure 1. The stopping power of Cu for anti-muons, showing how the di erent terms of the
Bethe Bloch formula dominate at di erent momenta. The graph covers the Bethe-Bloch and
Radiative momentum ranges. Adapted from [3]



Figure 2: The stopping power of Cu for electrons, from [3]

2.1.2 Nucleon nuclear interactions

Neutrons can penetrate further than other radiation types due to their neutral charge, as they
do not interact via the electromagnetic force and do not emit Bremsstrahlung radiation.

Fig. 3 shows the possible interactions between that occur when a neutron comes in contact
with an atomic nucleus [4]:

Elastic scattering: where the incident neutron transfers its kinetic energy to the target
nucleus without exciting it. This is a common interaction between low-Z materials and
fast neutrons.

Inelastic scattering: where the incident neutron transfers some of its kinetic energy to
the target nucleus and excites it. A gamma ray is produced when the target nucleus
decays back to its ground state.

Transmutation: where the incident neutron is absorbed by the target nucleus. As a
result, the unstable nucleus ejects either a proton or a helium nucleus. This means the
atom changes element.

Radiative capture: The incident neutron is absorbed by the target nucleus, which is
then excited. A gamma ray is produced when the target nucleus decays back to its
ground state.



Figure 3: Neutron interactions with matter, adapted from [4]

" Fission: Fission can occur spontaneously for high-Z materials and thermal neutrons,
however the cross section is small. Fission occurs when an atomic nucleus splits into two
daughter elements ( ssion products), and releases free neutrons. Unlike transmutation,
the daughter elements of ssion interactions are of roughly equal mass. Neutron
bombardment can induce ssion when the incident neutron excites the nucleus and
overcomes the ssion barrier, the minimum energy required for the nucleus to split.

All interactions above, except elastic collision between an incident neutron and the target
atomic nuclei, create an excited 'compound nucleus' which is inherently unstable. The timing
of the 'de-excitation' to its ground state is variable. Depending on the type of interaction, the
compound nucleus falling back to its ground state can emit gamma rays, neutrons, helium
nuclei or electrons. These non-elastic interactions induce radioactivity in the target material.
This is also known as neutron activation, where the target material is made radioactive, or
‘activated’ by the incident neutrons. The cross section of neutron interactions means that
activation is energy dependent. The daughter products emitted as the nucleus falls back to
its ground state will go on to interact with other nuclei, creating interaction chains.

The half-life of neutron activation depends on the activated material, and the decay
has a distinct signature such that neutron activation analysis is used to identify element
concentrations in a sample. For example2°Si(n, )3!Si has a half-life of 157 min, and emits a



gamma ray of 1.2 MeV as it decays [5], [6].

Spallation occurs when an energetic heavy charged particle - commonly a proton - splits
an atomic nucleus, releasing neutrons, protons and light nuclei. Because of this, spallation is
exploited to create neutron beams for particle experiments called spallation neutron sources.
The e ect of the spallation mechanism sounds similar to ssion, however any nucleus can be
subjected to spallation. The process is driven by the energy of the incident charged particle,
usually around 1 GeV [7] - this is much more energetic than thermal neutrons in ssion
interactions.

2.1.3 Electromagnetic radiation interactions

Photons passing through a medium will interact in three di erent ways:
" Photoelectric e ect
" Compton scattering
~ Pair production

The Photoelectric e ect occurs when the incident photon energy is greater than the target
material's electron binding energy. As a result, the photon is absorbed by the target, and an
electron is emitted. The Photoelectric e ect dominates for higher Z materials or low energy
photons, which is why lead (Z=82) is used in gamma ray shielding.

Compton scattering is an inelastic collision, where an incident photon is scattered by a
charged particle, more commonly outer shell electrons. The probability of Compton scattering
in a material depends on the electron density which is proportional toZ=A, and varies with
photon energy. The amount of energy the photon loses in the scattering depends on the
scattering angle.

Photons with energy greater than 1.022 MeV can undergo pair production, where the
photon decays into a electron-positron pair. Due to the conservation of momentum, this
process can only occur when the photon is in proximity to matter. The positron will annihilate
with an electron, releasing two gamma rays at 0.511 MeV, which may then interact further
in the material.

Unlike particle beams, photons do not deposit energy gradually as they pass through
matter so they do not have a de ned stopping distance like massive particles. However, the
intensity of a photon beam will be attenuated while traversing the irradiated medium as
individual photons interact. High energy gamma rays are highly penetrative; they are not
charged patrticles. Fig. 4 shows that photons are more likely to interact at low energy.

It is not always the incident radiation that does the most damage to a material, but the
dispersion of secondary particles following the primary interaction. Such particles include



Figure 4: Photon attenuation in Cu, data from NIST XCOM database [8]

ionised electrons, photons emitted through Bremsstrahlung, or particles produced through
neutron interactions. For neutron spallation sources, creating these secondary particles is
the objective. However, in other cases, these \knock-on" particles are unwanted and will
continue onto interact with the surrounding matter. At high energies these can create chains
of secondary interactions. The energy deposited by radiation from interactions with matter

can cause changes to the interacting material and ultimately damage it.

The initial particle collisions inside the ATLAS detector are very high energy. The energy
is rapidly dispersed, either directly deposited into the detector material, or through particle
decays. Figure 5 shows the spectra of particle uences by kinetic energy for |z| 50 cm
and r 10 cm point in the ATLAS Cavern. A signi cant portion of the particle uence
through the detector are charged particles. However, only hours after a high-luminosityrun,
the background radiation is a mixed radiation eld composed of 80% neutral components (n,

, etc) and 20% charged patrticles [10]. Without the continual particle uence from the high
energy collisions, the background radiation in the ATLAS cavern reduces signi cantly over
time, and the remaining radiation is the afterglow from the activated detector components.

2.2 Silicon detector physics

This section will explore how an ideal silicon-based particle detector works. It will review what
semiconductors are, why their use is favourable for electronics in general, what is special about
PN junctions, and how these are used in silicon sensors.

"Luminosity will be explored in chapter 3.1



Figure 5: Particle uences as a function of their kinetic energy. The simlﬂation of the ATLAS
detector was run in GEANT4 with parameters typical for Run-2 at ~ s = 13 TeV. The
neutron uence is shown fromE > 10 ! MeV, other particle spectra start from 10 2 MeV.
The spectra correspond to a location in space inside the inner detector, at |z| 50 cm and
r 10 cm. The grey bands indicate statistical uncertainties. Taken from [9]
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Quantum theory states that electrons around a nucleus can only occupy discrete energy
levels. The energy bands closest to the nucleus are all lled by electrons, while those at
the highest energies are empty. The electric conductivity of a material is determined by the
properties of the two energy bands at the limit of electron occupation - the valence band and
the conduction bands. At Absolute zero, all the electrons are in the lowest possible energy
con guration. In this case, the valence band is the highest energy level that is still occupied
by electrons and the conduction band is one level higher and is the lowest energy band that
is unoccupied. Since electrons can only occupy discrete energy levels, the di erence in energy
between the conduction and valence bands can be determined. This is called the "band gap".

A material is an electrical insulator if the band gap is large enough that thermal energy
would be insu cient to excite electrons from the valence band to the conduction band. By
contrast, an electrical conductor has no band gap, because the conduction band and the
valence band overlap. For electrical conductors, exciting electrons into the conduction band
requires minimal energy expenditure and can be achieved through thermal excitation alone.
Semiconductors exist in the middle-ground between insulator and conductor. The conduction
and valence bands are separate, however their band gap is not as signi cant as for insulators.
Thermal energy is enough to excite some electrons to the conduction band.

Silicon has a favourable band gap for electronics (E=1.124 eV), which can be modied
with dopants. It is an abundant element, and its oxide SiO; is naturally occurring. The silicon
lattice is held together using covalent bonds. These bonds occur ideally between elements that
are both close together on the periodic table and non-metals.

Silicon on its own is an electronic insulator. Adding doping elements increases the
number of free electrons (donors), or free “holes' (acceptors), depending on their own intrinsic
properties. Holes are the ‘missing' electrons from the atomic shells. Holes are an imaginary
construct, as it is easier to conceptualise pseudo positive particles moving to pair up with
electrons, than the shifting of electrons through a crystal lattice, repulsed by the excess of
free electrons from the other side of the junction.

PN junctions are crucial building blocks to most electronic systems. By de nition, PN
junctions are the juxtaposition of a P-type doped semiconductor and an N-type doped
semiconductor. At the interface, the surface holes of the positive P-type semiconductor pair
up with the surface electrons in the negative N-type semiconductor. This creates a neutral
zone at the interface of the two lattices, called the depletion region, with no free moving
charge carriers.

