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Abstract

As accelerators become larger and more complex, reaching high stored energies both in the
accelerator systems and in the beams themselves, it becomes more challenging to control
and protect the facilities from failures while maximizing their performance and e ciency.
There are various research areas in beam physics now that need theoretical understanding
and experimental veri cation, also requiring more complex, accurate and precise diagnostics
systems to observe the beam and to understand its interactions with itself, with other beams
and with its environment.

The Large Hadron Collider (LHC) at the European Organization for Nuclear Research
(CERN) is the largest and most powerful particle accelerator ever built. In operation since
2008, it is designed to accelerate and collide protons and ions up to beam energies of 7 TeV.
Even though its main focus at the moment is on maximizing luminosity production to allow
for more discoveries, the high energy and intensity of its particle beams make them highly
destructive for the machine components, putting its availability at risk.

The loss of even a small fraction of the beam particles could produce a quench in the
superconducting magnets or damage equipment. The LHC Beam Loss Monitoring (BLM)
system protects the accelerator from energy deposition from beam losses by measuring con-
tinuously the loss levels and requesting the beam extraction in case these are above certain
predetermined thresholds.

Furthermore, thanks to its high sensitivity and large dynamic range, as well as the good
coverage around the accelerator with around 4 000 detectors of di erent types, a calibration
of the LHC BLM system can also help identify and understand the beam loss mechanisms
and patterns present in the LHC. This is useful for distinguishing those which are avoidable
and are due to hardware errors, wrong manipulations or settings, from those which are
unavoidable. The latter could still be mitigated if the source is understood, with the aim of
optimizing machine performance.

The main objective of this work was to develop and provide a series of BLM calibrations

that could help improve the understanding of the loss patterns in the LHC, and that could



ABSTRACT

be used by anyone interested in studying them, not requiring a high level of expertise in the
LHC BLM system. These calibrations are a remarkable improvement for diagnostics for LHC
performance, employing a system that is already operational, with no need to alter any of

its functions and not compromising machine protection.

Vi
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Introduction

This thesis aims at showing how one can use an existing LHC system, which main purpose is
to protect the machine against energy deposition from beam losses, as a powerful diagnostics
system, helping understand and analyse the existing beam loss patterns in the accelerator
and becoming a very useful tool for improving its performance.

The rst chapter begins with an introduction of the concept of particle accelerators,
highlighting the progress done in the last century to diversify their purposes and achieve
higher energies, which comes hand in hand with an increasing risk of permanently damaging
equipment, and the need of better beam diagnostics. This is followed by an introduction to
the beam physics behind circular accelerators. After that, the concept of machine protection
Is introduced, with a focus on protection against beam losses to maximize the availability
of the accelerator and its integrated luminosity. Next, some explanations are given about
how these losses are generated. The chapter closes with some notions of signal detection and
technigues for monitoring these beam losses, with examples from CERN and other facilities.

The second chapter introduces brie y CERN and its varied accelerator complex, to later
focus on its largest and most powerful accelerator, the LHC. Its layout is presented, with some
comments on the dierent parts, which can help understand later the beam loss patterns
present in the machine. These loss patterns are discussed together with their associated
machine protection system. Some words on the LHC cycle and schedule are given, before
nishing the chapter with an explanation of the LHC luminosity.

The third chapter focuses on the LHC BLM system, starting with the need for such a
system and the locations of the detectors. The di erent types of detectors that are part of
the system are presented, as well as the principle of their readout electronics. At the end of
the chapter, the calculation and implementation of the signal thresholds are discussed.

The fourth chapter is focused on the characterization of the main LHC regular beam
loss patterns, which is essential to study the BLM signal before developing the calibrations.
The de nition of such patterns are given, along with explanations on how to reproduce them

safely in the machine for analysis. Finally, the beam tests that were performed in the machine

Xii



INTRODUCTION

as part of this analysis are described, as well as their main ndings.

The fth chapter discusses the calibration of the lonization Chamber (IC) BLMs, the
main detector type in the LHC BLM system. Two types of calibration are presented; the
Global Beam Loss Calibration, which provides the total number of protons lost in the machine
from betatron collimation, and the Loss Plane Decomposition Calibration, which provides
the total number of particles impacting on each one of the primary collimators, allowing to
determine the main planes of losses and the sharing between them. The main improvements
in these calibrations with respect to Run 2 are commented.

The sixth and last chapter describes the calibration of the diamond-based BLMs, another
type of detector that is currently under test in the LHC. It has a faster response time
in comparison with the IC BLMs, in the order of ns, and therefore allows for measuring
the beam losses bunch by bunch in the LHC. A simple calibration of these detectors was
performed with data from Run 2. After performing some tests in the electron test facility
CERN Linear Electron Accelerator for Research (CLEAR) to understand better their signal,
some upgrades were made both in their con guration and in the calibration method for Run
3. All these milestones are explained in the chapter.

This document is written in the form of a manual, providing a brief overview of particle
accelerators and machine protection concepts, beam loss mechanisms and the operation of
the LHC, before delving into the LHC BLM system and its signal calibration.

A summary of my contributions to the studies presented in this thesis would include:

" Analysis of the BLM data from more than 250 LHC collimation validation tests per-
formed at injection, top energy and during the energy ramp, from Run 2 and Run 3

proton and ion operation.

" Proposal, preparation, execution and analysis of a beam test in CLEAR to study the

response of diamond-based BLMs.

" Proposal to start logging the non-ampli ed signal from the diamond-based BLMs and

the raw data distribution, based on the results from the CLEAR beam test.

Xiii



INTRODUCTION

" Proposal, preparation, execution and analysis of 8 LHC beam scraping tests, at injection
and top energy, using collimators from o -momentum and betatron cleaning sections

of the LHC.

" Development of novel calibrations of the LHC IC and diamond-based BLMs at injection,
top energy and during the energy ramp, using Run 2 and Run 3 data from the analysed

loss maps and beam scraping tests with protons and ions.

" Proposal to displace the diamond-based BLMs that were located downstream the crys-

tal collimators to other locations in order to improve their signal quality.

Xiv



1 Particle Accelerators and Machine Protection

A particle accelerator can be de ned as a device that accelerates and guides charged particles
using electromagnetic elds. Following this de nition, the origin of particle accelerators could

be traced back to the middle of the 19th century, with the rst experiences with X-ray
tubes [1]. The excitement for the potential uses of particle beams was immediately followed
by an intense e ort in the development of techniques for the production, acceleration and
control of these beams, which continues to date.

These early X-ray tubes, which at that moment had dimensions in the order of only
some cm and could accelerate electrons up to energies in the order of some tens of keV,
have experienced since then an impressive evolution, eventually leading to the wide range
of particle accelerators that are present today. Even though the elds of nuclear and high
energy physics provided the initial motivation for the construction of particle accelerators
(and there still exists a large number of these facilities in operation or even planned for
the future), other applications of accelerators have emerged over the years, bene ting a vast
and varied user community from a growing list of pure and applied sciences, having lead to
signi cant contributions in these elds.

Accelerators can be linear (with beams passing one single time through the accelerating
structures) or circular (with beams doing multiple turns in the accelerator before being
extracted or collided into another beam). At some accelerators, the beam is later directed
into a target to generate other particles for studies or secondary particle beams. Some other
accelerators are colliders, accelerating beams in opposite directions before bringing them
into head-on collisions, providing events at higher centre of mass energies. But there are also
some accelerators that are injectors to other accelerators that reach even higher energies,
while others are the transfer lines between accelerators. Some examples are mentioned here
to showcase the variety and complexity in the design, construction and operation of these
facilities.

The so-called \synchrotron light sources” are circular accelerators that take advantage of

the synchrotron radiation (typically in form of X-rays) that is emitted by the electron beams



that are circulating in them at relativistic speeds. Straight beamlines are placed from the
main ring of the accelerator to collect this radiation, at the end of which there are di erent
types of experiments that use it as in a very powerful microscope to study several scien-
ti ¢ topics, including the structure of molecules or chemical compounds. Positron-Electron
Tandem Ring Accelerator (PETRA) Il from Deutsche Elektronen-Synchrotron (DESY)

in Germany is the biggest of this kind in the world with a circumference of 2.3km and
25 beamlines [2].

The Free Electron Lasers (FELs) are the latest generation of light sources, producing
extremely brilliant and short pulses of radiation. In this case, instead of being circulated
in a circular accelerator, the electron beam is passed through a magnetic structure called
an undulator or wiggler to generate the radiation, which re-interacts with the electrons to
make them emit coherently, exponentially increasing its intensity. There are some FELS in
operation like SwissFEL in Paul Scherrer Institute (PSI), Switzerland, with an overall linear
length of 740 m [3].

In the same line there are accelerator-driven neutron sources, like European Spallation
Source (ESS), which is being built in Sweden and will have a circumference of around
600 m [4], that together with synchrotron light sources and FELs have opened up revolu-
tionary new research opportunities in material sciences, chemistry and biology.

There are also facilities for R&D in accelerator technologies, like those focused on plasma
wake eld acceleration, a technique that uses the electric eld associated with a plasma wave
generated by a particle beam or other high-gradient plasma structures to accelerate charged
particles. An example of such a facility is the Facility for Advanced Accelerator Experimental
Tests (FACET)-II in the Stanford Linear Accelerator Center (SLAC), US, which uses part of
SLAC's 3.2-km long linear accelerator to generate high-density beams of electrons, which are
injected into a 1-km long beamline with the accelerating sections and experimental areas [5].
In late 2014, the collaboration published proof of the viability of this technology, achieving
400 to 500 times higher energy transfer compared to a general linear accelerator [6]. The aim
is to use this technology to build a ordable and compact particle accelerators in the future.

A proof-of-principle plasma wake eld accelerator experiment is currently operating at



1 PARTICLE ACCELERATORS AND MACHINE PROTECTION

CERN, Switzerland. The project, named Advanced Proton Driven Plasma Wake eld Ac-
celeration Experiment (AWAKE), employs a 400 GeV proton beam from the Super Proton
Synchrotron (SPS) (a circular accelerator with a circumference of 7km [7]) to generate the
plasma wake elds. The experiments started at the end of 2016 [8]. In 2018, the team reported
the achievement of accelerating electrons to energies of 2 GeV over the 10-m long cell which
contains the plasma [9]. Even higher energies are expected to be reached in the following
years.

The electron beam test facility CLEAR at CERN is another example of accelerator R&D
installation, used mainly for testing novel beam instrumentation and studying linear electron
beam dynamics. It has been in operation since 2017, running in parallel with the main CERN
accelerator complex. It is composed of a 20-m long linear accelerator providing relativistic
electrons that are then sent in an experimental beamline [10].

Fixed-target experiments are mainly implemented for studies of rare processes and nu-
merous nuclear phenomena. In addition, they can be useful in related elds like astrophysics
and weak-interaction physics. An advantage for xed-target experiments is that they are
easier and cheaper to build compared to the colliders.

At the Isotope Separator On Line DEvice (ISOLDE), CERN, radioactive nuclides are
produced via spallation, ssion, or fragmentation reactions in a thick target, irradiated with
a proton beam from the Proton Synchrotron Booster (PSB) (an accelerator with a circumfer-
ence of around 157 m) at an energy of 1.4 GeV and an intensity of up te& [11]. More than
1000 isotopes with half-lives down to ms of 74 elements have been produced at intensities of
up to 1011 atoms peA proton beam [12].

For particle physics, larger accelerators are generally used, breaking the energy or intensity
frontiers and leading to discoveries or improvements of the measurements of particles and their
interactions. Accelerators like the Tevatron or the Large Electron-Positron collider (LEP)
helped make progress in the understanding of the constituents and nature of matter, as higher
energies were reached, allowing to look into smaller and smaller sizes.

The Tevatron in Fermilab, US, was a circular accelerator that accelerated protons and

antiprotons up to energies of 1TeV (hence its name) in a 6.28-km long ring. The main



achievement of the Tevatron was the discovery of the top quark in 1995, which at the moment
is the last fundamental fermion predicted by the Standard Model of particle physics to be
observed [13].

LEP was the largest electron-positron accelerator ever built, with a circumference of 27 km
located approximately 100 m underground. It was commissioned in 1989, providing initially
collisions with a centre of mass energy of around 91 GeV for the production of Z bosons,
gathering enough data for the observation of its creation and decay, which at the moment
was a critical test of the Standard Model [14].

In 1995, LEP was upgraded for a second operation phase, with the addition of 288 su-
perconducting accelerating cavities to double the energy so that the collisions could produce
pairs of W bosons. The collider's energy eventually topped 209 GeV in 2000. During 11 years
of operation, LEP's experiments provided a detailed study of the electroweak interaction.

Both the scientists working at LEP and Tevatron had hoped to be the rst ones to
discover the Higgs boson, named after physicist Peter Higgs, who proposed in 1964 along
with other scientists the Higgs mechanism, a way for particles to acquire mass, that should
be compatible with a scalar boson with certain properties.

CERN already had a plan to build the LHC, a hadron collider with a design beam energy
of 7 TeV, in the same tunnel as the LEP, in a attempt to scan even higher energies and nd
the Higgs boson. Near the end of the scheduled run time for the LEP, one of its experiments,
Apparatus for LEP PHysics (ALEPH), reported a possible Higgs event during operations at
a centre-of-mass energy of 206.7 GeV [15]. The run time was extended for some months to
gather more data that suggested inconclusive hints that the Higgs particle of a mass around
115 GeV might have been observed. However, it was decided to shut down the LEP in
November 2000 and go on with the construction of the LHC as planned. The LHC started
operation in 2008, becoming the highest energy particle collider in the world, followed by the
Tevatron.

