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Introduction

The research field for this thesis is accelerator physics. Accelerator physics is a branch of applied science
which covers a large variety of different topics ranging from electromagnetism to material science. The
sub-category in accelerator physics which studies the properties of particle beams under the influence
of electromagnetic fields is called beam physics.

The topic for this thesis is beam optics1. The study of beam optics has been conducted since the
beginning of the 20th century. The continuous interest in this field is motivated by the fact that the
boundaries of physics are constantly being pushed and thus better technology is required to cope with
new developments.

There are several reasons for the detailed study of beam optics. In the case of colliders, it is because
the detailed measurement and corrections of the optics functions determine the luminosity. Large
deviations from the design model limit the physical aperture and may lead to potentially dangerous
situations where the accelerator gets damaged.

CERN

CERN, originally standing for “Conseil Européen pour la Recherche Nucléaire”, is the European lab-
oratory for particle physics. The laboratory was founded in 1954, partly as an effort to revive and
reunite European science after the Second World War. Today CERN has 20 member states, and serves
as an international particle accelerator laboratory. The main role of the laboratory is to provide large
scale experimental infrastructure for high-energy particle physics. More specifically, engineers and
physicists at CERN design, construct, operate and maintain particle accelerators and detectors and
the infrastructure (such as IT) needed to run this accelerator complex. CERN’s accelerator complex,
shown in figure 1, is a succession of particle accelerators that can reach increasingly higher energies.
Each accelerator boosts the speed of a beam of particles, before injecting it into the next one in the
sequence. The Large Hadron Collider (LHC) is CERN’s flagship accelerator. As its name implies, the
LHC accelerates Hadrons (protons and ions) and it is the most powerful machine in the world today,
with an ultimate energy of 7 TeV per proton beam.

Hadron versus lepton accelerators

Studies conducted for different machines using different particle species are presented in this thesis.
Particles can be classified into two categories. The first category is called hadrons. Hadrons are
composed of quarks (an elementary particle) which are held together by the strong force. An example
of a hadron is a proton. The second classification is leptons. Leptons are fundamental, point-like
particles like the electron.

Both species are used in accelerators around the world, in particular protons and electrons (and
their anti-protons). Hadron colliders are being used as ’discovery machines’ because of their high-
energy. Lepton machines are being used as ’precision machines’ because of the point-like nature of the
beam particles.

1The term optics is taken as an analogy with the study of light transport with lenses
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Figure 1: CERN accelerator complex

Outline of the thesis

This study started in November 2008 at the BE-ABP-LCU section at CERN. The first year of this
study was dedicated to the further development of the optics measurement and correction algorithms
and the implementation of a new technique which allowed the identification of local error sources.
Experiments were conducted in the CERN SPS to test the algorithms that were developed. This
allowed us to evaluate the performance of the measurement and correction algorithms and improve
them when necessary.

Due to the unfortunate incident on 19 September 2008, the operation of the LHC was halted for
one year. On the 20th of September 2009, operations resumed and the LHC was circulating beams
again. First LHC measurements for this thesis were conducted at 450 GeV on the 23rd of November
2009. From then on the energy increased to an intermediate energy of 3.5 TeV. As a precaution it was
decided to operate the LHC at energies lower than 7 TeV between 2009-2012 (for the 2012 physics run
an energy of 4 TeV is used). It is planned to increase the energy to 7 TeV in 2014.

During the course of this thesis two collaborations with external institutes were started. The first
collaboration was carried out with the synchrotron SOLEIL in Saint-Aubin, France. This collaboration
was aimed at non-linearity measurements in electron machines. The second collaboration was with the
Relativistic Heavy Ion Collider in Brookhaven, NY, USA. After the successful implementation of the
newly developed technique to identify local error sources at CERN, it was decided to implement this
technique at RHIC in November 2010.

Chapter 1 highlights and discusses the beam dynamics which is used throughout this thesis. The
discussion is kept short and references are provided for further reading. The first section contains the
motivation for the optics correction. Different instruments and techniques were used to conduct the
measurements and apply the corrections. This is explained in detail in chapter 2. Chapter 3 discusses
the results of the measurements and corrections for CERN’s SPS. These tests were performed as a
preparation for the LHC. The main part of the thesis is the presentation of the results of the LHC. An
introduction to the optics of the LHC is given in chapter 4. In this chapter some simulations of the
optics is also discussed. The LHC optics commissioning from 2009 until 2011 is discussed in chapter 5.
The most important results are presented. Special optics studies for the LHC are discussed in chapter 6.
The techniques used for the LHC were implemented in the Relativistic Heavy Ion collider (RHIC) at
BNL. The first results and suggested improvements are discussed in chapter 7. The algorithms that
were developed for the LHC, a hadron collider, have been extended to the damping ring of CLIC, a
lepton machine. The simulations are discussed in chapter 8. The first tests were conducted in SOLEIL,
this is discussed in section 8.4.1. The Graphical User Interface that has been used intensively during
the commissioning of the LHC is discussed in chapter 9
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