There are three options using a PN junction, depending on how the voltage across the
junction is applied, called bias:

~

No voltage across the junction / no bias: Some charge carriers may cross the
depletion region, and the amount depends on temperature (thermal recombination).

11



However there is no current ow as the junction is not connected to a circuit.

Positive bias: The PN junction is said to be in positive bias when the voltage across
it reduces the energy required for electrons to cross the band gap. If the bias voltage is
more than the band-gap potential, the charge carriers get pushed across the depletion
region, allowing currentto ow. This is accomplished by connecting the negative voltage
to the N-region and positive voltage to the P-region.

Reverse bias: The PN junction is said to be in reverse bias when the electric
potential increases the energy required to cross the band gap. This is accomplished
by connecting the positive voltage to the N-region and negative voltage to the P-region.
The inverse voltage carries excess electrons away from the lattice and recombines holes
with electrons. The result increases the depletion region and the band-gap potential.
An electric eld forms across the depletion region of a PN junction in reverse bias, and
there is a negligible current ow which is known as the leakage current. The depletion
breakdown voltage, or just depletion voltage, is the limit at which the PN junction will
start to markedly conduct in reverse.

In an unbiased PN junction, a particle passing through generates circa 1D electrons,
compared to the 1¢ free charges in the lattice [11]. Therefore the number of free charge
carriers must be arti cially decreased for a signal to be signi cant and measurable. This can
be achieved by cooling the lattice - impractical for large detectors - or by using the PN junction
in reverse bias. A PN junction in reverse bias has large depletion region with no free moving
particles, and an electric eld across it. As a particle travels through the junction, it deposits
kinetic energy creating electron-hole pairs - either directly ionising atoms, or indirectly with
ionising photons emitted from Bremsstrahlung. These ionised particles do not recombine, as
the E eld across the depletion region forces the opposing charges to separate and drift to
opposite sides of the junction. These charges are detectable as a spike in electric current; a
signal for every ionising particle that passes through the junction [12]. The two types of silicon
detectors used in the ATLAS ID and relevant to this work are Pixel and Strip detectors: Pixel
sensors are arranged in a 2D array, and the charge of an incident particle is collected within
an area of 1mn? or smaller. A pixel typical pixel sensor includes 2800 channels [11]. Since
pixels provide the highest granularity [13], they are used where there is the highest density of
charged particles, which is the detectors closest to the interaction point. While the principle
of a depleted PN junction used for both pixel and strip detectors, silicon strip sensors di er
geometrically from pixel sensors. In Strip detectors, and the sensing area is an approximate
1D strip (16 m wide for the sensors in the SCT in the ATLAS ID [14]). Data on the second

i These are representative numbers of room-temperature undepleted silicon, the actual numbers would be
dependant on the speci c properties of the sensor
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dimension is facilitated by juxtaposing the strip detectors with di erent orientations [15].
Strip sensors typically require between 500 to 800 channels [11].

Charge collection e ciency (CCE) is the term for the ratio between the detected collected
charge and the idealised (theoretical) collected charge from an incident particle. The ideal
value is 1.0. A decrease in CCE is a good indication of radiation damage to the silicon lattice.
A signal can cross the width of a sensor, 300m, in 8 ns if the charges are unimpeded [11].

This chapter presented the ideal case for silicon particle detectors. However, when particles
interact with the detector outside of the depletion region, it can cause damage to the silicon
crystal lattice which has knock-on e ects to the detector itself.

2.3 Radiation Damage to Silicon-based High Energy Physics detectors

Particle interactions are desired inside particle detectors. However, in silicon-based detectors,
a particle only creates a signal within the depletion region of a PN junction. An incident
particle deposits enough energy for electrons in the lattice to cross the band-gap from the
valence to the conduction band - creating electron-hole pairs in the PN junction's depletion
region. The electric eld across the junction exerts a force on the electrons, causing them to
cross the depletion region. This electric current is the particle's signal. Other interactions of
an incident particle with the bulk detector material can cause structural defects in the silicon
crystal lattice. These defects have knock-on e ects with charge creation and carrier mobility,
which interferes with signal detection.

Radiation damage is usually categorised by the charge of the incident particle: lonising
radiation (Total lonizing Dose), from charged particle interactions, and Non-lonising radiation
(Non-lonising Energy Loss) from neutral particle interactions. This section will discuss rstly
how silicon sensors are used to detect sub-atomic particles, secondly how both ionising and
non-ionising radiation damage the silicon sensors inside a particle detector, and nally the
knock-on e ect on the detector's functionality. This feeds into the motivation for this work:
why the ATLAS Inner Detector needs upgrading.

2.3.1 E ect of radiation on silicon sensors

Non-lonising and lonising radiation damages silicon sensors in di erent ways. Bulk damage
to the silicon lattice is caused by Non-lonising Energy Loss (NIEL), while ionising radiation
damages the lattice surface.

2.3.1.1 Damage caused by Non-lonising Energy Loss

NIEL damage occurs when there is the transfer of energy and momentum to the nuclei of the
semiconductor lattice from incident radiation. It encompasses both: the immediate damage
from the ballistic kinetic energy transferred from the incident particle directly to the silicon
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lattice, as well as the damage caused indirectly from the ensuing annealing process. The
annealing process refers to the mobility and transformation of radiation-caused defects in the
silicon lattice. These can lead to spontaneous repairs, or exacerbation of the damage [16].

Microscopically, direct NIEL damage occurs when an elastic collision from an incoming
particle displaces an atom from its normal lattice position. The ejected atom is known as a
primary knock-on, which, with enough energy, may cause a cascade of atomic displacements
before eventually coming to rest. This creates vacancies in the formerly occupied space;
and interstitial atoms, where the displaced atoms occupy a space outside normal lattice
positioning. Some simple point defects are illustrated in Fig. 6. This stochastic process
can result in many di erent complex changes to the lattice structure: A short-distance
interstitial-vacancy defect is called a Frenkel pair. Di-vacancies V4 and triple vacancies V3
are vacancies left by the displacement of multiple adjacent atoms. Di-interstitials are two
adjacent interstitial atoms. Silicon is a very reactive element. Interstitial silicon atoms can
bond with impurities, creating molecules with di erent energy states, or impurities can fall
into silicon vacancies, changing their properties as a dopant [12].

Figure 6: A schematic representation of Vacancy, Interstitial, Frenkel pair, and impurity point
defects in a crystal lattice, from [4]

These microscopic defects distort the lattice structure, generating new energy levels within
the band-gap. As they build up through continuous radiation bombardment, signal electrons
increasingly struggle to dissimulate e ectively through the sensor. This shifts the macroscopic
properties of the sensor, a ecting the depletion voltage, leakage current and charge collection
e ciency (see chap- 2.2).
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The annealing process diuses defects within the lattice. This is dependant on
temperature. Diusion of interstitials and vacancies through the lattice is favourable at
T > 150 K. Annealing can be bene cial; Frenkel pair recombination is an example where
the lattice is repaired spontaneously through annealing. This e ect can be exploited, as
Frenkel pair defects are short-range and very mobile, meaning recombination happens within
a short time frame. Complex defects are less likely to anneal advantageously (similarly, a bone
knitting together without a splint is unlikely to be set correctly). The movements of particle
defects through a lattice is temperature dependant, and larger and more complicated defects
have a slower rate of di usion. The propagation of such complex defects can be “frozen out'
by cooling the lattice, preventing further damage and mitigating the evolution of the sensor's
properties [12].

NIEL damage is normally expressed in 1 MeV neutron equivalent (neq) uence, where
uence is a ux of particles. 1 MeV neq uence (Si) is a comparison unit, here relating
speci cally to Silicon. The unit equates an arbitrary particle uence with the uence of 1
MeV neutrons required to cause the same amount of damage.

2.3.1.2 lonising radiation

lonising radiation damage causes damage to the surface of a silicon sensor, i.e. damage to the
oxidised SiQ, layer or the Si-SiO; interface. Total lonising Dose (TID) is the total accumulated
amount of absorbed ionising radiation speci ed at a particular dose rate exposure at +25C.

As SiO; is an electric insulator, the creation of electron-hole pairs is not always reversible.
Electrons in SiO, are very mobile, and quickly move from the oxide layer. Holes di use slower,
and remain trapped at the Si-SiQ;, interface, creating a layer of charge. In some cases the
holes will generate traps for electrons in the Si layer. This increases the band voltage, while
increasing the inter-strip capacitance and decreasing the inter-strip resistance [12]. TID is
measured in Grays (Gy), the derived Sl unit for absorbed ionising radiation, which in base S
units is 1 Gy = 1 J/kg, 1 Joule per kilogram of absorbing material.