For years, the observations at the LEP were the only hints of a Higgs Boson, as the exper-
iments at the Tevatron had not been sensitive enough to con rm or refute them, eventually

nishing its operations in 2011. However, in July 2012, the scientists from the Collider De-
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1 PARTICLE ACCELERATORS AND MACHINE PROTECTION

tector at Fermilab (CDF) and DZero collaborations at Tevatron announced the nal analysis
of their data, leading to an indication of the Higgs particle [16], just two days before the A
Toroidal LHC ApparatuS (ATLAS) and Compact Muon Solenoid (CMS) experiments at the
LHC presented their strong evidence of a particle compatible with the Higgs boson at around
125GeV [17, 18]. This discovery lead to the award of the Nobel prize in Physics in 2013 to
the scientists Peter Higgs and Frarcois Englert [19].

Following a recommendation from the 2020 update to the European Strategy for Particle
Physics, the next big project is expected to be a collider of around 91 km of circumference
built in a tunnel with an average depth of 200 m that will provide electron-positron collisions
at a centre of mass energy of more than 350 GeV as a rst stage, to then upgrade to another
machine in the same tunnel that will provide proton-proton collisions at a centre of mass
energy in the order of 100 TeV in the search of new physics [20]. A feasibility study of the
nancial viability of building and operating such a facility at CERN, currently named Future
Circular Collider (FCC), is ongoing.

The conception of larger, more energetic and more complex accelerators has also gone
hand in hand with an impressive development of the technologies needed to build and operate
them. An example of this is the use of superconducting technology to achieve higher currents
in magnets and accelerating cavities, which has been key to reaching higher beam energies.
Our understanding and mastering of the beams has also been improved considerably, with
beams that can be bunched, squeezed, expanded, modulated, and more, depending on the
applications and uses.

It is also worth mentioning that some of the technological breakthroughs linked to ac-
celerators are also currently used in practical applications or even in industry. There are
accelerators for medical treatment, like the X-ray machines which are used for imaging or
radiotherapy, or proton beam machines in hospitals for cancer therapies. For these, the main
challenge is to control with a very high precision the direction and size of the beam towards
the patient, and monitor the dose delivered.

Accelerators used for proton therapy typically produce protons with energies of 70 to

250 MeV [21]. Generally, synchrotrons or cyclotrons with circumferences of some meters are



used for this purpose. Adjusting the proton energy during the treatment maximizes the cell

damage within the tumour and minimizes the damage in neighbouring healthy cells, which
is why the proton beam is passed by an energy selector to adjust its energy to the specic
one required for the treatment. Super cial radiation therapy machines produce low energy

X-rays in the same energy range as diagnostic X-ray machines, 20{150keV, to treat skin
conditions.

Some examples of accelerator applications in industry are for radiation sterilization, radi-
ation processing, ion implantation, microchip production, etc. These accelerators tend to be
compact to t better the needs of the users and reach energies below the MeV scale, opposed
to the large accelerators that are used for physics research.

It is clear that the increase in the maximum possible beam energy and intensity reached
has been remarkable over the past decades, but as it was shown, it is also worth noticing the
diversity currently found in other accelerators parameters including size, layout, beam pulse
or particle type, among others. Depending on the accelerator, the beam pulse duration can
go from ns to continuous, and the accelerated species from electron and proton beams to
atomic, molecular, laser, neutron, etc. The sizes can go from some cm or m to tens of km.

As accelerators become larger and more complex, reaching high stored energies both in
the accelerator systems (high intensities for magnetic and electric elds, and other systems)
and in the beams themselves, it becomes more challenging to control and protect the facilities
from failures while maximizing their performance and e ciency. There are various research
areas in beam physics now that need theoretical understanding and experimental veri cation,
also requiring more complex, accurate and precise diagnostics systems to observe the beam
and to understand its interactions with itself, with other beams and with its environment.

At the moment of writing this document, the highest energy particle accelerator in the
world is still the LHC, currently operating at 6.8 TeV, with beams of more than 18 pro-
tons [22], thus storing energies of more than around 400 MJ, which could have fatal conse-
guences if released accidentally in an uncontrolled manner on accelerator equipment.

In order to optimize its performance, balancing machine protection and availability to

maximize the collision events, it is crucial to identify and understand the beam loss mecha-
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nisms and patterns present in the LHC, and distinguish those which are avoidable and are
due to hardware errors, wrong manipulations or settings, from those which are unavoidable,

but could still be mitigated if the source is understood. Some parameters can be changed
to obtain an optimal solution minimizing the beam losses. This thesis aims at developing

and providing some tools that could help improve this understanding and could be used by

anyone interested in studying these loss patterns.

In this chapter, an introduction to the physics of particle accelerators is given with a focus
on circular machines and synchrotrons like the LHC itself, with an explanation of the main
beam dynamics processes that can lead to beam losses. This is followed by an introduction to
accelerator protection (commonly referred to as machine protection) and the basic principles
of signal detection, nishing the chapter with a brief review of the main beam loss monitoring

techniques found in some accelerators around the world.

1.1 Introduction to Accelerator Physics

In this section the principles of particle acceleration and the basic concepts of beam dynamics
will be introduced so that they can be later connected with the main sources of beam losses
expected in an accelerator.

As it was mentioned at the beginning of the chapter when de ning a particle accelerator,
the acceleration and guiding of charged particles are based on electromagnetism, as these

particles interact with electromagnetic elds via the Lorentz force:
ﬁ=q(§+ff g); (2)

Whereﬁ represents the electromagnetic force acting on the particle in a specic point in
space,q is the particle charge,é is the electrical eld strength, ¥ is the velocity of the
particle and g is the magnetic eld strength.

Looking at Eq. 1, it can be understood that the only way to apply an electromagnetic
force in the main direction of motion of the charged patrticles is with an electric eld, as

the result of the interaction with any magnetic eld will be perpendicular to it. For this

7
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reason, particles are accelerated with electric elds which are applied in parallel to their
main direction of motion. On the other hand, the guiding of the particles is usually done
with magnetic elds, to pro t from the multiplication by the module of the velocity, which is

very high for relativistic particles. In the case of a circular accelerator, for example, magnetic
elds are used to keep the beam circulating in a closed orbit, as well as for injection and

extraction from the main ring. Some of these concepts will be explained more in detail later.

1.1.1 Acceleration

As it was shown at the beginning of the chapter, there has been an impressive progress
in the devices used for accelerating charged particles over the last years. In a cathode ray
tube, for example, electrons are accelerated to \only" some tens of kV. The method used for
accelerating particles in this type of device is called electrostatic acceleration, and it consists
in just applying a constant voltage potential in the direction of motion of the particles. It is
the simplest way to generate an electric eld, and it has the advantage of providing DC beams
with a narrow energy spread. Example of this type of devices are the Cockcroft-Walton or
Van de Gra generators [23].

It took some decades before it was possible to have operational electrostatic potentials
in the range of hundreds of kV. As of today, the maximum electrostatic potential achieved
with this kind of devices is in the order of MV, as this technology is limited by the cavity
insulator, leading to voltage breakdown. This type of machines are still in use at lower
energy accelerators, like those used for medical applications, as particle sources, or even
as pre-accelerators, like the High Intensity Proton Accelerator (HIPA) in PSI, Switzerland,
where the rst stage of acceleration is based on a Cockcroft-Walton generator that accelerates
the protons to 870 keV [24].

This limits the acceleration that can be provided over a given length. In order to reach
higher particle energies, it would be needed to build a longer accelerator or to join several of
these accelerating structures together, which requires the use of time-varying electromagnetic
elds instead, the most common technique used at the moment.

For this type of acceleration, resonant cavities are placed in series to optimize the power

8
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delivered to and taken by the beam and reach even higher energies. These are often referred
to as \Radiofrequency (RF) cavities". Some optimization is done on the design of these
cavities in order to minimize the losses. Furthermore, the time-varying elds employed in
these cavities do not have a squared shape, as it would be very costly and far from an
optimum solution, but rather a sinusoidal shape.

A consequence of having electromagnetic elds that are changing with time is that the
particle beam cannot be continuous. Instead, it consists of a sequence of so-called \bunches
of particles". Furthermore, because of the sinusoidal shape of the eld, these particle bunches
will present an energy spread around the \ideal particle”, which travels with the design energy
of the accelerator.

At the start of this chapter it was mentioned that accelerators can either be linear or
circular. For linear accelerators, beam particles can only benet from one single pass of
acceleration through the RF cavities, while for circular accelerators they can bene t from
multiple passes of acceleration. Currently, the highest energy particle accelerators are circu-
lar. However, as explained before, it is required to apply a force around the ring to keep the
beam patrticles circulating inside the accelerator, which is generally done using dipole mag-
nets, often referred to as \bending magnets". The rest of the explanations will be focused
on circular accelerators from now on, as the LHC is one of them.

The maximum magnetic eld that can be reached in the dipole magnets with the present
technology poses a limitation in the particle energy that can be reached in an accelerator, as
more energetic particles require higher magnetic elds to obtain the same bending and keep
them circulating inside the beam pipes. At the limit of the magnetic elds strength, the only
way to reach higher energies is to increase the radius of the accelerator, increasing also its
overall size. The nominal energy of an accelerator is de ned as the maximum energy that a
particle could acquire in it during regular operation, and it is a compromise between its size,
radius of curvature and cost, among others.

The magnetic elds from the bending magnets in the accelerator ring will de ne the
particle orbit, which can be controlled by adjusting the current in the magnets. During the

acceleration of the particles, also called \energy ramp", this current is increased accordingly
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and synchronized with the particle energy at each step. There are also corrector magnets

that help minimize distortions in the beam orbit and maintain its stability.

1.1.2 Longitudinal Beam Dynamics

In order to understand the possible sources of beam losses that could occur in a circular
accelerator, some aspects regarding the basic concepts of circular accelerator beam dynamics
will be introduced, together with the de nition of some relevant quantities associated to
them.

As explained earlier, the acceleration is normally done using time-varying electric elds
with a sinusoidal wave function in resonant cavities, to maximize the energy transfer to the
particle and minimize the power in the cavities. The energy gain per turn for a particle

traversing one of these cavities is:

E = gqVsin = gVsin! «t; (2)

whereq is the charge of the particleV is the maximum amplitude of the electric eld wave
inside the cavity, and is its phase at the moment that the particle is passing through the
cavity. ! is the frequency of the electric eld wave and the moment of particle transit
through the cavity. The synchronized phase, s, is de ned as the phase for which the energy
gain acquired by the particle will allow it to reach the design energy at each step during the
acceleration and therefore perform the design orbit [25]. The ideal particles arrives at the
synchronized phase.

The rest of the particles in the bunch will receive di erent energy gains, which will result
in their trajectories around the accelerator deviating from the design one. Then, the question
may appear if these particles remain in the bunch turn after turn, or only the ideal particle
stays.

Luckily, there is a principle for stability that guarantees that the particles that are close to
the ideal particle will remain close to it and oscillate around it turn by turn if the synchronous

phase is chosen adequately. We call these oscillations around the ideal particle, \synchrotron
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Figure 1: Frenet-Serret coordinate system frame, which travels with the ideal particle around
the design orbit of the accelerators denotes the longitudinal degree of motion, whil& and

y denote the transverse degrees of motion. The ideal particle has coordinates 0 and y

= 0 for a certain longitudinal location s lying on the design orbit [25].

oscillations".

To discuss the motion of the particles, the Frenet-Serret coordinate system will be used,
shown in Fig. 1. This frame rotates with the ideal particle around the accelerator. For now
only the longitudinal degree of freedom will be considered, which corresponds to the direction
of acceleration and main motion of the particles around the ring in the Frenet-Serret frame.
The transverse degrees of freedom axeand y.

The variations in energy and transit time through the RF cavities are associated with this
degree of freedom, as having transit times di erences in the cavities with respect to the ideal
particle are considered equivalent to having di erent positions along. The longitudinal and
transverse degrees of freedom are considered to be decoupled, as the frequency of longitudinal
oscillations is much less than that of transverse oscillations.

We suppose that there is a sequence of accelerating stations, that in a circular accelerator
will correspond to a cavity or a system of cavities that the particles will go through in every
turn. At each station there is a source of RF power operating at an angular frequenty;.
The time that the ideal particle takes to go from one station to the following, is = L=v,
wherelL is the distance between stations and the speed of the ideal particle. The fractional

change in associated with deviations inL or v is:

d _

dL dv
T 3)

\
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It can be understood that a particle with a speed greater than the ideal particle will in
principle take less time to travel in between stations and have a higher revolution frequency
around the accelerator. However, a particle that has a higher momentum with respect to the
ideal particle will also have a larger orbit circumference and therefore a longer path back to
the cavities, as the bending strength of the dipoles will be lower. The momentum compaction,

, gives the relative orbit length change for a given relative momentum change with respect

to the ideal particle:
dL=L

dp=p’

The slippage factor parameter, , gives the relative revolution frequency change for a

(4)

given momentum change with respect to the ideal particle. depends on as:

df rev:frev 1
= - = = _ : 5
dp=p 2 ®)
where is the relativistic gamma. The energy corresponding té> = , where . is called

the transition energy, divides the longitudinal motion in two regimes.

Below transition energy, where > 0, higher momentum corresponds to higher revolution

frequency. In this case, the motion is stable for cog < 0. Above transition energy, where

< Oandv ¢, the velocity of the particles stays roughly constant and the increase in
momentum just leads to an increase in path length. For this case, the motion is stable for
cos s> 0. This can be illustrated with the example that follows.

Figure 2 shows the particle energy gain as a function of transit time through an acceler-
ating cavity. To understand how the choice of the synchronous phase can have an impact on
the stability of the particles di ering in energy from the ideal particle, two cases are shown.
In the rst one, the synchronous phase is at the rising edge of the electric eld wave, and
P, represents the synchronous particle. Nand M; represent the distribution of particles
arriving earlier and later to the cavity, respectively. Assuming that these particles are non-
relativistic during the acceleration, the energy gain is translated into an increase in their
velocities.