2.3.2 Macroscopic e ect of radiation damage on the particle detector

Radiation damage to a particle detector is predominantly in icted by non-ionising radiation.
Displacement damage is the catch-all term for cumulative long-term NIEL damage, and is
characterised as product of the NIEL damage from a particle and its uence. It is quanti ed
by comparing the damage to a known quantity - in the case of silicon-based detectors, this
comparison is to 1 MeV neutron equivalent uence (Si), the damage caused by 1 MeV neutrons
on a silicon lattice. The displacement damage is the summation of the products of each
incident particle uence and the NIEL damage they caused. Displacement damage refers to
three important changes to the silicon sensor parameters in the detector [12], [17], [18]:
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" The removal of doping impurities, by creating complex molecules or by lling vacancies,
changes the e ective doping density of the P- and N-type semiconductors. This changes
the depletion voltage - the voltage at which the PN junction is fully depleted and
therefore in reverse bias. The maximum depletion voltage is limited by breakdown,
where current ows across the depletion region while the PN junction is in reverse bias.

The formation of mid-gap states within the band-gap act like stepping stones, facilitating
the movement of electrons across the depletion region. This leads to increased leakage
current across the depletion region of the reverse-bias PN junctions. This causes noise
in the detector and lowers the signal-to-noise ratio, making signals harder to detect.

The formation of energy levels close to the edge of the band-gap allow charge trapping.
After an event, instead of reaching the valence or conduction band, a signal charge is
held in this intermediate energy level. The depletion region has few free charge carriers,
so this signal charge can be trapped longer than the sensor read-out time, meaning the
signal is not measured. This changes the charge collection e ciency of the sensor, as
the overall size of the signal seen by the detector is reduced.

Displacement damage deteriorates the performance of a silicon detector depending on the
accumulated NIEL damage, which is correlated to the duration of the detector's operation.
Shifting the characteristics of the silicon sensors causes the larger particle detector to become
less e cient. Therefore, the e ect displacement damage has on the characteristics of a silicon
sensor has been the focus of many studies.

There are two prominent models for estimating how radiation damage a ects ATLAS
silicon sensors: the Hamburg Model [19] and the She eld-Harper Model [20]. Using these
models, it is possible to predict the evolution in sensor characteristics. Eventually, the silicon
lattice in the sensors will be too damaged for the sensor to function. The progressive radiation
damage to the silicon sensors was accounted for in the ATLAS detector speci cation and design
parameters. Before their installation, sensors were tested to characterise their functionality
over the experiment's expected lifetime particle uence. This was crucial to guarantee that
radiation damage did not become a signi cant issue to the detector performance over time
[21]. However, the HL-LHC upgrade (see chap 3.1) will signi cantly increase the particle
uence through the detector - and the ID was not designed to meet these new requirements.
As the ID has reached the end of its expected lifetime and has already incurred signi cant
radiation damage, it is unsuitable for future operations in the HL-LHC and must therefore
be upgraded.

In Fig. 7, the average leakage current of the ATLAS Pixel Modules as measured during
2010-2012 data taking is shown as a function of integrated luminosity - accumulated data and
thus radiation uence, see section 3.1 - and compared to predictions from the Hamburg Model.
This clearly shows the correlation between radiation uence and damage to the detector.
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Figure 7: ATLAS Pixel Module Leakage current as a function of integrated LHC luminosity.
Prediction lines based on the Hamburg model are included. Discontinuities are a result of
annealing during the LHC cooling shutdowns [22]

An increase in leakage current increases the background noise and worsens the detector's
the signal-to-noise ratio. The leakage current scales with radiation uence. As the radiation
damage to the detector increases, the leakage current also increases. The ow of electricity
through the detector is partially dissipated as heat. Resistivity is temperature dependant,
so the thermal energy (as excited electrons in the silicon lattice) facilitates more leakage
current to ow through the junction. A certain amount of excess heat is can be managed
by the ATLAS cooling system and cryogenics, however this is not a permanent solution as
the radiation uence and therefore leakage current will only increase while the detector is
operating. Eventually the excess heat will exceed the capabilities of the cooling system,
leading to a positive feedback loop of current begetting heat begetting current. This is called
thermal runaway. As the end of the cycle is often the destruction of the component, the
anticipated onset of thermal runaway is one of the decisive factors determining a silicon
detector's lifetime.

Defects within the silicon lattice caused by radiation damage can act as acceptors or
donors. This causes a change in e ective doping concentration which is proportional to the
radiation uence. N-type silicon is susceptible to the creation of excess acceptors, leading
to type inversion where it becomes p-type silicon [23]. Fig. 8 shows the evolution of the
IBL's depletion voltage over the detector's operation, from its installation, until the end of
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2016. The black curve is the Hamburg model simulation of the parameter's evolution. The
measurements of the depletion voltage using the bias voltage scan method largely agree with
the simulation. The graph shows the sensors undergoing type inversion [24], and causes the
full depletion voltage of the sensor to increase.

In order to keep the detector sensitive, the voltage applied to the sensors must be increased
to maintain the depletion region. This limits the detector's lifetime as the depletion voltage
cannot be increased beyond the breakdown voltage of the sensor [23].

Figure 8: Simulated depletion voltage of the ATLAS IBL according to the Hamburg model,
as a function of time from its installation until 2016. The shown simulation uses the central
values of the tted introduction rates; uncertainty band results from varying the parameters
within their uncertainty in addition to a 10% uncertainty in the initial doping concentration.

The blue points are measurements of the depletion voltage using the bias voltage scan method
[25].

2.4 Radiation damage to living tissue

This section is will describe the e ect of radiation on living organisms. There are three
main parts: the rst will explain how radiation interacts within a human cell, and how
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this can disrupt its natural processes. The second part will present the Sievert, which
is the predominant unit quantifying radiation exposure, and touch on the consequences of
high-level exposure. The third part will review CERN's own radiation protection measures.
The observance of these measures is a deciding factor in the execution of the ATLAS Inner
Detector decommissioning, which leads to the work set out in this thesis.

2.4.1 E ect of radiation on the human body

Radiation can cause damage in cells of living tissue. It can disrupt cell operations either
directly via primary or secondary collisions causing single or double breaks in the DNA double
helix; or by creating chemically toxic free radicals inside the cell (such as hydrogen peroxide
H202) which themselves disrupt the DNA strands shown in Fig. 9 [26]. Radiation is not
limited to damaging only the DNA of a cell, however other types of cell damage are less likely
to induce long term health e ects. The body resolves the issue regardless of the cause, and
so these other types of radiation-induces cell damage is not a focus of radiation protection.
There are two categories of radiation exposure of concern:

" High level exposure leading to large-scale immediate cell death, radiation burns, Acute
Radiation Syndrome, and death. Exposure time is acute (hours) or protracted (days)
[28].

~

Chronic low level exposure where the e ects of radiation damage to an individual's DNA
culminate over a long period of time (years, lifetime), leading to diseases such as cancer.

In acute high level exposure cases, the radiation levels are the Grays order-of-magnitude
for a full-body dosé' . Acute Radiation Syndrome or ARS is the term for the illness following
high level full-body radiation exposure greater than 1 Gy [28]. For a patient with ARS, it is too
late for protective measures and mitigating the long term e ects of their radiation exposure
is not a priority. ARS can involve any or all of the gastrointestinal, haematopoietic, and
neurovascular anatomical systems. Symptoms of ARS include headaches, vomiting, diarrhoea,
and fever [26], as well as beta-radiation burns [29]. Radiation burns present an elevated risk
of infection, and radiation damage to bone marrow suppresses body's white cell count [30].
Severe radiation burns were a signi cant factor in the morbidity and mortality of ARS patients
following the Chernobyl disaster [29]. 134 people were treated for ARS, having incurred doses
between 08 16 Gy. There were 28 “short-term' deaths within 112 days of the accident [29].
A similar radiation dose to those involved in the accident is incurred by the CMOS camera
in the benchmarking test in Chap 7.