N; has a higher energy than P, and therefore a higher velocity, which is why it arrived

12
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Figure 2: Energy gain as a function of phase of the RF eld at the moment of passage through
the cavities [25].

earlier to the cavity. However, in this turn it will receive a lower energy gain than B so in
the next turn it will arrive later. On the other hand, M ; had a lower energy than R which
is why it arrived later, but will now receive a higher energy gain and arrive earlier next time.
This is the seed of stable oscillations around the ideal particle.

In the second case, where the synchronous phase is at the decreasing edge of the electric
eld wave and P, represents the synchronous patrticle, Marrived earlier because it had a
higher energy than B. Now, it will receive even more energy and in the next turn it will
arrive even earlier compared to B It is the opposite for Nb, which arrived later because it
had a lower energy, and will now receive an even lower energy and arrive even later next time.
These particles will not stay synchronous with the acceleration and the changing magnetic
eld and will be eventually lost. In both cases the synchronous particle was receiving the
same energy, but only in the rst one the motion of the particles around it could be stable. In
the case of relativistic particles, the same logic applies. Considering that a particle arriving
earlier has a lower energy, the choice of synchronous phase would be the opposite.

Circular accelerators that cross the transition energy during the acceleration cycle must
perform a phase jump in the RF system at the appropriate time to maintain phase stability.

It has been shown that the bunch particles are oscillating around the synchronous patrticle

varying phase () and dp=p In the dp=p phase space, the so-called separatrix de nes
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the region of stable motion, called bucket. The RF frequency is related to the revolution
frequency through the number of buckets! ;s = h! ,,. Not all the buckets in the machines
are populated. In the LHC, with an! ; of 400 MHz, the buckets are separated every 2.5ns,
but the nominal bunch separation is 25ns [26].

The bucket area is called the RF acceptance, which increases with the RF voltage. The
particle distribution in each bunch has to t in the bucket to avoid beam losses. During
transfer from one machine to another, the bunches might arrive with momentum and phase
errors, and fall outside of the RF acceptance.

During no acceleration, the synchronous phase is 0 orand we talk about stationary
buckets, for which the area is largest. In these conditions, some particles can wander around
the stable area without being lost. However, at the start of the energy ramp, the synchronous
phase has to move, the buckets become smaller, and the particles outside of them are not

accelerated with the rest of the beam, and are lost in the vacuum chamber.

1.1.3 Transverse Beam Dynamics

The conditions for phase stability in the longitudinal motion have been found. However,

if the only force in the transverse directions is the dipole force for bending the patrticles,
any extra motion will be unstable, specially in the vertical plane, where there would be no
forces acting at all. Space charge forces between individual particles, forces on the particles
due to image charges on the vacuum chamber and other processes will contribute to the
transverse behaviour of the particles. Therefore, it is needed to add transverse focusing to
ensure stability in the transverse planes.

When talking about focusing, the idea is to apply a restoring force which is stronger the
more the particle deviates from the design orbit. However, it is not possible to have both
transverse degrees of freedom focusing simultaneously with a single device, but only to have
the Lorentz force focusing in one coordinate while defocusing in the other. The standard
magnet to achieve this is the quadrupole [27].

The technique most commonly followed in accelerators today to achieve net focusing

in both transverse planes is to place a combination of alternating focusing and defocusing
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Figure 3: Cross-section of a quadrupole magnet, with the forces acting on the particles
passing through it indicated in red [25].

guadrupoles, with the only condition that the focal length of the quadrupoles is greater than
half the distance between two of them. This is called strong focusing. It leads to beam
sizes that depend on the distance between the quadrupoles and their strengths, and are
independent of the size of the accelerator.

These quadrupoles are designed so that they produce a dipole eld both in the horizontal
and vertical plane which increases as a function of the distance from the design trajectory
with a gradient g. The normalized gradient,k = %9 de nes the strength of the quadrupole.
Generally, a focusing quadrupole is the one that focuses horizontally and defocuses vertically,
while a defocusing quadrupole does the opposite. An example of the forces acting on the
particles passing through the cross-section of a focusing quadrupole is given in Fig.3.

From this idea of alternating focusing and defocusing quadrupoles, the word lattice comes
into play, which is a description of the way in which magnets and intervening spaces are placed
to form the accelerator. A FODO lattice, commonly used in accelerators today, consists of
equally spaced focusing and defocusing quadrupoles with the same strength.

In such a circular accelerator of radius and quadrupole strengthk(s), supposing that
the transverse displacement of particle(s) and y(s), is decoupled between the transverse

planes and that all the particles have the same momentum, the equations of motion as a
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function of the position s along the ring for the transverse plane can be derived using the

Frenet-Serret frame [28]:

8 h i

REC 4 L K X970, L+ Ku(9x(9) = 0; o
> 42 2

O 4 k(e)y(s) =0, T+ K (s)y(s)=0:

These homogeneous equations, called the Hill equations, have the characteristics of a non-
constant but periodic restoring force, withK(s) and K(s) being periodic with the lattice
period. While the vertical beam focusing is exclusively handled by the quadrupoles, the
dipoles generate an additional weak focusing e ect, contributing to the horizontal focusing.

The general solution for these type of equations is a quasi-harmonic oscillation, revealing
that the particles oscillate in the transverse plane. These are called \betatron oscillations". In
the remaining of the explanations only the motion in the horizontal plane will be considered,
keeping in mind that the same logic applies to the vertical plane. The solution to the equation
of motion in the horizontal plane for a single patrticle travelling inside the accelerator in these
conditions would be:

P
x(s)= " (s)cos[ «(9)+ I %

where and are integration constants. It is important to note that the amplitude and phase
of the oscillation depend on the position of the particle along the ring. The so-called \beta
function”, «(s), is determined by the focusing properties of the lattice and is also periodic
with the lattice period. ,(S) is the \phase advance" of the particle oscillation, and is related

to «(s) such that: 7
x(s) =

* ds
o x(8)

The number of betatron oscillations per turn is called the \tune" of the accelerator, and

(8)

it is represented byQ,. An exact knowledge of the tune in both transverse planes and being
able to correct it is of great importance for beam stability, as it will be shown later in the

chapter. It is calculated by: |

1 ds .
%=5 & (©)
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The constant in Eqg. 7 can be expressed in terms af and dx=ds analogous to the total

energy of a harmonic oscillator:

dx(s) |

dx(s) ?.
ds '

ds

= x(9)X(s)*+2 «(s)X(s)

x(8) (10)

«(S) and ,(s) are called the \Twiss parameters" together with ,(s). They satisfy the

relations:
1d (s) .
2 ds '’

1+ 4(s)2.
«(s)

Equation 10 is the parametric representation of an ellipse i dx=ds phase space. This

x(8) = x(s) = (11)

means that the the positionx and divergence ad=ds of a patrticle for a given value of evolve

in the phase space turn after turn describing an ellipse. The shape and orientation of the
ellipse are de ned by the focusing properties of the lattice, in this case represented by the
Twiss parameters, and will change along the accelerator according to them. However, the
ellipse will enclose the same constant area in phase space along the ring in case of conservative
forces and no acceleration, equal to .  represents the Courant Snyder invariant, called
emittance.

Each particle in the beam will describe its own ellipse. All the other considerations apply
to them as well, with their shapes and orientations changing through the lattice subject to the
same Twiss parameters. The area of the ellipse will be di erent for each particle depending
on their own value of the emittance. It is assumed that the beam particles follow a Gaussian
distribution in position and angle.

For an ensemble of particles the beam emittancé, corresponds to the ellipse in phase
space that contains 68.3% of the particles. It is an intrinsic property of the beam. An
example beam particles distribution in the phase space is shown in Fig. 4.

The transverse betatron beam size in the storage ring corresponds then to the standard

deviation of the Gaussian distribution, and it is equal to:

| O
x(8) = x(8)"x: (12)
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Figure 4. Beam particle ellipse distribution in the transverse phase space, and projection
along one axis [29].

The beam emittance is an invariant in case of conservative forces and no acceleration,
since the ellipse areas in phase-space are invariant too. However, when particles are accel-
erated, their longitudinal momentum is increased and thereforexdds decreases, decreasing
the phase space area, and the emittance and beam size with it. This is called adiabatic
damping. Therefore, a convenient quantity for operation of the accelerator is the \normal-
ized emittance", ",, dened as", = , ", where , and , are the relativistic beta and
gamma factors, respectively.

What we saw until now for transverse motion applies to a beam where all the particles
have the same momentum. However, as we saw earlier while discussing longitudinal motion,
it is not the case, as a particle beam contains a distribution of p=p Having di erent
momentum in a circular accelerator results in a di erent closed orbit, leading to a horizontal
beam broadening. Considering this in the horizontal transverse motion of the patrticles, the
homogeneous Eq. 6 turns into an inhomogeneous equation:

d?x(s) , 1 pl

= —  k(s) x(s)= ?—: (13)

18



1 PARTICLE ACCELERATORS AND MACHINE PROTECTION

This e ect is characterised along the machine by the \dispersion function'D (s), which

relates the momentum deviation p=pto a transverse deviationxp(s) as:
Xo(s) = D(8)—": (14)
Po

The general solution to Eqg. 13 is the solution to the homogeneous equation,(s) and

the extra term coming from the dispersion:
X(s) = x (s) + D(s)p—p: (15)
0

The total beam size in the horizontal plane has then two contributions, one from the
betatron oscillations and one from the momentum spread:

S

2

()= (5" + DX(9) ?p ; (16)

D E
where Tp represents the momentum spread of the beam.

1.1.4 Luminosity

As the LHC is also a collider, a very important characteristic of colliders called \luminosity"
is introduced, L. It is the factor that relates the production rate of an event, & eyen=dt with

itsS cross section, event, Such that:

dNevent
dt

=L event: (17)

The higher the luminosity of a collider, the higher the amount of events that it can
produce. The luminosity of a collider contains factors that are thought to be under the
control of the operators and part of the design parameters, which is why it represents a
gure of merit of a collider.

The instantaneous luminosity is expressed in cmds 1. Considering a circular collider
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with a revolution frequencyf ey, it can be written as:

_ Ngnbf rev

L
4 4y

S; (18)

where , and , represent the horizontal and vertical Gaussian beam sizes at the interaction
region. N2 represents the number of particles present in each bunch, ang represents the
number of bunches per beamS is a geometrical reduction factor, which is equal to 1 when
the two beams are colliding head-on, and smaller than 1 when a crossing angle is introduced
between the beams.

In order to increase the peak luminosity, ideally, one should increase the number of
bunches and bunch intensity and lower the beam cross sectional area. However, high bunch
intensity can lead towards single-bunch instabilities and beam-beam e ect limitations. On
the other hand, a high number of bunches can be the cause of multibunch instabilities, and
low transverse beam sizes can be achieved only with complex beam sources and focusing
systems.

One of the most common ways way to characterize the performance of a collider per-
formance is its luminosity integrated over time, measured in fi3. A fb * corresponds to
10 *¥cn?. In the past, the main improvements for increasing the integrated luminosity were
linked to maximizing the peak luminosity. Accelerators were not as complex and availability
was not a concern.

This is di erent today, with increasingly complex accelerators and limitations in the
maximum instant luminosity that some experiments can take. Therefore, the only way to
maximize integrated luminosity is to maximize the time in collisions, the data taking period
during stable beams, directly related to accelerator availability. Therefore, the main concern
in such a collider is to maximize its availability while protecting the machine against failures

that could pose a risk to its integrity [30].
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1.2 Accelerator Protection and Beam Loss Mechanisms

While pushing the limits of beam energy and intensity in accelerators, it becomes clear that
damage due to an accidental release of the energy stored in the beam or accelerator high-
power equipment can have a major impact on the machine availability. The main premise of
accelerator or machine protection is to maximize its availability by minimizing its downtime,

as well as avoiding expensive repair of equipment and irreparable damage. This includes
evidently avoiding quenches in the superconducting magnets that are used in many facilities
nowadays, and minimizing the radiation to surrounding equipment to avoid waiting for cool-
down of materials for machine access.

When talking about availability and safety, one has to understand that it is a compromise;
when a targeted level of safety is met, the goal is to make the system as available as possible
for providing beams to experiments. Machine protection is not equal to equipment protection,
it is about ensuring safe operation with high availability.

As it was explained at the end of the previous section, maximizing the accelerator avail-
ability is key to increasing the integrated luminosity for colliders, but it can also be very
important for other machines with visiting scientists or users that can take data for only
some hours or days.

There are three pillars in machine protection. The rst is to \protect the machine”,
avoiding damage to accelerator equipment. The second one is to \protect the beam", max-
imizing beam time by minimizing false interlocks stopping operation. A \false interlock" is
considered as an interlock that stops operation even though there is no risk, e.g. due to a
false positive in the reading of a device. The third one is to \provide the evidence", clear
diagnostics should be available if the protection systems stop operation. There must be tran-
sient recording of all important parameters in the relevant systems and long-term logging of
parameters with reduced frequency to analyse in detail all beam dump events.

A machine protection system consists of a certain number of beam and equipment mon-
itoring systems, another system that can safely stop beam operation when needed, and an

interlock system that acts as the link between the di erent systems. Not all accelerators
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need a dedicated beam extraction system, it depends on their energy and the consequences
it could have depositing that energy in the equipment around.

Designing a machine protection system requires a thorough understanding of accelerator
physics and operation to anticipate possible failures that could lead to damage. It requires
the expertise from many people in di erent domains. It is important to evaluate all the
associated risks to the operation of the machine and their impacts to understand when a
machine protection system (or speci ¢ subsystem) is needed, while trying to keep the number
of extra systems to a minimum, as they will add complexity and eventually contribute to the
downtime of the machine.

Machine protection has to be reviewed continuously during the design, construction and
operation of the accelerator, as new hazards are identi ed or appear during or after years of
operation. A hazard is considered a failure that could a ect the di erent parts of equipment
leading to a machine downtime. New mitigation methods are developed continuously to new
hazards appearing, especially during upgrades or modi cations.

The rst step is to identify the potential hazards. It is possible to divide the hazards in
two types; the rst ones are related to the electromagnetic energy stored in magnets and RF
systems, which poses a threat to the accelerator even in the absence of beam. These devices
are commissioned long before the start of operation with beam, and count with complex
systems to monitor the status and act in case a malfunctioning is detected.

The other types of hazards are related to failures that could a ect the beam parameters
and lead to the loss of particles that would hit the aperture and possibly damage equipment.
All these failures are classi ed in di erent categories. The most important parameters used
to evaluate a failure are the time constant for damage after the occurrence of the failure,
which would determine the reaction time of the machine protection systems, the probability
of the failure occurring and the damage potential in case no mitigation is applied.

Depending on the time constant for damage after the failure, two di erent types of pro-
tection might be needed. Active protection is used when it is possible to detect the failure,
either directly at a hardware level or by measuring its initial consequences on the beam via

beam instrumentation, and stop operation before damage. Passive protection is used when
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the time is too short before there could be damage, for example when a kicker magnet res
asynchronously with the beam. In this case, absorbers are placed to intercept the beam if
this failure happens.

The risk, which is de ned as a combination of the probability of a failure and their
consequences, is estimated for each failure or category. An evaluation of the risk associated
to each failure is done to determine whether a machine protection subsystem is needed, and
its required level of reliability. After that, the worst-case failures and their consequences
are identi ed, followed by e orts in de ning methods for the prevention of the failure and
mitigation of its consequences, as well as the required reliability for the protection systems.

For the remaining of the section, we will focus on hazards due to particle beams. Particles
can end up hitting the vacuum chambers, machine elements or even inner part of detectors if
their trajectories are deviated or their transverse amplitudes or energy errors are too large. It
Is important to understand the mechanisms that can contribute to these e ects and eventually
lead to beam losses all along the operational cycle. In synchrotrons, three phases of beam
operation related to machine protection are de ned: injection, operation with stored beams
and extraction of the beams.

Beam losses have an impact on the performance of the accelerator, being one of the
causes of reduction of luminosity in a collider or brightness of the beam. It can also lead to
radio-activation of the machine elements, impacting the machine availability and hands-on
maintainability. But most importantly, beam losses can also be the cause of downtime of
the accelerator, provoking quenches in superconducting magnets or damaging vital pieces of
equipment [31].

It is important to understand the expected magnitude and duration of these losses and
how they can a ect the equipment around. The time constant for beam loss after a failure
varies from ns to many seconds. The single-passage beam losses are those for which the
time constant is of few ns to some tens qfs. They are usually related to failures of kicker
magnets for injection and extraction of the beam. The only way to mitigate the consequences
of these failures is by placing passive protection or absorbers. Very fast beam losses are those

that occur in the order of 1ms. These come mostly from failures in the magnet powering
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system. Fast beam losses are those that can go from 1s down to 10ms and are related to
beam instabilities. Finally, slow beam losses can take several seconds, and are due mainly to

non-optimized machine parameters, but can also be due to failures in machine equipment [32].

1.2.1 Unavoidable or Regular Losses

Some losses are unavoidable, a result of the standard operation of the machine. However,
they can be mitigated in some cases. They might occur continuously during operation and
correspond to the transport e ciency of the beam in the accelerator. The lowest possible
loss rate is de ned by the theoretical beam lifetime limitation due to various e ects.

A very obvious example of losses linked to the standard operation of the machine are the
collisions in the colliders, that will naturally decrease the beam intensity. Also, some of the
collision products will escape the experiments cavern and end up being lost in the closest
cells of the accelerator. These include of course collision debris as well as beam patrticles that
emerge from the collision points with modi ed angles and energy. These impacts might be
reduced by changing the optics or the crossing angle at the collision point, but can not be
completely avoided.

Even though the beam pipes might be under very high vacuum, there will always be some
residual gas particles in the beam pipes. Interactions between the beam particles and these
residual gas particles can also lead to beam losses.

It is also important to consider the so-called synchrotron radiation. It comprises elec-
tromagnetic waves that are emitted when a high-energy charged particle is accelerated in a
direction orthogonal to its velocity, such as in a magnetic eld. It can increase the heat load
in the accelerator and cause radiation damage, as well as beam instabilities. The radiation
power depends on the mass of the radiating particle as 1fywhich is why it is more relevant
for electron and positron rings. For accelerators using a superconducting system, it can also
be relevant for proton beams, as the heating might still transfer a signi cant load to the cryo-
genics system. It can also increase the gas load and vacuum pressure, by releasing particles
from the surface, and enhance the formation of electron cloud from photoelectrons [33].

There are always going to be imperfections (even if very small) in the alignment and
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magnetic eld of dipole or quadrupole magnets, which will also be a source of unavoidable
losses. It was indicated before that the tune is an important quantity for the stability of the
beam. The choice of tune, and therefore, focusing properties of the lattice, has important
implications for the stability of the beam in presence of linear magnetic eld errors and
non-linear elds.

If the magnetic centre of a quadrupole is not perfectly aligned transversely with the design
orbit, or if dipole eld errors are present, orbit perturbations around the ring are generated.
Similarly, an error in the gradient of a quadrupole will lead to a change in the tune and
the beta functions around the ring, a ecting also the beam size. Non-linear imperfections in
the dipoles and quadrupoles might introduce higher-order elds, also perturbing the motion
of the patrticles. It can be proved that these e ects diverge for certain values of the tune.
In particular, it is important to choose the tune so that it does not ful | the condition
nQx+ MmQy = M, wheren;m and M are small integers. The forbidden tunes are summarized
as resonance lines in so-called tune diagrams [25].

It has also been explained before that a particle of higher momentum is de ected through
a lesser angle in a bending magnet. They are also bent less e ectively in the focusing elements.
As gradient errors a ect the particle tune, particles with di erent momentum will also have
a di erent tune. The chromaticity, Q° is used to describe the tune change for a given relative

momentum change = p=p

o_ dQ.
Q= 5% (19)

This e ect is generated in both transverse planes by the quadrupole elds. It a ects the
size of the tune spot in the tune diagram, which will no longer be a single point, due to
all the particles having slightly di erent tunes. In some cases, this can make the particle
distribution to cross several dangerous resonance lines, leading to beam loss, which is why it
IS important to correct the chromaticity.

This is done taking advantage of the sorting of the particle amplitudes in the horizontal
plane due to dispersion. Sextupole magnets are placed in locations with large dispersion,

with a resulting gradient at the sextupole location that depends on the particle amplitude in
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the horizontal plane. Sextupole strength is chosen such that the chromaticity in both planes
Is adjusted to a suitable value. However, it is not ideal to have 0 chromaticity, as it can lead
to so-called \collective e ects".

Collective e ects can lead to beam instabilities, emittance blowup and eventually, beam
losses. There are three main categories of collective e ects. The rst one, groups the e ects
due to the beam interacting with itself through space charge, the force exerted on the di erent
particles by the surrounding beam, which will introduce a gradient error. As the particle
density in a beam in reality is not uniform, di erent particles will see di erent space charge
forces, which will result in a tune spread rather than a tune shift. Space charge is one of the
main brightness limitations in low-energy machines.

The second is related to the e ects when the beam interacts with the other one at or close
to the collision point in a collider, or when a beam interacts with ambient electron cloud.
Colliding beams produce large tune spreads and tune shifts, owing to head-on and long-range
collisions.

The third ones are due to the interaction of the beam with its environment, leading to
impedance-related instabilities. The beam induces electromagnetic elds in the accelerator
environment, such as in the vacuum chambers. These so-called wake elds can act back on
the trailing beam. Energy is lost, owing to the wake eld. If the energy remains trapped, it
can lead to component heating. If the energy is transferred to the trailing beam, it can cause
beam instabilities.

It is possible to stabilize the beam under the in uence of collective e ects, using mitigating
means such as transverse feedback.

Small errors during injection will also lead to injection oscillations, that will cause beam
losses, but can be controlled to establish circulating beam. These injection oscillations come
from steering errors, i.e. dierence in position and angle between the circulating beam and
the injected trajectory at the injection point. The injected beam oscillates around the closed
orbit. With the presence of non-linearities in the machine, this oscillation will decohere after
a number of turns. As a result, the beam emittance and hence the beam sizes around the

ring will increase. If the initial oscillation amplitude is large enough, it can lead to beam loss
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as early as the rst turn.

Another example would be an optical mismatch, if the shape and orientation of the ellipse
of the injected beam does not match the ellipse of the circulating beam at the injection point.
The mismatched ellipse will change its orientation turn after turn. This causes beam size
beating at the injection point or any other point of observation. Non-linear e ects introduce
amplitude dependent di erences in particle motion and, over many turns, a phase-space
oscillation is transformed into an emittance increase.

Beam losses can also originate from uncaptured beams. They are generated at injection if
part of the bunch is injected outside the RF acceptance. Additionally, many mechanisms can
drive the beam out of the bucket after injection, like intra-beam scattering or beam-beam
interactions. As explained in Section 1.1.2, during no acceleration, some of the uncaptured
particles can still stay in the beam. Once uncaptured, the time taken for the particles to
get lost on the vacuum chamber depends on the energy loss per turn due to synchrotron
radiation, electron cloud, or impedance and the momentum aperture.

However, as soon as the energy ramp starts, these particles will not be synchronized with
the RF cavities and will not be accelerated, which will increase their energy errors and will

not keep up with the increasing dipole eld, causing them to be lost eventually.

1.2.2 Avoidable or Irregular Losses

Other beam losses are caused by failures of accelerator systems or wrong beam manipulations
and should be avoided. There are di erent types of failures that can cause beam losses. One
is a hardware failure. The trip of a power converter, quench of a superconducting magnet
or problems in the water cooling of a normal conducting magnet are examples of hardware
failures that could cause a magnet to deviate the beam from its normal trajectory, a ecting
its orbit, tune and size, with the possibility of leading it to instabilities [32].

Similarly, a trip in one of the RF cavities would result in the reduction of the total available
voltage and a reduction in the RF acceptance, provoking particles to leave the bunches, that
could eventually get lost if they are not recaptured.

A failure in a transverse feedback system can also excite the transverse oscillations of the
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beam patrticles to high amplitudes in just a few turns. A similar but much more dangerous
e ect would come from injection kickers or extraction kickers ring asynchronously.

A vacuum leak in the beam pipe could cause a gas pressure much higher than the nominal
value, preventing e cient operation due to the increased interactions between beam particles
and gas molecules. The beam losses resulting from these interactions would risk quenching
superconducting magnets and activating accelerator equipment.

On the other side, a control failure can also be the cause of beam losses. Wrong conversion
factors in data, a wrong magnet current function, a trigger problem or a timing system failure,
for example, at the start or during the energy ramp, could have disastrous consequences in
the stability of the beam. The same applies to operational failures, due to wrong values
entered for the tune, chromaticity, orbit and other quantities.

Unforeseen aperture limitations can come from tools left inside the beam pipes after
interventions or elements that can be moved accidentally into the beam, like vacuum valves
or beam screens. The beam can damage this equipment and the hadron showers from the
interaction of the beam with the obstructing material can cause further collateral damage.

Orbit bumps might be needed for extraction systems or to introduce crossing angles in
colliders. However, unnecessary orbit bumps might also result from corrections made as a
result of false Beam Position Monitor (BPM) readings. If a BPM is giving a wrong and
constant reading, the feedback system will try to correct the orbit. The orbit deviation at
the position will increase until the beam touches the vacuum chamber.

It has been reported in some accelerators the existence of pieces of dust or leftover mi-
croparticles that are in the walls of the vacuum pipe and can at some point fall into the beam,
the subsequent interaction of the beam particles leading to particle showers and beam losses.
These are very fast loss events (in the timescale of 1 ms and below) that have appeared in

accelerators like the LHC mainly in superconducting regions, nicknamed UFOs [34].

1.2.3 Beam Cleaning and Principles of a Collimation System

Particles with transverse oscillation amplitudes or energy deviations signi cantly larger than

those of the reference particle are referred to as \beam halo particles” [35]. One can distin-
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guish between betatron and o -momentum halos, which are formed in the case of larger-than-
nominal transverse amplitudes or energy errors, respectively. In order to optimize machine
performance, beam losses should be avoided during operation. However, as we saw, they
cannot be completely suppressed and there will always be a so-called \primary beam halo".
Various beam loss mechanisms can cause larger drifts of halo particles if there is nho mecha-
nism to safely intercept them.

In order to clean these halo patrticles, especially in high intensity and energy accelerators,
with potentially dangerous loss rates of particles, a \collimation system™" might be required.
The general purpose of a collimation system is to dispose, safely, e ciently and in a controlled
way, of beam losses that would otherwise occur at sensitive locations or on accelerator equip-
ment which is not designed to face these losses. The required cleaning performance depends
on the design of the accelerator. In the case that the accelerator operates with supercon-
ducting magnets, its collimation system should involve an arrangement of collimators which
ensures that losses in superconducting magnets remain below the quench limits.

Beam collimation is achieved by placing blocks of material, the collimator jaws, close
and aligned to the circulating beams, to constrain the betatron amplitudes of stray particles
outside the core of the beam and absorb them, limiting the aperture. Collimation of o -
momentum tails is achieved in a similar way as for betatron tails, by placing collimators at
locations of high dispersion, where the particle's transverse o set caused by energy shifts is
higher. They are preferably placed in warm regions, as far as possible from superconducting
magnets.

The outer limit for the collimators depends on the available machine aperture that needs
to be protected and on the cleaning performance that needs to be achieved. Inner limit de-
pends on how collimators perturb beam stability through an increase in machine impedance.
Tighter settings lead to higher beam losses and tighter positioning tolerances against orbit
movements and optics errors. For this reason, collimators should not be closer to the beams
than strictly necessary and the contribution to machine impedance from the collimator ma-
terials approached to the beam must be tolerable and ensure that the high-intensity beams

remain stable.
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Figure 5: lllustration of phase-space reduction by a collimator. On the left, the particle
distribution in phase space is shown. On the right, a collimator is moved into the beam and
all particles in the red circle are scraped [32].