By contrast, radiation protection focuses on the other radiation exposure scenario: low
level exposure over a long period of time. It aims to mitigate the long term e ects of radiation

" Potential lethal doses are measured in Grays over Sieverts
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Figure 9: Radiation damage to DNA strands (taken from Essentials of Nuclear Medicine

Physics and Instrumentation [26]). Linear energy transfer (LET) de ned as the energy of

an incident charged particle deposits into a single target. For large targets, this is closely
related to the stopping power. However, in the case of smaller targets such as living cells, it
is possible that secondary particles created in the primary interaction will carry some of the

energy away from the target, meaning the interaction energy is not fully absorbed [27]. LET

is most often expressed in keV/ m.
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exposure - such the development of cancer from corrupted DNA. The risk of developing cancer
from radiation exposure is widely accepted as Linear No Threshold (LNT) [26]. This means
there is no safe lower limit to radiation exposure, as the probability of developing cancer
increases with each incident of radiation exposure and is proportional to the dose incurred.
This is a concern to any facility with a low-level radiation environment requiring human
intervention, such as the ATLAS ID decommissioning. DNA damage incurred by incident
radiation is discussed in more detail below.

Damage to the DNA bases or single strand breaks are relatively easy for the cell to mend,
as there is an intact template from the opposite strand to ensure the genetic integrity of
the repair. Double strand breaks are less common than single strand breaks, however they
are more prone to misrepair and are therefore more likely to cause adverse biological e ects,
including cell death [31]. The possible outcomes of radiation damage to a cell are shown in
Fig. 10. In most cases, the cell repair is completely successful and the cell will continue
to operate normally. However, successful reparation of an irradiated cell depends on the
location and extent of the damage. Each act of repair (including of non-radiation related
injuries) has a chance of accidental mutation. In some cases, the cell dies from the radiation,
either immediately (within hours) or by inhibiting mitosis, the ability of a cell to divide and
reproduce [32]. These cases do not lead to long-term consequences unless the number of cell
deaths becomes signi cant to either the organ or the wider human body. More concerning
e ects occur when a failed cell repair causes cells to reproduce uncontrollably, leading to
diseases such as cancer.

Cell survival to radiation damage is dependent on many di erent variables. These include:
radiation type, energy, dose rate; fractionation (when the dose is incurred in several discrete
fractions over a number of days, for example in cancer treatment); the target's cell cycle
stage, oxygen saturation, and mitotic rate. This leads to di erent tissue types having di erent
radiosensitivities [31].

2.4.2 The implementation of the Sievert as a unit of risk

As previously discussed, cellular survival rates after radiation damage depend on several
variables that a ect the statistical outcome. The key factors can be reduced to the type of
tissue irradiated and the type of radiation involved.

Biological radiation risk also understands that there are two exposure scenarios for
biological systems:

" Acute exposure to (non-lethal) high-level radiation
~ Chronic exposure to low-level radiation

Both these scenarios must be accounted for to quantify radiation risk within one functional
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Figure 10: Consequence Tree of cell exposure to radiation (taken from [27])
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Examples of Radiation Exposure

Exposure event Radiation dose
Consuming 100g Brazil nuts 10 Sv [33]
Panoramic dental X-ray 19 Sv [34]
Flight London to Sydney 0.2 mSv [33]
Mammogram 0.5 mSv [34]
Average annual exposure in the UK
(background radiation, not including 2.3 mSv [33]
medical or occupational exposure)
1 year cabin crew occupational exposure 2.4 mSyv [33]
Chest CT 6.6 mSv [34]

Table 1: A list of commonplace radiation exposure scenarios and the dose incurred in
ascending order

and versatile variable. Dosimetry is the measurement of ionising radiation absorbed by an
object, commonly the human body [26]. Sieverts (Sv) measure the equivalent dose. Equivalent
dose is a calculated value, which is obtained by multiplying the absorbed dose (Gy) by a
weighting factor. The weighting factor is dependent on the type of radiation absorbed. For
di erent types of radiation, the radiation in Sieverts is calculated individually per type, then
summed. Sievert is also used to express the e ective dose, which is the equivalent dose
multiplied by another weighting factor to take in account the tissue type of the absorbing
material (ie lungs, skin, bladder etc). E ective dose is mostly used in medical settings, where
radiation is targeted to specic areas of the body. The Sievert was created to measure risk
of long term biological damage due to radiation exposure, e.g. developing cancer, and take
into account radiation type and tissue radiosensitivity. Localised radiation exposure is more
common than full body exposure, however the scope of this work is interested in full body
exposure to background radiation in highly irradiated areas, therefore whole body irradiation
is more pertinent. Radiation levels are often quoted in Sv/hour, as a radiation measurement
in Sieverts is a better indicator for how dangerous the radiation levels are, and hours are a
useful unit to determine time limits on workers.

Radiation metrology instruments do not measure Sieverts directly. Instead they measure
Grays, and rely on calibration to display the measurement in Sieverts. These must be
re-calibrated when the Sievert weighting factors are updated. In this respect, the Sievert is a
mathematical construct. Itis important to note that weighting factors alone do not determine
danger; gamma rays are more penetrative and cause more damage than brief exposure to
alpha particles, which can't penetrate through the dead skin cells in the outer epidermi¥. It
is generally accepted that risk of developing cancer is linear no-threshold (LNT) with lifetime
dose exposure. There is an estimated 1% increase in cancer risk per 100 mSv exposure [26].

v This is not the case if the alpha particles are ingested
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2007 ICRP Weighting factors

Type of Radiation Weighting factor
Photons, all energies 1
Electrons muons, all energies 1
Protons and charged pions 2
Alpha particles, ssile fragments, heavy ions a 20
_ >E, < IMeV 2:5+18:2e INEn*=6
Neutrons: -
wr = _IMeV Ep 50MeV 50+17:0e "EnT=6
" 50MeV <E, 2.5 +3:25¢ In[EaJ*=6

Table 2: 2007 ICRP Gray to Sievert conversion weighting factors [35]

The International Commission on Radiological Protection (ICRP) use computational
phantoms, or references of the average human, to calculate the weighting factor. In 2007,
the ICRP issued new guidelines [35] for the weighting factor radiation, see table 2.

Potentially lethal acute radiation exposure is not measured in Sieverts, but in Grays. For
an acute irradiation of > 1 Gy, radiation sickness is a much more immediate medical concern
than increased cancer risk. An acute irradiation of< 1 Gy is unlikely to be lethal unless the
person was already seriously ill, however a full body irradiation dose of 3.5 Gy has a 50%
likelihood of survival 60 days post irradiation without medical intervention [36]. While there
have been cases of survival at higher doses, 8 Gy acute exposure is lethal in most cases,
and the International Atomic Energy Agency (IAEA) recommends symptomatic treatments
only [26].

2.4.3 CERN radiation protection protocols

Radiation protection (RP) covers any health and safety related regulations and procedures
concerning exposure to radiation. RP always aims to optimise radiation exposure to be as
low as possible as well as mitigate any chances of accidental exposure. Radiation exposure
limits are de ned as a person's planned exposure to multiple regulated sources. It does not
apply in emergency situations or for medical patients. Radiation constraints are de ned as all
exposure occurrences, of either radiation workers or the general public, to a speci ed radiation
source.

Radiation safety and protection at CERN is a large concern. In Switzerland and France,
radiation exposure to workers is limited to 20 mSv/year [37]. CERN categorises workers into
two groups, depending on their annual expected exposure rate. Those liable to receive a
dose higher than 6 mSv/year in their occupation (Category A), and those not (Category B).
However, CERN aims to keep all worker doses below 3 mSv/year and by default all workers
at CERN are category B unless speci ed otherwise [38], [39].

CERN's radiation protection protocols follow the ubiquitous As Low As Reasonably
Achievable principle (ALARA), to optimise dose rates. The ALARA concept is the

24



fundamental principle of radiation protection, and has been the international standard for
optimising radiation protection since it was rst introduced in 1977 [40]. CERN monitors the
individual doses and the collective dose of its workers. The collective dose is the total sum of
all their individual doses for a speci ed work intervention. It is expressed in the units Man
Sv. Distortions or manipulation of radiation exposure data due to the presence of a single
extraordinary high-exposure individual or by bloating the number of workers in the group
to include low-exposure sta such as administrative personnel, are prevented by monitoring
both the collective dose of an intervention as well as the individual doses of the personnel
involved[41].

CERN has ve radiation area classi cations: Supervised, Simple, Limited Stay, Very High
and Prohibited, shown in table 3. Admission to these areas requires a dosimeter. In the rst
area classi cation, this dosimeter can be passive or active. The other areas require a personal
active dosimeter, which is clocked in and out when entering a radiation area. There is no
admission into the Prohibited areas [42].