Collimators act also as passive machine protection devices, as they are the closest elements
to the circulating beam and represent the location of minimum aperture in most regular and
irregular loss cases.

There are also collimators located in the outgoing beam paths of each high luminosity
experiment, to catch the products of collisions, and at their entrance to minimize the halo-
induced background signal in detectors. There might be also collimators placed in locations
where extra passive protection is needed, to protect from injection and extraction kickers
mis ring, for example.

The collimator settings are given in normalized units with respect to the beam size, that
as we saw represents the RMS value of the particle transverse distribution, considering it
is Gaussian. The distinction between halo particles and core is arbitrary. For Gaussian
distributions, one of the conventions is to de ne as halo particles those with amplitudes
above 3. For particles with perfect two-dimensional Gaussian distributions, about 1.1%
of the total beam particles have amplitudes above 3and 0.03% above 4, respectively.
Particles this far out from the beam core are rarely of any use for accelerators and more
likely to cause problems, such as beam losses, irradiation of components, or background in

experiments. For o -momentum halos, the typical momentum spread allowed by collimators
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is in the order of 102 [25, 26].

For the collimation system to ful | the required cleaning goals, it must be ensured that
the aperture bottlenecks of the accelerators are shielded so that for all loss scenarios, primary
beam losses hit rst collimators. The out-scattered beam particles and secondary products
of beam patrticles' interactions with the collimators must be absorbed within the collima-
tion region, with tolerable leakage to sensitive equipment, notably to cold magnets, for any
relevant loss scenario.

The collimators and other devices installed in the collimation regions must withstand,
without damage, beam losses for di erent design scenarios, and the maximum expected
allowed loss rates. When setting up a collimation system, rather than treating each loss
mechanism in detail, losses are modelled by considering the beam lifetime [35]. The time-
dependent circulating beam intensityJ (t), can be modelled as an exponential decay function

whose time constant, ,,, de nes the beam lifetime as:
I (t)= loe T (20)

for an initial current ly. In a linear approximation, beam loss rates, lé&-dt, are inversely

proportional to , and can be calculated as:

1dl 1
T dt = —b: (21)

It is important to emphasize that in reality p(t) is a function of time and not constant
through the operational cycle. The sources of beam losses introduced previously occur at
di erent times and might become apparent as drops of beam lifetime at given times in
the cycle. At the accelerator design stage, the maximum tolerable loss rates in di erent
accelerator components is studied for the expected loss scenarios. Together with these values,
minimum allowed beam lifetime values are set throughout the operational cycle with respect
to the nominal beam intensity, most notably during phases at top energy, when the stored

beam energy is highest.
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Beam losses may be be distributed around the machine. A well-designed collimation
system might capture most of the losses, but even then, a fraction of the losses may cause

problems at other locations. These losses should be avoided and kept to low levels.

1.3 Principles of Beam Loss Monitoring

A BLM system can be designed and installed to help identify the loss mechanisms by mea-
suring the loss patterns in the accelerator, resolving the magnitude and location of beam
losses [31]. A typical BLM detector is mounted outside of the vacuum chamber, observing
the shower caused by the lost particles interacting in the vacuum chamber walls, in the ma-
terial of the magnets or other elements in the accelerator. BLM detectors can be placed all
around the machine, in locations that need dedicated protection or special diagnostics.

If the BLM system provides a good coverage with detectors around the machine, it allows
the observation of local aperture restrictions, system failures and other e ects that limit
machine performance [26]. As an example, they can help detect even very small vacuum
leaks, as a pressure bump would be seen from a higher loss rate in that area.

A BLM system can also be useful to improve the injection e ciency, even at low intensity,
as they are very sensitive and can distinguish between transversal mismatch (high losses at
high beta values) and energy mismatch (high losses at high dispersion values) and unpredicted
small apertures (losses somewhere else). A similar approach applies to operation during the
rest of the cycle, as they can provide more information when there is a dip in the beam
lifetime.

If it is needed, the BLM system can also be added to a machine protection system with
an active protective function by setting signal thresholds for the allowed loss rates at each
detector, stopping beam operation in case they are exceeded. The thresholds can depend on
various conditions, e.g., the beam energy, the BLM detector position or the allowed energy
deposition in the di erent machine elements. After a beam dump caused by beam losses, a
post mortem event analysis is most helpful to understand and analyse the faulty conditions.

In particular, superconducting accelerators need a dedicated BLM system to prevent
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beam-loss-induced quenches. Such a system has to detect losses fast enough before they lead
to a high energy deposition in the superconducting material which might lead to a quench.

Examples of such systems have been present at HERA [36], Tevatron [37] and at LHC [38].

1.3.1 Design of a Beam Loss Monitoring System

Appropriate design of such a system depends on various aspects, in particular, what kinds of
beam losses are expected. There are many di erent reasons for beam losses and a complete
beam loss system has to be carefully designed for the detection and analysis of all the expected
loss mechanisms. Itis necessary to have a detailed understanding of these mechanisms and the
adjacent processes which make a beam loss detectable by the loss monitors placed outside
the beam pipes. This primary beam loss study phase allows to prepare some functional
speci cations for the system, including dynamic range, time response and location. Finally,
the type of beam loss monitor which is more suitable to cover the needs, together with its
readout, are selected [38].

The rst step to choose locations for the detectors is the evaluation of the trajectories of
the particles due to the expected loss mechanisms, in particular the location where they will
touch the aperture and the consequent particle showers, together with the possible damage
locations due to energy deposition. These locations are calculated from particle tracking and
particle shower simulations. The loss of a high-energy patrticle in the wall of a beam pipe
results in a shower of particles which leaks out of the pipe (low-energy beam particles which
do not create a shower leakage outside the vacuum pipe wall will hardly be detectable by a
BLM system).

The intensity and the length of the shower depend on the energy of the lost particle
and ranges from some metres for very high proton energies and neutron detection to a few
centimetres for medium electron energies. Therefore, the expected location of lost particles
has to be studied in advance so as to situate the monitors at the right place, especially in
lower energy accelerators, where the length of the shower is quite short [31].

The most likely places for losses are those with aperture limitations. Therefore, the

expected locations for beam losses (and preferred locations to place BLM detectors) are
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aperture limits like collimators, scrapers, locations with high dispersion or high beta func-
tions. Distortion of the beam results in beam o sets which are largest in locations with high
beta functions, like the middle of focusing quadrupoles, where the beam size is also largest,
either in the horizontal or vertical plane.

To make the most out of the detector signal, resulting in the lowest statistical measure-
ment error, BLM detectors are located at or near the particle shower maxima. The particle
shower simulations can also be used to estimate the expected signal in the detectors per lost
particle at the di erent elements. Additionally, BLM detectors are also installed at devices
that require protection against energy deposition from beam losses, unexpected aperture
restrictions and in other locations for dedicated beam studies.

The time response of the system should come from the speci cations for the fastest
loss that could be dangerous for the machine and that should be detected and acted on
for protection. Similarly for the dynamic range of the system, which will come from the
speci cations for acceptable beam losses as a function of beam momentum and the minimum
required sensitivity. Additional sensitivity combined with a larger dynamic range extends
the utility of BLM systems for diagnostic work.

For the BLM system to be used for measurements and optimization of the accelerator, it
should be sensitive enough to enable machine ne tuning and machine studies even at low
beam intensity, during machine commissioning and at various energies during acceleration.
Therefore, a very high dynamic range is advantageous. Some examples follow.

During commissioning of an accelerator, a BLM system can be convenient to detect several
problems which might prevent circulating beam. Typical examples are badly connected RF
ngers which point into the beam pipe and act as a target for the beam. The readings of the
BLM detectors around the ring would show such an obstacle, making the localization of the
problem much easier.

Non-Gaussian tails in the beam distribution produce lower beam lifetimes and background
in experimental detectors. These tails are di cult to detect with standard beam pro le mon-
itors because of their small population with respect to the core of the beam. A combination

of scrapers and BLM detectors is a very sensitive way to measure tail populations. The mea-
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surement and scraping can be done by moving the scraper closer to the beam core in small
steps, measuring at each step the response of the adjacent BLM detector. The movement of
the scraper can be adjusted according to the loss rate to avoid scraping the beam core.

The reliability requirements are scaled according to acceptable consequences and fre-
quency of particle impacts on equipment. This will a ect the choice of sensor or readout in
case it needs to be radiation tolerant or redundant, as well as in the design of checks to verify

the status of the system and the management of settings.

1.3.2 Radiation Detection and Types of Beam Loss Monitoring Detectors

In order to understand how beam losses can be measured, a summary of the principles of
radiation detection is presented, together with an introduction to di erent types of radiation
(or particle) detectors. In physics, radiation is the emission or transmission of energy in the
form of waves or patrticles through space or a material medium.

As explained earlier, beam particles can impact on di erent accelerator elements and
initiate showers of di erent particles and types of radiation. In order to detect this radiation,
it has to reach, interact and deposit part of its energy in the material of the detector.
Typically, the interaction times are so short (few nanoseconds in gases or few picoseconds in
solids) that the deposition of the radiation energy can be considered instantaneous [39].

Electromagnetic interactions, decays of unstable particles, and strong inelastic and elastic
nuclear interactions all a ect the passage of high-energy particles through matter. The
physics of these processes is described in detail in numerous documents. The energy range
of interest spans over several decades, starting from about 10 eV, set as the minimum energy
required to produce ionization in typical materials by the primary radiation or the secondary
products of its interaction. Radiation with energy greater than this minimum are classi ed
as ionizing radiation.

At high energy, the characteristic feature of the passage of a particle through matter is the
creation of hadronic cascades and electromagnetic showers due to multiparticle production in
electromagnetic and strong nuclear interactions. Because of consecutive multiplication, the

interaction avalanche rapidly grows, reaches a maximum and then dies as a result of energy
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dissipation between the cascade particles and due to ionization energy loss. Energetic par-
ticles are concentrated around the projectile axis forming the shower core. Neutral particles

(mainly neutrons) and photons dominate with a cascade development when energy drops
below a few hundred MeV [40].

In order to understand how radiation detection works, let's suppose that a simple detector
Is subject to some kind of irradiation. The result of the radiation interaction in a wide
category of detectors is the appearance of a given amount of electric charge within the detector
active volume due to the ionizing capability of the radiation, that can create electron/ion pairs
or photons in the material. Another typical signal source is the \secondary emission" from
detector surfaces. When a charged particle crosses a metallic surface, secondary electrons
are emitted from it.

Our simpli ed detector model assumes that a charg® appears within the detector at a
time t = O resulting from the interaction of a single particle or quantum of radiation. Next,
this charge must be collected to form the basic electrical signal.

Typically, the collection of the charge is accomplished through the imposition of an electric
eld within the detector, which causes the positive and negative charges created by the
radiation to ow in opposite directions. The time required to fully collect the charges varies
greatly from one detector to another. These times re ect both the mobility of the charge
carriers within the detector active volume and the average distance that must be travelled
before arrival at the collection electrodes.

Therefore, the model of the prototypical detector will have a response to a single particle
or quantum of radiation that will be a current that ows for a time equal to the charge
collection time. The time integral over the duration of the current must simply be equal to
Q, the total amount of charge generated in that speci c interaction.

When the rate of events is low, each individual interaction gives rise to a current that is
distinguishable from all others. If the irradiation rate is high, situations can arise in which
current is owing in the detector from more than one interaction at a given time.

A detector and its associated readout form a detection system. There are two fundamen-

tal ways that the readout may process the signal: the pulse mode and current mode. In

36



1 PARTICLE ACCELERATORS AND MACHINE PROTECTION

pulse mode, the signal from each interaction is processed individually. In current mode, the
electrical signals from individual interactions are averaged together, forming a net current

signal. Depending on the expected particle rate and the needs, it might be better to use one
mode or the other.

The detector sensitivity describes how e ciently radiation is converted into a usable
signal. The intrinsic sensitivity of a detector can be described in terms of the created charge
in the active volume of the detector per either energy deposition (measured in rad or Gy),
or charged particle, Minimum lonizing Particle (MIP), ux through it. A MIP is a patrticle
whose mean energy loss rate through matter is close to the minimum for ionization processes.
Normally, radiation sources are used to calibrate the sensitivity of detectors.

Other important factors for selecting the right type of detector and readout for a specic
application are the ease of calibration, the possibility of calibration drifts due to ageing or
radiation damage, radiation hardness, robustness, reliability, size, dynamic range, temporal
resolution, and of course, cost, among others. Some examples of detectors that have histori-

cally been used for BLM purposes are presented here, with their main characteristics [31].

lonization Chambers The IC is one of the oldest and most used types of radiation de-
tectors. An IC in its simplest form consists of two parallel metallic electrodes (anode and
cathode) separated by a gap. The gap is lled with gas (air, argon, xenon are common exam-
ples) or liquid and de nes the sensitive volume of the chamber. High voltages, up to several
kV, are applied between anode and cathode. lonizing particles traversing the sensitive volume
lonize the gas or liquid and produce electron{ion pairs. The electric eld causes electrons
and positive ions to drift in opposite directions towards the anode and cathode, respectively,
where they are collected. They can be operated in current or pulse mode, but are normally
used in current mode. ICs have been used as BLM detectors in many accelerators, like the
Tevatron [37] and the LHC [41].

The number of electrons reaching the anode depends on the applied voltage. If the
voltage is very small, the electrons produced by ionization recombine with their parent ion.

The electrons can escape this initial recombination if the electric eld is larger than the
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Coulomb eld in the vicinity of the parent ion. At higher voltages, the electrons gain enough
energy to produce ionization on their path. This is called the proportional region, where
\proportional counters" are operated, mostly in pulse mode. They rely on the phenomenon
of gas multiplication to amplify the charge represented by the original ion pairs created within
the gas.

The number of electrons collected at the anode increases with voltage up to saturation,
when all charges are collected. In this ionization region, also called Geiger-Muller region, the
created charge should not depend on the applied voltage. \Geiger-Mudller counters" are used
as simple counters of radiation-induced events.

The atness of the plateau of the ionization region depends on the collection e ciency
of the electrons or ions on the electrodes. Especially at high radiation levels, electrons on
their way to the anode may be captured by positive ions produced close to their trajectory
(by other incoming particles) and do not contribute to the charge collection. Therefore, high
voltage and a small gap are preferred to achieve a high dynamic range of an IC.

The upper limit of the dynamic range is given by the nonlinearity due to the recombination
rate at high dose; the typical chamber current in such a case is a few hundne@l. The lower
limit is given by the dark current between the two electrodes. A very careful design of the
chamber is necessary to allow very low dark currents in the order of tens of pA or better.
This gives a dynamic range of 10to 10°.

Additionally, IC detectors can be built from radiation-hard materials like ceramic, glass
and metal with no radiation or time ageing. Additionally, air- lled IC detectors need nearly
no maintenance and a leakage in nitrogen- lled chambers is not critical. However, it might
become necessary to periodically verify the connection to each corresponding channel of the
electronic system and the signal quality of all detectors by a radioactive source. On the other
side, ICs have the disadvantage of being slower than the bunch distance in most accelerators.
Counting mode devices have to integrate the counts over a lot of bunches to get a statistically

relevant signal.
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Semiconductors  The term IC is conventionally used exclusively for the type of detector in
which ion pairs are collected from gases. The corresponding process in solids is the collection
of electron-hole pairs in semiconductor detectors, creating so-called solid-state IC detectors.

The required energy to create an electron-hole pair in a semiconductor is about 10 times
smaller than creating an electron-ion pair in gas. In addition, the density of a semiconductor
Is about three orders of magnitude larger than for gas. Therefore, a MIP is expected to
create a higher signal per path-length in a semiconductor than in a gas volume, considering
the same applied voltage.

One example of semiconductor detector is the PIN photodiode. A PIN diode is a diode
with a wide, undoped intrinsic semiconductor region between a p-type semiconductor and
an n-type semiconductor region. As a photodetector, the PIN diode is reverse-biased. Under
reverse bias, the diode ordinarily does not conduct, but when a photon of su cient energy
enters the depletion region of the diode, it creates an electron-hole pair. The reverse-bias
eld sweeps the carriers out of the region, creating current. PIN photodiodes have been used
as BLM detectors in HERA [36] and SuperKEKB [42], for example.

Owing to the nite resistance between the two electrodes of the diode, a dark current of
a few nA is typical. The dark current is proportional to the applied bias voltage and does
not depend on the thickness of the depletion layer. However, radiation damage leads to an
increase of the dark current, while most of the other parameters keep unchanged.

CVD diamond detectors o er a superior robustness and radiation resistance. The signal
speed is almost as fast as for PIN diodes. Even in cryogenic environment the signal length is
about a few ns, that is in many cases fast enough to separate losses from individual bunches.
They are used to monitor the beam losses at the interaction region of the SuperKEKB [43]
and to resolve bunch-by-bunch losses in certain locations of the LHC [44].

Both PIN diodes and CVD diamonds with thick depletion layers can be used as solid-state
lonization chambers. They have a high sensitivity, but they exist only in small sizes. The
measured radiation resistance permits long term use also in high energy electron machines

with a high radiation background.
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Secondary Emission Chambers As another example, a simple, robust and cheap BLM
detector can be based on a Secondary Emission Monitor (SEM) chamber, where secondary
electrons are emitted from a surface due to the impact of charged particles. An e ciency of

a few per cent was measured for many metal surfaces. That means that 100 MIPs crossing
an area will produce only a few electrons. Since secondary emission is a very fast e ect, such
a monitor is very fast (in the order of ns), but its very low sensitivity makes it usable only

in high radiation elds; with the additional advantage that it consists of nothing more than

a few layers of metal. It is a very radiation hard monitor, but it has to be under vacuum to
avoid contamination of the signal due to gas ionization.

Especially in high radiation elds, gas ionization will lead to non-linearities, while sec-
ondary emission is a very linear process over a wide range of intensities. However, unavoidable
ionization outside the detector at the feedthroughs and connectors limits the linearity at the
lower end of the signal. A SEM multiplier extends the use of SEM BLMs to small radiation
intensities. They have been used to monitor beam losses in high-radiation environments in
the LHC, in order to increase the dynamic range of the system in conjunction with the IC

detectors [45].

Scintillation detectors SEM-based BLM detectors are very fast but still have a moder-
ate sensitivity. An equivalent speed with a much higher sensitivity can be achieved using
scintillation counters. They are based on a combination of a scintillating material and a
Photomultiplier Tube (PMT) or photodiode that convert the scintillation light produced in
certain materials due to the ionizing radiation into a corresponding electrical signal.

For this matter, large-area plastic (organic) and liquid scintillators are generally used.
On the one hand, plastic scintillators can be modulated in nearly any kind of shape and size,
while on the other hand inorganic scintillators are expensive and limited in size.

The scintillation light is then transported from the scintillator layers to the PMT via
light guides. However, there can be attenuation due to both internal absorption and missing
internal multiple re ections. Any distortion in the light guide will lower its light transport

e ciency.
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One important thing to note is that the ux density of photons from the scintillator
into the light guide is in-compressible, which means that the cross section of the scintillator
should not be larger than the cross section of the light guide. However, large scintillators
can be useful to enhance the solid angle of beam loss detection if the resulting radiation is
not uniformly distributed. This is often true if the BLM detector is located very close to the
beam pipe, where the radiation is peaked into a solid angle.

Because of the adjustable gain, the dynamic range can be large, but the calibration of
each device must be adjusted and monitored over time. These systems are also sensitive
to synchrotron radiation and are relatively expensive. An example of such a system can be
found in the Polish Free Electron Laser (PolFEL) [46], and there are also e orts to implement
one in Fermilab's Drift-tube Linac [47].

Cherenkov detectors Scintillation detectors are sensitive to charged particles and to X-
rays. A Cherenkov detector is nearly insensitive to X-rays as the Cherenkov e ect occurs
only when the velocity of a charged patrticle traversing a dielectric medium is faster than the
speed of light in that medium. In that case photons are emitted at an angle with respect to
the trajectory of the particle de ned by the velocity of the particle and the refraction index
of the medium. Similarly to scintillation detectors, the produced light can be focused on a
PMT to build a BLM detector. Additionally, the Cherenkov material (e.g., synthetic fused
silica) has generally good radiation hardness up to about 1 MGy.

One idea for reducing the costs of a BLM system is to reduce the quantity of BLM
detectors while keeping su cient covering of the accelerator. For this purpose, one can use
Cherenkov light created in long optical bres to determine the position of beam losses. It
allows real-time monitoring of loss location and loss intensity. The fast response of the
Cherenkov signal is detected with the PMTs at the end of the irradiated bres. A time
measurement provides the position measurement along the bre while the integrated light
gives the amount of losses. A longitudinal position resolution of some cm (= 1 ns\at 0:66c)

Is possible. There have been studies to implement such a system at CERN [48] and Compact

Linear Accelerator for Research and Applications (CLARA) [49].
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1.3 Principles of Beam Loss Monitoring

Table 1: lonization energy, created charges and estimated sensitivity for di erent types of
detectors [31].

lonization Charges created e
Detector type energy (eV/e) (e /gm MIP) Sensitivity (nC/rad)

IC 22-95 100 600 ( Elecgain)

Semiconductor (Si) 3.6 10° 100 ( Elecgain)

CVD Diamond 13 4 10° 44 ( Elecgain)
SEM 2-5%/MIP 0.02-0.05 210 3 ( PMTgain)
Plastic scintillator 250-2500 10° - 10 1810° ( PMTgain)
Inorganic scintillator 50-250 10 - 10 20010° ( PMTgain)

Cherenkov 100 - 1¢° 10 270 ( PMTgain)

A summary with the ionization energy, created charges per MIP and estimated sensitivity
for 1 rad dose created by MIPs for the mentioned types of detectors is derived in [31] and
shown in Table 1. The sensitivity is calculated for the current mode and considering an active
volume of 1L for the case of plastic scintillators, inorganic scintillators, Cherenkov detectors
and ICs. For the PIN-diode and CVD diamond detectors, 1 chis considered, while 8 ch
for SEM detectors.

The di erent detectors span a huge area of sensitivities, more than 80This o ers an
extended dynamic range of measuring beam losses just by using di erent types of detectors.

The number of detected particles and the signal from the detector should be proportional
to the number of lost particles. This proportionality (or response ) in terms of signal per
lost particle depends on the type of detector (its intrinsic sensitivity), the position of the
detector with respect to the beam, the type of lost particles, and the intervening material.
But also, on the momentum of the lost particles, which may vary by a large ratio during the
acceleration cycle.

It is not feasible to measure the exact response of all detectors around an accelerator
because of the impossibility of generating beam losses at all the elements that could be subject
to them. Therefore, the usual way of de ning the detector response is to use Monte Carlo
programs. With the help of these programs one can simulate the particle loss at a certain
location together with the whole geometry (beam pipe, magnets, valves) near the BLM, the

corresponding magnet and electrical elds of accelerator components and the BLM itself, the
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energy that would be deposited in the detector, and knowing its sensitivity, its expected signal
for the primary losses. During operation some of these numbers can be veri ed in dedicated
machine tests, generating losses for example in collimators and looking at the signal of the
detectors around.

At the LHC, the BLM system is a crucial part of the machine protection system, with more
than 4 000 detectors placed along the accelerator downstream the most likely loss locations.
As the losses are expected to be concentrated at the collimators by design, and downstream
each collimator there is a BLM detector, it is possible to analyse the BLM signal patterns
around the accelerator due to di erent loss scenarios at the collimators by reproducing them
in a controlled way, either by means of beam transverse excitation, or collimator scraping.

With this data, it is possible to perform a global calibration of the system combining the
signals from a subset of BLM detectors to calculate an estimate of the particles lost at the
collimators, which represents a good estimate of the particles lost in the machine, excluding
luminosity losses. This adds another layer of diagnostics for LHC performance, employing
a system that is already operational, with no need to alter any of its functions and not
compromising machine protection.

This calibration can be used to monitor beam lifetime continuously, with a higher res-
olution than a Beam Current Transformer (BCT), that measures the total beam intensity
but is not so sensitive to small changes. Thanks to this, it is possible to follow if the values
are normal and according to the predictions, and in the case beam lifetime dips are shown,

detect them and provide diagnostics to allow proper analysis of the loss events.
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2 The Large Hadron Collider: Layout and Operation

The European Organisation for Nuclear Research, or its acronym CERN, which is derived
from the french \Conseil Europeen pour la Recherche Nuckaire", is one of the largest Physics
laboratories in the world. It was founded in 1954 near Geneva, Switzerland, in the aftermath
of the end of World War |l as an e ort to support European science, which at that moment
was no longer world-class, and increase international scienti ¢ collaboration. The convention
establishing CERN was signed by 12 European countries, highlighting the focus of the or-
ganisation on fundamental physics research, with absolutely no military goals. Among the
reasons to select Geneva to host such a centre there were its location in central Europe, the
historical neutrality of Switzerland in war con icts and the existence of various international
organisations already at the city [50].

Throughout its 70 years of history, the extensive and permanently growing accelerator
complex and research programs at CERN have made possible important discoveries. One
of the most signi cant achievements was the detection in 1958 of a rare pion decay in the
Synchrocyclotron (SC), CERN's rst accelerator, that had just started operation in 1957 [51].
This process had never been detected in other machines with similar energies and intensities.
It was this discovery that helped put CERN on the map.

Furthermore, as it was mentioned in Chapter 1, the technology required to build and
operate these facilities has also contributed to the development of groundbreaking engineering
and computing techniques. One of the best examples is the protocol that made possible the
creation of the World Wide Web, proposed at CERN in 1989 by the British scientist Tim
Berners-Lee, as an e ort to share more easily documents and information between di erent
collaborations and research institutes around the world [52].

Today, with 23 Member States and 11 Associate Member States, CERN employs around
2600 sta members, who are mainly in charge of the design, construction and operation of
the accelerators. Additionally, approximately 800 fellows, 600 students and 1 300 associates
take part in CERN's activities [53].

Furthermore, CERN hosts a large community of users, counting with more than 12 500
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scientists from over 100 di erent nationalities coming from institutes from all around the
world. They are responsible for the preparation and operation of the experiments, as well as
for the analysis of the data gathered from them. CERN personnel also has teams contributing
to the experiments.

This creates a network of more than 17500 people from di erent nationalities who work
together with the same purpose: push the boundaries of human knowledge and understand
what the universe is made of and how it works. Although CERN's main focus is Particle
Physics, its Physics program covers other topics such as Nuclear or High-Energy Physics,
including studies of antimatter and even cosmic rays e ects.

Its agship project is the LHC, the largest particle accelerator ever built, that was already
introduced in Chapter 1. Itis located at an average depth of 100 m between the Swiss-Franco
border in the tunnel that once hosted the LEP, with a circumference of 27 km [54]. It is
designed to accelerate and collide protons and ions up to beam energies of 7 TeV. It contains
two counter-rotating beams that circulate in two di erent beam pipes or vacuum chambers.

As it was also explained earlier, the LHC has been in operation since 2008, allowing the
observation of a particle compatible with the Higgs boson. This discovery lead to the award
of the Nobel prize in Physics in 2013 to the scientists Peter Higgs and Francois Englert, that
had predicted the existence of this particle in the 1960s.