L _ 1 Ambient dose equivalent rate
Area classi cation Dose Limit (year )Work Place ‘ Low Occupancy
Non-designated 1 mSv 0.5 Sv/h 2.5 Sv/h
Supervised 6 mSv 3 Sv/h 15 Sv/h
Simple 20 mSv 10 Sv/h 50 Sv/h
Limited Stay 20 mSv - 2 mSv/h
Very High 20 mSv - 100 mSv/h
Prohibited 20 mSv - > 100 mSv/h

Table 3: Cern Radiation Area classi cations from [42]

The areas classi ed at CERN in table 3 at CERN can be considered eithework place or
low occupancy . Low occupancy areas are de ned as any non-permanently occupied location,
such as corridors, stairwells, parking, toilets, etc. It is understood that an individual spends
less than 20% of their working time in these low occupancy areas. Working hours are set at
2000 hours per year [43].

Interventions in radiation areas are classi ed into three tiers, with di erent requirements
for individual total dose Hj, and collective dose H. Collective dose is measured in Man-Sievert
(Man Sv), it is the sum of all individual total doses. It is used as an optimisation and
comparison tool for occupational exposure, as minimising the collective dose necessitates
optimising the number of personnel, and their individual radiation exposure while carrying
out the work.

~ Tierl: He. < 500 Man Sv; Hj < 100 Sv;

~ Tierll: H; < 5 Man mSv; H, < 1 mSy;
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~ Tier ll: H . > 5 Man mSv; H; > 1 mSy;

Tier Il requires approval from Radiation Protection, and must be signed o by the
ALARA committee before work can begin [43].

As seen previously in chapter 2, neutron interactions with atomic nuclei can induce
radioactivity in the target material. This means the detector is a radiation source, and
creates a signi cantly higher level of background radiation around it than occurs naturally.
This radiation presents a signi cant obstacle for personnel wanting to physically interact with
the detector. The reasons for caution will be explored further in the next section (chap. 2.4),
and methods for estimating the radiation levels in the ATLAS cavern are presented in chap.
3.3.3.
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3 The ATLAS Experiment at the LHC

The Standard Model [44] is one of the most successful models in particle physics, describing
how twelve fundamental particles (six quarks, six leptons, divided into three generations)
and their corresponding anti-particles interact with the electromagnetic, strong and weak
forces, conveyed by bosons. The Standard Model predicted the existence of W, Z, Gluon,
and Higgs bosons, as well as the top and charm quarks. While it gives a lot of detail
about the fundamental particles and their properties, there are some parameters that require
experimental data to be quanti ed as well as other phenomena that needs to be explained.

The aim of the LHC, and its associated experiments such as the ATLAS detector
experiment, is to provide experimental data on particle properties as well as search for new
Beyond the Standard Model physics.

This chapter will give an overview of the LHC machine and its planned upgrade schedule,
and the ATLAS detector, its constituent sub-detectors and the cavern in which it sits. The
work in this thesis concerns the partial decommissioning of the ATLAS detector as part of
the LHC upgrade. The setup of the detector and the background radiation in the ATLAS
cavern are the main factors for the proposed work.

Figure 11: Map of the CERN accelerator complex with increase in proton energy as it travels
through LINAC2, Booster, Proton Sychrotron, Super Proton Synchrotron, and LHC ring.
Adapted from [45]
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3.1 The Large Hadron Collider

The LHC is the most recent particle accelerator built at CERN. It is 27km in circumference,
and is the largest of its kind in the world. Two proton beams of 6.5 TeV travel in opposite
directions around the machine. Around the synchrotron ring there are the four “interaction
points' where the beams intersect; and surrounding these are the 4 main experiments of the
LHC: ATLAS, CMS, LHCb, and ALICE.

The LHC particle beam is not continuous, instead it is a stream of particle bunches, which
can be characterised as a Gaussian distribution. An LHC beam is made of 2'808 bunches,
spaced 25 ns (7.5 m) apart, with 115 10! protons per bunch.

The LHC beam is kept on its circular trajectory using superconductor dipole magnets, the
strength of which limits the maximum energy of the particles stored in the ring. The LHC
dipole magnets create 8.33 T. A malfunction or poor performance of a single steering magnet
would undermine the performance of the whole machine.

The magnetic eld is ramped up as the particles accelerate to keep the radius of their orbit
constant. Besides the dipole magnets, the LHC also has two types of quadrupole magnets
which are used for beam optics. Protons repel each other due to their positive electric charge,
which causes the bunches in the beam to distend over time. The quadrupole magnets refocus
the bunches, making the beam easier to steer, and increases the probability of collisions at
the interaction points.

Head-on particle collisions can be described by the centre mass energy equation:

E&y =(E1+ Ep)? )

The LHC can accelerate protons to 7 TeV meaning the centre-of-mass energy of the collision
is 14 TeV.

Collisions at particle accelerators are measured using "luminosity”. There are two type
of luminosity that can be discussed: instantaneous and integrated luminosity. Instantaneous
luminosity is the collision rate per unit area, and is de ned as inverse barn per second, where
1 barn =10 ?®m?. Integrated luminosity is the time integral of the instantaneous luminosity,
and is measured in inverse barns.

Quantum interactions are governed by probability, so a large number of collisions increases
the likelihood of a rare interaction. The event rate of collisions in a particle accelerator is
de ned as: z,

Revent = L(t)dt )

to
where is the cross section, and L(t) the instantaneous luminosity [46]. Cross section is
a measure of probability, a property intrinsic to the event; so to increase their event rate,
particle accelerators aim to maximise their luminosity. This means luminosity is one of the
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Figure 12: Integrated luminosity at the ATLAS detector versus time 2011-2018, taken from
[47]

most important design factor when commissioning particle accelerators. The luminosity of
two colliding proton beams is expressed as:

N2f N
L = p'r b (4)

4SS,

where N is number of protons per bunch,Ny, is the number of bunches,f, is the frequency
of revolution and sy, and s; are the dimensions of the gaussian shaped beam. The LHC has
a design luminosity of 1 103 cm 2s ! [46], and reached a peak of 2.1 10* cm ?s 1 in
Run 2.

Fig. 12 shows the evolution of integrated luminosity over the course of a year. There is a
clear di erence in slope between the initial runs at lower energy and the later ones. However,
the energy of the beams and the luminosity are not related. Over time physicists learn how
to manipulate the beams to get the smallest interaction point which equation 4 shows will
increase the luminosity from the machine [48].

The LHC is expected to have three periods of data over its lifetime, interspersed with
Long Shutdowns (LS) for general detector maintenance and staggered upgrades.

1. Run 1 ran from 2010-2012 with a beam energy of 7 TeV, and instantaneous luminosity
|p_){eaked atL=7.5 10% cm 2s 1. Atthe end of Run 1, the integrated luminosity was
Ldt =30 fb ?®[49].
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2. Run 2 ran from 2015-2018 with a beam energy of 13 TeV, the instantaneous luminosity
peaked at L =2 10% cm 2s ! [47]. At the end of Run 2, the integrated luminosity
was 140 fb ! [46].

3. Run 3is planned to run from 2021-2023 with a beam energy of 14 TeV, the instantaneous
luminosity peaked at L =2  10° cm 2s ! [46]. At the end of Run 3, the integrated
luminosity is expected to be 300 fb ! [49].

During Long Shutdown 3 (LS3) after Run 3, the collider will upgrade to the High
Luminosity LHC (HL-LHC). The HL-LHC aims to operate at an instantaneous luminosity
ofuptoL =75 10** cm 2s 1. The target integrated luminosity is 3000 fb 1 over the
HL-LHC's 10 year lifetime [46]. This is ten times the expected integrated luminosity after
Run 3.

The signi cant increase in luminosity requires major upgrades to the LHC and its detectors
to accommodate the higher particle uence. The work presented in this thesis was done for
the upcoming ATLAS Inner Detector decommissioning during the LS3 shutdown, part of the
ATLAS upgrade in preparation for the HL-LHC.

3.2 The ATLAS Detector

The ATLAS detector [13] shown in Fig. 13, was completed in 2008. The detector is 46 m long,
and 25 m in diameter. It is cylindrically symmetrical around the collision point and covers
a solid angle of almost 4. It is a large multipurpose detector which is formed of multiple
sub-detectors, each devoted to particle identi cation and tracking.

These are:

The Inner Detector (ID) [50], itself composed of three sub-detectors: the Pixel Tracker
[51], SemiConductor Tracker (SCT), and Transition Radiation Tracker (TRT) [52]

Four calorimeters: Liquid Argon (EM, Hadronic endcap and Forward) [53] and Tile [54]
Muon spectrometer [13]

Three forward detectors - two which measure luminosity, and one which characterises
heavy-ion events [13].

Each of the sub-detectors has a speci ¢ role and works complementary to the others. Particles
travelling through the detector leave behind a unique signature, which can only be identi ed
by combining the data from the di erent sub-detectors.