This marks the most remarkable achievement of CERN to date. Today, the main focus
Is on continuing and maximizing luminosity production for a more complete analysis of the
properties of this particle, while looking for signs of new physics.

At the moment of writing this thesis, the LHC is in its third operation period, also referred
to as \Run 3", which started in July 2022, providing collisions at a centre-of-mass energy of
13.6 TeV [55]. The LHC saw proton beams circulating for the rst time in September 2008,
but a powering incident that damaged over a distance of 700 m of the accelerator delayed
the actual start of the the rst period of operation, \Run 1", to November 2009, when
the reparations nished [34]. During the repair, however, a systematic soldering problem
was discovered in several high-current cable joints. As it could not be solved immediately,

it was decided to limit the energy in 2010 and 2011 to 3.5TeV per proton beam until a
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complete repair campaign could be performed. Finally, it was decided to increase it to 4 TeV
per proton beam in 2012 and 2013 as no magnet was quenched at 3.5TeV during beam
operation, lowering the risk of problems with the cable joints.

\Run 2" took place between 2015 and 2018, this time providing collisions at a centre-
of-mass energy of 13 TeV, with the proton beam energy pushed to 6.5 TeV after the repair
campaigns of 2013 and 2014. It was decided not to go to 7 TeV due to the slow progress with
\training" the superconducting magnets [56]. Most of the operation is done with protons, but
there are also scheduled operation periods with ions, normally lead, typically of one month
every operational year [57].

In between every period of operation there has been a period of Long Shutdown (LS),
LS1 [58] and LS2 [59], respectively, for planned maintenance and upgrade of the accelera-
tors and detectors. LS3 is scheduled to start at the end of the present operation period,
planned for December 2025 [60], which will prepare the path for the next major upgrade in
LHC and experiments, High Luminosity LHC (HL-LHC), aiming at increasing the proton
design instantaneous luminosity by a factor of 5 and the integrated luminosity by a factor
of 10 with respect to the LHC design value for ATLAS and CMS, the high-luminosity LHC
experiments [61]. It also plans a 20 times higher design instantaneous luminosity in the
Large Hadron Collider beauty (LHCb) experiment, focused on b-quark studies. The heavy-
ion physics program will bene t from the upgrade as well, achieving more than a factor 6
higher design instantaneous luminosity at the A Large lon Collider Experiment (ALICE)
experiment, specializing in heavy-ion collisions.

The LHC as a proton-proton collider was designed to have peak luminosities of up to
10**cm 2s 1, number of particles per bunch of 115 10' protons and up to 2808 bunches
per beam, corresponding to a circulating beam current of 0.584 A and a stored beam energy
per beam of up to 362 MJ [26]. However, in the last years the LHC has been pushed to its
limits thanks to its overachieving performance, exceeding some of these quantities. As an
example, in Run 3, even though the lling scheme included only around 2400 bunches per
beam, the number of particles per bunch went as high as6l 10! protons, corresponding

to stored energies higher than 400 MJ. The instantaneous luminosity in ATLAS and CMS
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Table 2: LHC design and Run 3 parameters for proton operation [26, 62].

Proton operation Design | Run 3
Beam energy (TeV) 7 6.8
Bunch intensity (10" protons) 1.15 1.6
Number of bunches 2808 2400
Stored beam energy (MJ) 362 >400
Instantaneous luminosity (16* cm ?s 1) 1 2.2
Bunch spacing (ns) 25 25

reached 2 10**cm 2s ! [62].

As a lead-ion collider, the LHC was designed to have an instantaneous luminosity of
10?”cm 2s ! in the ALICE experiment with up to 592 particle bunches circulating, each
one of them having up to 7 10 ions per bunch, which in the case of fully stripped lead
corresponds to around & 1C° charges per bunch [26]. With an energy of 7 TeV per charge,
or 2.76 TeV per nucleon, this would correspond to a stored beam energy of 3.81 MJ. However,
in 2023 up to 1240 lead-ion bunches per beam were seen circulating in the machine, each
one of them with up to 8 1€ ions per bunch, corresponding to around:& 10'° charges
per bunch [62]. Even with the lower beam energy that was reached, 6.8 TeV per charge,
or 2.68 TeV per nucleon, this makes up a stored beam energy of more than 20 MJ, with
an instantaneous luminosity in ALICE, its dedicated lead-ion collisions experiment, of up to
6:3 10?”cm 2s 1. This was planned as part of the HL-LHC upgrades for lead-ion operation,
that were already reached for Run 3. On the other hand, the HL-LHC proton upgrade will
be deployed during LS3.

The nominal and achieved beam parameters in Run 3 for proton and lead-ion operation
are summarized in Tables 2 and 3.

Under these conditions, with record beam stored energies and aiming at pushing even
further luminosity production, it is important to understand the loss patterns present in the
LHC in detail during the di erent beam modes that conform the LHC cycle, to analyse what
are the main limitations in each case and how they could be mitigated or improved, both for
the protection of the machine components and for maximizing its performance.

During this chapter, the CERN accelerator complex will be introduced with an explana-
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2.1 CERN Accelerator Complex and LHC Injection Chain

Table 3: LHC design and Run 3 parameters for lead-ion operation [26, 62].

Lead-ion operation Design | Run 3

Beam energy (TeV/nucleon) 2.76 2.68
Beam energy (TeV/charge) 7 6.8
Bunch intensity (10’ ions) 7 18
Bunch intensity (10° charges) 5.7 15

Number of bunches 592 1240

Stored beam energy (MJ) 3.81 > 20
Instantaneous luminosity (16’cm ?s 1) 1 6.3
Bunch spacing (ns) 100 50

tion of the path of the particle beams from their generation until their injection in the LHC.

The LHC layout and its main systems will also be introduced, in order to later understand
what are the main sources and locations of losses in each part of the cycle and the required
machine protection for them. To nish this chapter, the LHC operation schedule will be
explained, together with summaries of the 2022 and 2023 operational years. Some examples

of machine performance during these years will be shown in later chapters.

2.1 CERN Accelerator Complex and LHC Injection Chain

CERN counts with an impressive accelerator complex that feeds its rich and diverse Physics
program, as can be seen in Fig. 6. There are 8 accelerators, 2 decelerators, the transfer
lines that connect them and numerous facilities hosting experiments. Part of them are on
the surface, but the largest ones are placed several meters underground. Several of these
facilities were introduced in Chapter 1.

Some of these accelerators are injectors to other accelerators that reach even higher ener-
gies, while others provide particles for experiments. Many of them perform both tasks. An
example is the SPS, which injects 450 GeV protons to the LHC, but also provides particles
to the North Area, AWAKE and HiRadMat [64, 65].

The particles that will eventually arrive and collide at the four collision points in the LHC
have a long journey through some of the accelerators from this complex. The LHC Injectors

Upgrade (LIU) project was conceived to increase the intensity and brightness across the
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Figure 6: CERN Accelerator Complex. The LHC is the last ring (dark blue line) in a complex
chain of particle accelerators [63].
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LHC injectors chain in order to match the HL-LHC requirements for both protons and lead
ilons [66]. This project also aims at ensuring high availability and reliable operation of the
injector complex up to the end of the HL-LHC era. The rst upgrade items were already
installed during LS1, but the peak of the execution phase took place during LS2. The ramp-
up of the LHC beams to the LIU performance began in 2021 and is advancing at the expected
pace to be ready to reliably deliver the desired beams after LS3.

For proton beams, the rst step is a H- source at 45keV that is located at one of the
ends of the Linear Accelerator (LINAC) 4, which started operation in 2020, replacing LINAC
2 [67]. LINAC 4, which is 76-m long, accelerates the H- ions to 160 MeV at a pulse rate of
1.2s. With this new con guration, the H- ions are stripped of their two electrons during
injection from LINAC 4 into the PSB to leave only protons.

The reason to operate with H- ions is that the injection is performed into the same RF
bucket in the PSB over multiple turns. This process is called phase-space painting, and it
is used to increase the circulating intensity while limiting beam losses and keeping the beam
emittance small [68, 69].

The proton beam and H- beam are converged using a magnet. The \merged" beams
can diverge again using a second magnet. The electrons in the H- ion are weakly bounded
to the proton and can be easily stripped if they are passed through a thin carbon foil. As
the foil is thin and the protons have high energy, it will not a ect them. Thanks to this,
the circulating protons in the PSB are joined by more H- ions, which will undergo the same
process. This allows more particles to accumulate in the synchrotron, while simplifying
injection and reducing beam losses, obtaining a more brilliant beam [70, 71].

The PSB is the rst circular accelerator of the injection chain, where the particles reach
an energy of 2GeV. It is also the accelerator where the beam is divided into bunches. It
consists of 4 superposed rings, each of them with a circumference of 157 m [72].

The bunches of protons are then injected in the Proton Synchrotron (PS), where they
reach an energy of 26 GeV. With a circumference of 628 m, it is the oldest operating syn-
chrotron at CERN, since 1959 [73].

They are followed by the SPS, which is underground, with some of its points reaching a
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depth of 60 m. It has a circumference of 6.9 km. Trains of up to 72 bunches are injected into
the SPS in one PS to SPS transfer. Inside this accelerator, the particles are accelerated to
up to 450 GeV.

In all these accelerators the bunches of particles circulate in only one direction. It is
during the extraction from the SPS and the injection in the LHC via two transfer lines that
the two beams of patrticles travelling in opposite directions in the LHC are generated.

In each injection from the SPS to the LHC there can be a maximum of 288 bunches,
so several injections are needed in order to obtain the required lling scheme. The type of
beam that is needed and the targeted RF buckets for injection have to be de ned in advance.
Similarly, the SPS beam is composed of a variable number of PS injections [74].

The revolution period in the LHC is of 89us. Even though the nominal LHC beam
has a bunch separation of 25ns, some larger spaces appear in its beam structure due to the
injection kicker raise time, and two consecutive injections have to be separated by at least
925ns. Similarly, a gap of s has to be left empty for the beam dump kicker raise time [34].

A lling scheme is composed of injection requests for Beam 1 (B1), circulating clockwise,
and Beam 2 (B2), circulating counter-clockwise. An injection request speci es the number
and distribution of the bunches. Many injections schemes are stored in the control's database
for diverse operational needs. The whole LHC bunch pattern is composed of trains of bunches
separated by gaps of various lengths. In most cases, the LHC uses two kinds of bunches:
pilot bunches, with an intensity of 5{10 1 protons per bunch, and nominal bunches, with
an intensity of 1{2.2 10" protons per bunch.

The lling scheme is de ned according to the needs of the experiments, but it also depends
on the beam production scheme selected in the injectors and the needs of the LHC machine
itself, such as leaving su cient empty space for the dump kickers to rise, or choosing specic
bunch patterns to reduce the production of electron clouds. Therefore, it may be adapted
during the run to maximise the production of luminosity within the given constraints imposed
by the LHC and the injectors.

In 2023, for proton luminosity production, beams of up to 2464 bunches were used, with

12 injections per beam, and up to 236 bunches per injection. The number of colliding bunches
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was up to 2452 for ATLAS and CMS, 1842 for ALICE and 1821 for LHCb [75].

The Injection Quality Check (IQC) software analyses each injection, e.g., if the beam has
been injected or not, with the right trajectory, demanded longitudinal position and causing
acceptable beam losses. Depending on these analysis results, it decides if the injection has
been successful and if the next request can be sent, requiring further checks by the operator
in case something was not correct.

On the other hand, LINAC 3 is the starting point for the ions used in experiments at
CERN. These ions are produced in its source, where a pure lead sample is evaporated, with
oxygen gas and lead vapour being injected into the source plasma chamber. A microwave is
applied to create the plasma in which the lead and oxygen atoms are ionised. These ions are
then extracted, partially stripped and accelerated. The source uses about 500 mg of lead per
two weeks of operation. The lead-ion charge after the stripping process is 54+, meaning that
not all the electrons are stripped immediately [76].

These lead ions are then transported and injected into the next machine in the chain,
the Low Energy lon Ring (LEIR), which can receive single or multiple pulses, depending on
the beam intensities needed. It splits the pulses and accelerates up two bunches at the same
time from 4.2 MeV to 72 MeV, before they are extracted towards the PS.

The PS further accelerates the two-bunch beam and performs several longitudinal beam
manipulations to nally obtain four bunches spaced by 100 ns. After up to 14 cycles, these
four bunches of 54+ lead ions are then transported to the SPS. In the transfer line between
the PS and the SPS, the ions are fully stripped of their remaining electrons to become 82+
lead ions divided into 56 bunches, each of them spaced by 100 ns.

After an initial acceleration in the SPS, the beam is slip-stacked to reduce the bunch
spacing to 50ns, thus increasing the number of bunches that can be injected in the LHC.
It is mostly thanks to this new technique that the number of bunches in the LHC could be
increased for Run 3, reaching the HL-LHC upgrade target for lead-ion operation.

In 2023 for lead-ion luminosity production, beams of up to 1 240 bunches were used, with
up to 56 bunches per injection. The number of colliding bunches was up to 1088 for ATLAS,
CMS and ALICE, and 398 for LHCb.
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Once the LHC is lled with particles for regular operation, the beams can stay circulating
and colliding for many hours in the machine, while the rest of the accelerator complex stays
active, providing particle beams to other experiments.

The stand-alone electron beam facility CLEAR, inaugurated in 2017, is mainly used as a
test bench for detector and machine development. It does not follow the schedule of the rest
of the CERN accelerator complex [10].

After all the e orts put over the years in upgrading the LHC injectors so that they can
provide the required beams for HL-LHC, it is important to keep the LHC losses under control,
not only for protection of the machine, but also to meet the luminosity requirements.

In order to understand the main beam loss scenarios expected in the LHC and the nec-
essary machine protection, the LHC layout is brie y introduced in the next subsection. The
LHC cycle and schedule will also be explained at the end, along with some LHC luminosity

considerations.