The detector and sub-detectors can be divided into three regions: the central barrel and
two endcaps either side. The barrel is cylindrical and sits around the collision point. The
endcaps are disk shaped and are “forwards' from the collision point (from the proton's frame
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of reference). Only one of the partons inside a proton interacts in a collision and is scattered
at large angles. The remnants decay into a hadron shower in the forwards direction. The ID
is the closest to the collision point, so the ID endcap takes the brunt of the hadron showers.
The ID endcap is the most irradiated section of the ATLAS detector (and therefore it is the
most radioactive, see chapter 2.1.2).

Figure 13: Cut-away of the ATLAS detector [55]

The following section will discuss the di erent ATLAS sub-detectors. It will start with
the sub-detector closest to the collision point, the Pixel tracker in the Inner Detector, and
move outwards layer by layer.

3.2.1 The Inner Detector

The Inner Detector tracks charged particles and measures their momentum. The Inner
Detector is composed of three sub-detectors which can be seen in Fig. 14: the Pixel tracker and
the Semiconductor Tracker (SCT), which are both silicon based detectors, and the Transition
Radiation Tracker (TRT) which uses straw drift tubes. The ID is built around the interaction
point with a cylindrical central barrel region, and two disk-shaped endcap sections on either
end.
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Figure 14: Cut-away of the Inner Detector, from [56]

Sub- Section Inner Outer Length [mm] Number of Layers
detector Radius Radius
[mm] [mm]

Beampipe 25 29
Pixel Envelope 31.0 241.0 X jzj < 3092
and Barrel 33.25 122.5 0< jzj < 400.5 4
IBL Endcap 88.8 149.6 495 jzj < 650 3
SCT Envelope barrel 255 549 x jzj < 805

Envelope endcap 251 610 818 jzj < 2797

Barrel 299 514 0< jzj < 749 4

Endcap 275 560 83% jzj < 2735 9
TRT Envelope barrel 554 1082 & jzj < 780

Envelope endcap 617 1106 829 jzj < 2744

Barrel 563 1066 0< jzj< 712 73 straw planes

Endcap 644 1004 84& jzj < 2710 160 straw planes
Total ID Envelope 0 1150 0< jzj < 3512

Table 4: Geometry parameters of the Inner Detector. Table taken from [13], however the
parameters of Pixel which include the IBL where taken from [57].
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Figure 15: Cut-away of the Inner Detector barrel and endcap regions[58]

Figure 16: Cut-away of the Pixel Tracker and IBL, showing the Pixel's octagonal support
structure and transverse diagram of the barrel layers, from [59]
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3.2.1.1 Pixel Tracker

The Pixel is the innermost ID sub-detector, and the closest to the interaction point. It uses
silicon pixel sensors to provide the nest granularity of the charged particle trajectories. It
is 1.44 m long and 0.43 m in diameter, and is formed of four barrel layers: the Insertable
B-Layer (IBL) inserted in 2014, Layer O, Layer 1, Layer 2; and two identical endcap regions
with 3 layers each on either side of the barrel. The barrel layers are cylindrical with sensors
mounted parallel to the beam axis. The endcap layers are disk shaped, and have sensors
mounted perpendicular to the beam axis.

The IBL uses two types of modules to cope with the higher radiation uence being closest
to the interaction: planar double chip modules, and 3D single chip modules [57], [60]. Twelve
planar double chip modules are mounted centrally on each stave, with four 3D single chip
modules on each extremity [59]. The Pixel detector is mechanically supported by staves (in
the barrel region) and disk sectors (in the endcap) on which the detector modules are mounted
[51]. These outer support structures can be seen in Fig. 16. The inner support structures
are made of rigid low-activation materials like carbon foam [57] and carbon bre [51]. The
vacuum beampipe inside the Inner Detector is made of beryllium [13]. The support structures
provide the framework for the detector's architecture. Electrical, optical, and cooling services
are routed through Patch Panel 1 at the end of the Pixel Support Tube (the outermost support
structure for the Pixel tracker) [51].

3.2.1.2 Semiconductor Tracker

The SCT is the second-innermost sub-detector. It measures the momentum and vertex
position needed for event reconstruction. Both the SCT and Pixel tracker detect particles
using the principle of a depleted PN junction, though the semiconductor tracker uses silicon
microstrip sensors instead of pixels [61].

The SCT is 1.5 m long and 1.1 m in diameter, and is comprised of four concentric barrels
and two endcap regions of nine disks each. The SCT has more room for a structured support,
so its sensors are not mounted on staves and disk sectors, instead the barrel modules are
mounted onto a cylinder, shown in Fig. 17. The SCT Barrel layers have a total of 2112
modules. Each module is composed of 4 single sided strip modules (64 63.5 mm each),
glued back-to-back to create a double-sided 64 128 mm unit [50]. The endcap modules are
arc-shaped, and require ve di erent sized sensors due to the complex geometry [62].

3.2.1.3 Transition Radiation Tracker

The TRT is the outermost of the Inner Detector subsystems. It is a straw tracker detector,
composed of 4mm straw-like tubes lled with a Xenon-based gas mixture.
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Figure 17: The SCT barrel, with close up of the mounted barrel modules, and diagram of the
mounting brackets. From [13]
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Charged patrticles travelling through the gas create ion pairs. The E- eld across the region
exerts a force on the ions, preventing recombination and causing them to drift to the electrodes
at the edge of the region. This creates a detectable current, and is interpreted as a signal by
the detector.

The TRT provides two types of information. Like the Pixel and SCT, it makes position
measurements, providing additional information for particle tracking [63]. The construction
of the TRT barrel is supported mechanically by the Barrel Support System (BSS) space-frame
which also acts as mechanical support for the SCT [13]. The barrel of the TRT covers j <
1.0, and its straws are laid parallel to the beam axis.

The TRT endcap is made of wheels where the straw tubes are con gured radially like
spokes of a bicycle. The endcaps were constructed in planes, each with four layers of straws.
These assemblies were then paired together to create an eight-plane independent unit [64]. The
straw tubes do not have the rate capability to cope with the anticipated HL-LHC luminosity,
the TRT would reach 100% occupancy, a ecting the detectors e ciency [65].

The Inner detector was designed to run for 10 years aL = 1  10%*cm 2s 1. It rst
exceeded these design parameters in 2016. The ID has su ered signi cant radiation damage
from the LHC collisions. The Pixel was designed to withstand an integrated luminosity of
400 fb 1, and the SCT to withstand 700 fo 1. The ID integrated luminosity limit of the
ID is expected to be reached in 2023, after which the operation of the machine cannot be
guaranteed [65]. There are signi cant concerns about thermal runaway within the ID, as well
as the hit e ciency decreasing to inoperable levels. Other concerns prompting its removal
and the upgrade to the ITk are the bandwidth saturation, occupancy, and the performance
of the trigger system.

To ensure the ATLAS detector remains e ective for the HL-LHC, the entire Inner Detector
(Pixel, SCT and TRT) will be replaced with an entirely silicon-based detector, the ITk. The
new detector is designed to last 10 years, at =7:5 10%%cm 2s 1.

3.2.2 The Outer Components

This section with give a brief overview of the outer components of the ATLAS detector: the
electromagnetic and hadronic calorimeters, the toroid magnet, and the muon spectrometer.
These components will be kept for the HL-LHC, however the front-end electronics need to be
upgraded to cope with the new radiation, trigger, and read-out performance criteria [66].

Around the Inner Detector is the Solenoid Magnet, which creates a magnetic eld
of 2.0 T across the ID. This bends charged particles, helping with particle identi cation
and momentum measurements. It shares a vacuum vessel with the Liquid Argon (LAr)
electromagnetic (EM) calorimeter, and the two were combined before being installed in the
ATLAS cavern.
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Figure 18: Cut-away of the Liquid Argon and Tile Calorimeters, from [67]

Calorimeters measure the energy of incoming particles. By de nition this is a destructive
measurement; the particles measured in the calorimeter are absorbed and do not penetrate
further into outer layers of the detector [68]. The LAr EM calorimeter is the innermost
calorimeter (Fig 18). It detects and measures the energy of electrons and photons, primarily
through creating particle showers using Bremsstrahlung or pair production (see also chapter
2). Electrons and photons are much more likely to create particle showers than hadrons,
therefore they will be absorbed into the rst calorimeter with which they interact.

Hadronic calorimeters absorb the particles left after the EM calorimeter, except muons and
neutrinos. Hadronic showers do have an EM component, however the electrons and photons
originating from the initial pp event were absorbed in the EM calorimeter, any found in the
Hadronic calorimeter must have been produced by a hadron shower.

The Tile Calorimeter is a scintillation calorimeter. Unlike the LAr calorimeters which
detect electric charge as the signal, scintillation calorimeters collect the signal in the form of
light [54].

The LAr forward calorimeters have three layers. The rst of the forward calorimeters
(FCall) is an LAr-Copper EM calorimeter, the same material components as the LAr hadronic
endcap. The second and third forward calorimeters (FCal2, FCal3) are LAr-Tungsten. A
copper alloy plug was mounted behind the third forward calorimeter to reduce background
noise to the muon spectrometer [69]. The forward calorimeters have been activated, and
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contribute to the background radiation in the cavern. However, due to timing and logistical
concerns, the FCal is not being replaced as part of the HL-LHC upgrades. Instead, a smaller
calorimeter (the Mini-FCal) will be inserted in front of the FCal to compensate for the
projected problems running to FCal at HL-LHC luminosities [70].

Around all of this sits the Toroid Magnet. An image of the eight barrel toroidal magnets
is arguably the ATLAS detector's most iconic photo (Fig. 19). The Toroid magnet creates
a 4T magnetic eld [13]. The remaining charged particles (muons) traversing the eld are
subject to the Lorentz force, causing their trajectory to bend. The rate of curvature of the
trajectory facilitates their momentum measurement in the muon spectrometer.

Figure 19: Photo of the eight barrel Toroid magnets (front) awaiting the installation of the
barrel calorimeter (behind). The calorimeter will be pushed forward using stainless steel rails
(bottom). A man stands to scale. From [71]

Muons are detected through each level of the detector, however all other interacting
particles have been absorbed in the calorimeters, so muon chambers are used to di erentiate
muons from other particle signals and to measure their momentum to a higher precision.

3.3 The ATLAS detector installation, maintenance  and ID
decommissioning

This section gives an overview of the ATLAS cavern, how the detector was installed, the
logistics of technical works of maintenance, as well as the planned ID decommissioning.
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3.3.1 The ATLAS cavern

The ATLAS detector sits in experimental cavern UX15 100m below the surface. The cavern is
53 m long, 30 wide and 35 m tall [72]. It is surrounded by access shafts, service ducts and other
smaller areas used for ATLAS services. USA15 which houses the ATLAS electronics, is far
enough from the main cavern to allow personnel constant access even during high luminosity
beam-on. The access shafts are blocked by large concrete plugs during run time, to shield
surface building SX1 and the surrounding area from the radiation [73]. The construction of the
detector was done in-situ, with pieces being lowered down the access shafts and subsequently
installed.

3.3.2 Installing the ATLAS detector

Work o cially begun on the installation of the ATLAS detector in 2003 with the inauguration
of the ATLAS cavern. The work was completed in October 2008 and the rst collisions begun
in 2009. The installation of the ATLAS detector can be split into ve phases.

1. Cavern infrastructure and mechanical support for the detector

2. Barrel Toroid and Barrel Calorimetry

3. Endcap Calorimetry and Muon Barrel Chambers

4. Muon Big wheels, Inner Detector, and Completion of Muon Barrel

5. Endcap Toroid and Muon Small Wheels

The ATLAS detector takes up most of the available space in the cavern. As its installation
progressed, the available space became more and more restricted and some installed pieces
were subsequently moved aside to make room for incoming components.

Phase 1: Before work on the detector itself could begin, the necessary infrastructure
and support structures in the main cavern needed to be installed. These included overhead
cranes, ventilation, lighting and electricity; as well as bed plates and support feet to provide
the mechanical support on which the detector was constructed.

Phase 2: Several di erent sub-detectors were in assembled and installed in parallel, taking
advantage of the space of the empty cavern.

The barrel Toroid coils were lowered into the cavern using the PX14 shaft on side A (shown
in Fig. 20), beginning October 2004. The Toroid magnet was the rst sub component to be
installed and took up the centre of the cavern. Muon chambers were also installed in parallel,
speci cally those that were situated in between the ATLAS feet and struts.

The lower half of Tile barrel Calorimeter was assembled in the cavern on a temporary
structure on side C, beside the Toroid coils. Once nished the LAr calorimeter cryostat
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Figure 20: The ATLAS cavern UX15 and the surrounding access shafts and service tunnels.
USA15 houses ATLAS electronics away from the high radiation levels of the main detector.
From [74]
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chamber was placed onto this half-cradle. The Tile barrel assembly was then continued until
the whole barrel Calorimeter was complete and was installed inside the Toroid coils in October
2005.

Phase 3: The Endcap calorimeter began assembly in the space liberated by the barrel
Calorimeter on side C, and was installed inside the Toroid barrel in February 2006.

On side A, installation of the muon barrel chambers started, and the second endcap
calorimeter was assembled, however its installation was delayed in favour of testing the
magnetic eld of the Solenoid Magnet.

Phase 4: After this, in August 2006 the Inner Detector barrel (SCT and TRT only) was
installed inside the bore of the calorimeter cryostat (side A). Space is now much diminished
and the calorimeter endcap had to be moved patrtially inside the Toroid to allow space for the
continued installation for the muon barrel chambers. The muon Big Wheel on side A started
in January 2007, before the calorimeter endcap was moved back to allow the Inner Detector
endcap to be lowered.

On side C, the Muon Big Wheels began installation April 2006, and nished 11 months
later. The Big Wheels were then pushed back for the lowering and installation of the Inner
Detector endcap. The nal muon barrel chambers were installed, and the Big Wheels moved
into position, closing the barrel on side C.

The SCT and TRT barrel were installed together as they share the BSS as their mechanical
support. The Pixel's mechanical support structure is the Pixel Support Tube (PST). The
barrel of the PST was inserted into the SCT, and its endcap pieces were installed hanging in
the empty space. The SCT/TRT endcaps were then installed around it. The Pixel itself was
assembled externally as one whole piece. It transferred into the PST from another support
tube used for transport, called the Dummy Support Tube (DST). The two SCT/TRT endcaps,
the Pixel, and the central beampipe section were installed in May-June 2007.

Phase 5: The Endcap Toroids were lowered into place in July 2007, and connection
of their services and cooling was completed shortly afterwards [76], [77]. The Muon Small
Wheels were installed spring-summer 2008, in parallel to completion of the Pixel detector
services [78].

The detector was fully installed in time for the rst LHC test beams in 2008, however
certain subsystems were switched o [78].

3.3.3 Estimating radiation levels in the ATLAS Cavern

In-depth knowledge of the radiation is crucial both from a general detector health standpoint,
but also for running any maintenance operations.

Simulation studies are used to predict where the radiation uence will be concentrated.
The simulations are then supported with Radiation Monitoring (Radmon) [79] and other

41



Figure 21: Photo of the Pixel barrel insertion, with Pixel support ring. From [75]

studies [10]. They are also used to verify the design of detectors and their components by
giving insight into operating parameters and necessary lifetime radiation tolerance [80].

CERN's radiation protection team uses FLUKA to conduct activation studies of the
ATLAS cavern, in preparation of signi cant intervention works such as the LS3 shutdown.
FLUktuierende KAskade or FLUKA is a particle transport code that simulates nuclear and
sub-nuclear particle interactions through complex geometries [81]. FLUKA uses the Monte
Carlo method to calculate physics processes. Monte Carlo simulations are used extensively
when modelling fundamentally stochastic phenomena, such as particle interactions.

FLUKA calculates each individual particle's trajectory and randomly samples its “fate'
from all the possible outcomes from physics processes; the probability of each process
selection is determined by its cross section [82], [83]. When rerunning individual calculations,
the results will vary slightly due to the stochastic variables inherent to the Monte Carlo
approach. A simulation run with a large number of samples will have a more stable result.
Therefore to have enough data for a signi cant result, the simulation e ectively repeats each
calculation multiple times each with new pseudo-randomised sampling [84], [85]. By contrast,
a deterministic simulation will return the same result for each iteration, and reruns will o er
no new information.

The simulations of the background radiation in the ATLAS cavern are computationally
demanding. The ATLAS experiment experiences 10° particle collisions per second during
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beam on, and has been running since 2010. The simulations also depend heavily on the LHC
run parameters - centre-of-mass energy of the collisions,instantaneous luminosity, etc - as well
as the anticipated cooldown time before the ID decommissioning starts. Unfortunately, these
are also highly susceptible to change, making previous simulation results redundant.

The data from these simulations are issued in the form of radiation maps. These maps
cover a quadrant of the detector. The detector is symmetrical along the Z axis and the XY
plane, it is assumed that the background radiation will be equally symmetrical. Per ATLAS
detector nomenclature, the coordinate system used is cylindrical (R, , Z), with the origin at
the collision point and the Z-axis along the beamline. The radiation dose maps are given in

Sv/h and have 10 cm resolution in R and Z, with the dose smeared in .