2.2 Layout

The LHC layout, which is shown in Fig. 7 from a top view, is not completely circular. Instead,
it consists of eight arc sections and eight Insertion Region (IR)s [26]. At the same time, each
IR contains a Long Straight Section (LSS) at the centre and one transition region at each end
of them, called Dispersion Suppressor (DS), connecting each LSS and arc. Each LSS covers
a distance of around 528 m, and they are used to host experiments (at the collision points)
or for the di erent dedicated accelerator systems. The middle of the IR, and therefore the
centre of the LSS, is called the Interaction Point (IP). In the experiments, where the two
beams intersect, the IP indicates the point of the crossing. Those IRs are called experimental
IRs. There are four experimental IRs, and the di erent LHC large experimental caverns are
located in each of them: ATLAS, ALICE, CMS and LHCDb, indicated with stars in the gure.
Following this structure, the LHC layout can be divided in eight octants. Each octant
starts at the middle of one arc, until the middle of the following arc clockwise, comprising

the LSS at the centre with the corresponding DSs at each side. IP1 is in the middle of IR1
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and Octant 1, and it corresponds to the collision point of the ATLAS experiment. The rest
of the IPs and octants are numbered from 1 to 8 following the direction of B1 (clockwise).

B1 and B2 circulate in two separate beam pipes with separate magnetic elds most of the
time, only sharing a 130-m long common beam pipe in the centre of the colliding IRs. Bl
(in blue in the gure) circulates clockwise in Ring 1, while B2 (in red in the gure) circulates
counter-clockwise in Ring 2. The injection of B1 is done through the TI2 transfer line near
IP2 and the injection of B2 is done through the TI8 transfer line near IP8.

There are in total 1232 main dipole magnets with a length of about 15 m each, as well as
392 main quadrupole magnets and about 6 000 superconductive corrector magnets that help
preserve the beam quality and orbit. The vacuum system ensures very low pressure for the
beam circulating in the vacuum chamber to avoid interactions with gas particles inside the
pipes.

The beams are injected at 450 GeV, and their energy is increased while ramping the
magnetic elds in the dipoles. The beam patrticles are accelerated by RF elds in IR4.

The main collimation system provides betatron halo cleaning in IR7 and o -momentum
halo cleaning in IR3. The beam dump systems are located in IR6.

More details concerning each one of the areas of the LHC layout are explained in the

following subsections.

2.2.1 Arcs

The LHC arcs are mainly composed of dipoles and quadrupoles, following a FODO lattice
layout [26]. As explained in Chapter 1, the dipoles are used to bend the particles trajectory
to guide them and keep them inside the beam pipes, and the quadrupoles are used to focus
the beam in the horizontal or vertical plane. The higher the energies of the particles, the
more powerful the magnetic elds need to be in order to keep their orbits inside the beam
pipes.

The arc is occupied by regular half-cells, which are the periodic part of the lattice. Each
half-cell is 53.45m long and consists of a string of three twin aperture main dipole magnets

and one Short Straight Section (SSS). Each SSS consists of one quadrupole magnet, one
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Figure 7: LHC layout, showing the di erent Octants. B1, in blue, travels clockwise while
B2, in red, counter-clockwise. The colliding IRs are indicated with stars on top of the
collision points and the names of the experimental caverns. The purpose of each IR is also
indicated [26].
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BPM, one orbit corrector dipole, one lattice correction element and one sextupole magnet.
Each arc contains 46 half-cells.

The main challenge for the design of the LHC magnet system was to make the most
pro table use of the existing LEP tunnel. Aiming at beam energies of up to 7 TeV inside the
LEP tunnel implies a dipole eld of 8.33T, 100000 times more powerful than the Earth's
magnetic eld. Thus, a current of 11850A is required to ow in the dipoles. In order to
reach and maintain this current, Nb-Ti superconducting coils are employed. They are cooled
down to a temperature of 1.9K.

The two beams of equally charged particles require opposite magnetic dipole elds, as
they travel in opposite directions. There is not enough room for separate rings of magnets in
the LEP tunnel. Therefore, the LHC uses twin bore magnets which consist of two sets of coils
and beam channels within the same mechanical structure and cryostat. A picture of the LHC
tunnel with a 3D recreation of the cross section of a dipole is presented in Fig. 8. Additionally,
a picture of a slice through an LHC superconducting dipole and an LHC superconducting

guadrupole are presented in Figs. 9 and 10.

2.2.2 Dispersion Suppressors

The DS refers to the transition between the LHC arcs and LSSs. It aims at reducing the
machine dispersion inside the insertions and matching the insertion optics to the periodic
solution of the arc. Each DS consists of four quadrupole magnets which are separated by

two dipole magnets. There is a total of 16 DS regions [26].

2.2.3 Experimental Insertion Regions

IP1, IP2, IP5 and IP8 are the collision points, around which very large detectors are built
to get as much information as possible from these events. As mentioned before, these are
ATLAS, ALICE, CMS and LHCb, respectively. ATLAS and CMS are general purpose exper-
iments, while ALICE is dedicated to heavy-ion collisions and LHCb studies the di erences

between matter and antimatter by studying the b quark. The beams only cross from one
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Figure 8: LHC tunnel and 3D recreation of the inner part of a dipole magnet and the beam
pipes. The section of the beam pipes is indicated in yellow, and the circulating beams are
indicated in red [77].

Figure 9: Slice through an LHC superconducting dipole magnet, including a cut through the
magnet wiring (Nb-Ti), the beam pipes and the steel magnet yokes [78].
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Figure 10: Slices through an LHC superconducting quadrupole magnet, including a cut
through the magnet wiring (Nb-Ti), the beam pipes and the steel magnet yokes [79].

magnet bore to the other at these four locations. The remaining four LSSs do not have
crossings. Bl and B2 change as internal/external beam depending on the location in the
tunnel.

In these IRs, before the particle beams enter the detectors and collide, another type of
magnet is used to squeeze the beam particles closer together, decreasing the beta function,
to increase the chances of collisions with particles coming from the opposite direction, and
therefore, the luminosity. Three quadrupoles are used to create a superconducting system
called an inner triplet. There are eight inner triplets in total, two of which are located at
each side of the four large LHC detectors.

Moreover, magnets are also needed to deviate the trajectory of the beams and cross them
at the collision points. The separation/recombination magnets are special dipole magnets
responsible for these beam crossings in the experimental IRs. They are located left and right
from the triplet magnets. As well as sharing the beam pipe, the two counter-rotating beams
share the triplets and the separation magnets in the experimental IRs.

Additionally, there are two absorbers that protect the machine elements from particles
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leaving the IP. The Target Absorber Secondaries (TAS) protects the triplet quadrupole mag-
nets, while the Target Absorber Neutrals (TAN) protects machine elements from neutral
particles leaving the IP.

The long common beam pipe implies 34 parasitic collision points for each experimental
IR. Dedicated crossing angle orbit bumps separate the two LHC beams left and right from
the IP in order to avoid collisions at these parasitic points.

IR1 and IR5 house the high-luminosity experiments of the LHC and are identical in terms
of machine hardware and optics, except for the crossing angle scheme, which is in the vertical
plane for IR1 and horizontal for IR5. IR2 houses ALICE, but also the injection elements for
B1, while IR8 houses LHCb and the injection elements for B2, involving some constraints in

the layout to accommodate both in each case.

2.2.4 Injection Insertion Regions

In IR2 and IR8 the injection of B1 and B2 is performed, respectively, using pulsed magnets.
The injection kick occurs in the vertical plane with the two beams arriving at the LHC from
below the LHC reference plane. Target Dump Injection Segmented (TDIS) collimators are
installed for injection protection [26].

In both insertions, a transfer line brings the beam close to the orbit of the circular machine.
The last two magnetic elements are special injection magnets. The rst of these is called a
septum magnet. It is already so close to the circulating beam that the iron yoke and coils
of a conventional magnet would no longer t between the trajectory of the injected beam
and the orbit of the circulating beam. Instead, a septum magnet has an aperture with a
magnetic eld for the injected beam and another aperture without a magnetic eld through
which the circulating beam passes. Between the two regions, there is a thin septum. The
septum de ects the beam onto the closed orbit at the centre of a kicker magnet [80].

The kicker magnet compensates for the remaining angle. The kicker magnet, however,
has only one aperture, through which both the injected and circulating beam pass. Kicker
magnets are pulsed magnets with very fast rise and fall times, such that they provide the

required magnetic eld at the moment of passage of the injected beam and no eld during
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the passage of the circulating beam.

2.2.5 Radiofrequency Systems

IR4 contains the RF systems, with one independent system for each LHC beam, as well as the
feedback systems and some of the LHC beam instrumentation. The RF system is designed
so that each particle gains an energy of 485keV every time it goes through the cavities. At
injection energy each RF system has to provide approximately 8 MV, while at top energy up
to 16 MV are required [26].

Each RF system is composed of eight cavities, each delivering up to 2 MV at top energy,
equivalent to an accelerating eld of 5MV/m. The 450 GeV injection energy of the particles
rises to 6.8 TeV in approximately 30 min, bunches having passed through the RF cavities
more than 10 million times. Once the top energy is reached, the main role of the LHC RF
cavities is to keep the bunches tight, controlling the bunch length.

The oscillation frequency of the RF cavities is 400 MHz, which corresponds to a separation
of RF buckets of 2.5 ns. However, the nominal bunch spacing for the LHC is 25 ns, so there are
9 RF buckets between two nominal LHC bunch positions that are empty. Bunches of particles

are a few centimetres long and 1 mm wide when they are far from a collision point [54].

2.2.6 Beam Dump Systems

IR6 contains the beam dump insertion. Its function is to extract quickly the beam in a
safe way from each ring of the collider and to transport it through a dedicated tunnel to an
external absorber, which is a beam stop block made of a concrete and graphite composite
with di erent densities. In other accelerators with lower stored beam energies, it is not unsafe
to just stop the RF cavities until the beam is lost in the machine at the end of a Il. However,
the energy stored in the nominal LHC beams could be very damaging to equipment, and the
10-m long dump block is the only LHC element capable of absorbing them [26].

The beam extraction is done using a set of horizontally de ecting fast-pulsed kicker mag-

nets and vertically de ecting septum magnets, that kick the circulating beam out of the
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accelerator and de ect it towards the dump line, respectively. Dilution magnets help sweep
the beam over the dump surface to lower its power density. Each beam features an indepen-
dent abort system.

Even though the nominal bunch separation in the LHC is 25 ns, as it was explained before,
the bunches in the LHC do not form a continuous train of equidistant bunches spaced by
25ns. Additional space must be provided to allow for the rise time of the injection and dump
kicker magnets to their nominal eld values. In particular, the additional space without
bunches that is left for the dump kicker magnet is called the abort gap.

However, the abort gap might end up with particles during operation, due to an RF fault,
debunching or injection errors, among other causes. The beam population in the abort gap is
monitored using synchrotron light, with a device located in IR4. At top energy, if the particle
density in the abort gap exceeds a prede ned threshold, the transverse feedback system of
the LHC is used to excite those particles until they reach the collimator jaws and are cleaned.
At injection energy, the abort gap cleaning is always operating, with a typical \sweep" of
30s [81].

The dump kickers must be accurately synchronized to the beam abort gap to avoid
spreading beam across the aperture during the kicker rise time. The LHC must be protected
in case of an asynchronous beam dump, which could happen when the kicker synchronization
fails or a kicker res spontaneously. For this matter, two large absorbers are placed in front
of the extraction septum and in front of the rst superconducting magnet downstream the

dump kickers and septa.

2.2.7 Collimation Systems

As it was explained in Chapter 1, particles with transverse oscillation amplitudes or energy
deviations signi cantly larger than those of the reference particle conform the betatron and

o -momentum beam halos, respectively. Several mechanisms in accelerators lead to the
continuous formation of these beam halos and even to beam losses in some cases. The LHC is
not an exception to this, being specially sensitive to them, as it operates with superconducting

magnets.
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These magnets could lose their superconducting state and su er a quench when they are
heated with about 10-30 mJ/cn? [26]. This could be induced by a local transient beam loss
of 4 10’ protons, equivalent to only 0.025% of a nominal bunch, and could generate an
accelerator downtime in the order of hours or even months if there is damage. This is to be
compared with the stored beam energy of various hundreds of MJ.

In order to clean these halo particles and prevent them from hitting the vacuum chamber,
the LHC has two powerful and very e cient beam cleaning insertions: one dedicated to the
removal of betatron halo particles, in IR7, and one dedicated to the removal of 0 -momentum
halo particles, in IR3. IR3 corresponds to the insertion where the transverse o set caused by
dispersion is the highest.

The collimation system must intercept the beam losses with very high e ciency, and
minimize the leakage to the superconducting magnets. Other colliders in the past used col-
limators only for experimental background conditions, but the LHC cannot operate without
its collimation system.

As was presented in Chapter 1, the most simple collimation setup comprises a primary
collimator, here called Target Collimator, Primary (TCP), which intercepts the beam halo
particles that could be lost somewhere else in the machine otherwise. Its jaws must be set
at a transverse aperture below that of the machine bottleneck. Pictures of LHC collimators
are shown in Figs. 11 and 12. Each collimator is composed of two parallel, typically between
0.6 to 1.2-m long material blocks, that are called collimator jaws and that de ne a variable
gap through which the beams circulate. The smallest gap widths are roughly 2 mm [35].

However, a single collimator would not be su cient to clean the beam halo in the LHC, as
the halo particles that are scattered leave at larger transverse amplitudes and with di erent
energies, conforming the so-called secondary beam halo, which could be lost before being
intercepted by the collimator in later turns. Moreover, the interactions between the halo
particles and the collimator produce hadronic and electromagnetic showers which could reach
sensitive elements if there is not another device to absorb them.

Therefore, the LHC collimation insertions comprise additional collimators downstream the
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