Radiation studies continue to give insight into the Atlas detector - the material activation,
shielding e ciency, as well as help predict background radiation levels that would a ect
access to the underground areas. As radiation cools down over long time periods, it is
important to know how much background radiation will continue to linger after beam-o
and maintenance/decommissioning work.

Until 2013, the detector was anticipated to have a radiation eld of 180 Sv/hr 1 m from
the beam axis, and 1.1 mSv/h at 10 cm from the beam axis at Long Shutdown 3 [80]. As seenin
chap 2.4.3, CERN classi es anything above 3 Sv/h as a controlled area. These radiation levels
qualify as a limited stay-controlled area, with the legal requirement of personnel exposure
restricted to 20 mSv/year. This would severely curb the duration of human intervention
allowed during the decommissioning. In this case robotic systems would be needed be used,
and research into their development was carried out [86]. The access scenarios with dose
rates marked can be seen in Fig. 24. These dose rates would mean unavoidable high dose
exposure to workers during standard access/short opening. Operating using large opening
could potentially reduce the radiation exposure, however this would limit the work to one
side of the detector. In 2013 the results of more advanced simulations were published. These
have revised the radiation estimates downwards, and is now anticipated to be 10Sv/h 1
m from the beam axis, a factor of 18 lower than the 2003 estimates [87]. This is primarily
due to more advanced modelling of the detector and taking into account self-shielding e ects,
where the outer components of the detector shield workers from a higher activated inner
segment. The ID was not designed to be decommissioned using remote handling, and the
technology is still in development. The requirements for dexterity, radiation tolerance, and
strength would be a steep challenge for robotic solution to ful I. The decommissioning of the
ID also needs to be completed within a certain time frame to allow the installation of the
ITk before the scheduled HL-LHC switch on. The revision of the expected dose rates meant
that human presence was a viable option for the ID decommissioning. Given the high risk
presented by the remote handling option, a human-based intervention was preferred. This
work was initially meant to assess the radiation tolerance of robotic manipulators for the
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ATLAS decommissioning. Following the new radiation estimates, this was changed instead to
look at how emerging technologies can be used to minimise occupational radiation exposure.

However, while these new estimates allow more extended human intervention, future
high luminosity colliders will need to anticipate robotic intervention when considering
decommissioning, and incorporate this into the design of the equipment.

Due to the complexity, the time required to carry out the work, and the high level
of radiation involved, the decommissioning is a Tier Il intervention, (see chapter 2.4.3).
Preparation for the upgrade and planning each section of work in high detail is necessary to
get approval from the ALARA committee.

3.3.4 Decommissioning the ATLAS Inner Detector

As CERN prepares for the HL-LHC, several detectors need to be upgraded. The new
components are designed to take full advantage of the increased luminosity. For ATLAS,
this means replacing the existing Inner Detector (ID) with the new Inner Tracker (ITk),
among other upgrades. The ID was designed to meet the requirements of the LHC over its
lifetime - by LS3 it will have incurred signi cant radiation damage, and reached the end of
its expected lifetime. As the HL-LHC will signi cantly increase the number of collisions and
the uence of particles through the detector, the ID must be upgraded to the ITk to meet
the new requirements.

Decommissioning the ATLAS ID presents a unique challenge. No previous experiment
decommissioned has been run for this long with such a high particle uence. As a consequence,
the radioactivity induced in the material of the experiment is much more intense than
previously seen. Each intervention must be signed o by CERN's overarching Radiation
Protection team before it can go ahead, however the timeline for the shutdown is strict. Due
to the high levels of background radiation, personnel cannot be in the ATLAS cavern while the
LHC machine is running, so any overruns in the ATLAS upgrade work will have a knock-on
e ect the entire LHC and all its dependencies. The cavern also requires cooldown time before
the radiation levels are low enough for technicians enter.

Each section of the ATLAS detector has been designed to join together seamlessly. This
is to allow the opening of the detector to facilitate maintenance work. There are two types
of opening, Standard and Large . These two di erent con gurations are shown in Fig. 22.
Only a quarter of the detector is shown, as the detector is mirrored at the collision point and
along the beam axis. For comparison with the setup for the di erent openings, Fig. 22a shows
the detector closed and ready for particle collisions. In comparison, the Standard Opening
shown in Fig. 22b, shows how the Endcap Toroid and Big Wheels are moved to the end of
the cavern. The Endcap calorimeters are pushed to the end of the toroid loops (not depicted)
to create space to access the Inner Detector. For the Large Opening, shown in Fig. 22c, the
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Endcap Toroid is pushed out of the beam axis, into a side cavern, and the small wheel is lifted
to the surface. This allows the Endcap Calorimeter to be pushed outside the toroid loops and
onto a support cradle. This frees up around 12 m of space between the Endcap and Barrel
Calorimeters. Similarly to the Standard Opening, a platform and sca old are put in place in
the gap, however the Large Opening has more space to lower components onto the platform.
The Endcap on its cradle, the toroid loops and the platform are shown in Fig 23.

The major steps for the removal of the ATLAS ID have been listed in order below. Broadly,
the decommissioning steps resemble a reverse order of the steps taken to install the ID, see
chapter 3.3.

The work will be carried out with a Large Opening on Side C and Standard opening on Side
A. The opening con gurations are shown in Fig. 22. The ID Endplate cover will be removed
to expose the services leading to Patch Panel 1. The services to each sub-component (data
cables, cooling systems, power infrastructure, etc.) will be removed before the component
itself. The beampipe, IBL and Pixel were constructed as self-contained units and will be
removed whole. However the SCT/TRT can be divided into three pieces: the barrel and two
endcaps, and will be removed in these sections accordingly.

The removal will be conducted from the innermost sub-component outwards, starting with
the beampipe. Removal of the beampipe, IBL and Pixel will be on Side C, each with their
own dedicated extraction tool. The Pixel will be moved from the Pixel Support Tube (PST)
inside the SCT barrel, to the Dummy Support Tube (DST) for removal and transport. The
preparatory steps to the removal of the beampipe, IBL, and the Pixel detector, are the steps
of the ID decommissioning expected to have the largest radiation exposure. The beampipe,
IBL and Pixel are the most irradiated and activated parts of the ID. They cannot be removed
immediately, as their services - wiring, cooling tubes, etc, need to be removed beforehand,
shown in Fig. 27. This is anticipated to be the highest occupational radiation exposure.

Figure 25 shows the steps of removing these services within the virtual environment created
for this work (see Chapter 5), and 26, show the addition of rails and the dummy support tube
which will be installed to facilitate the removal of the beampipe, IBL, and the ID Pixel. As
these sections are a signi cant radiation source, once removed there is a signi cant drop in
background radiation. As shown in Fig. 27, the beampipe, IBL, and Pixel cannot be removed
without rst removing their associated services. For this reason, the removal of the services
are the most concerning part of the decommissioning from a radiological standpoint, and
therefore are the focus of dose estimation for this thesis (see chapter 6).

The SCT/TRT Endcaps will be removed after the beampipe, IBL, Pixel. In order to
facilitate this, the SCT/TRT services will also need to be removed beforehand (see Fig. 27,
and 28. Firstly the SCT/TRT Endcap will be removed on Side C. The detector will then
be changed to Large Opening on Side A for the SCT/TRT Endcap removal on that side.
The PST will be left hanging in the air on both sides, and will be removed next (see Fig.
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(a) Quadrant of the ATLAS Detector when closed and ready for beam on. The Endcap Toroid is
represented by the grey square. The purple sections are the muon chambers. The ID is in the bottom
left corner, between 0 and circa 300 cm along the Z axis, and 0 and circia 100 cm radially.

(b) Quadrant of the ATLAS detector in its Standard opening con guration, the Endcap Toroid and
Big Wheels are pushed to the end of the cavern. Next, the Endcap Calorimeter and Small Wheel
are moved to the end of the toroid loops. This creates a 3m gap between the Endcap and Barrel
Calorimeters for access in which there is a platform, and a 1m-wide sca old erected directly against
the detector barrel and Inner Detector. All components are only moved along the z axis (along the
beamline)

(c) Quadrant of the ATLAS in its Large opening. The Big Wheel and Endcap Toroid have been pushed

back to the end of the cavern. The Endcap Toroid has been pushed into a side cavern. The Small
Wheel has been lifted to the surface. Both are no longer visible on the schematic. The forward and
endcap calorimeters are then pushed into the space left by the Endcap Toroid at the end of the cavern.

Figure 22: Dierent con gurations of the ATLAS detector, to allow access for maintenance,
taken from [88]
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