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the TeV energy scale. The Compact Linear Collider, CLIC, is a candidate project to achieve
such goal. It is a linear lepton collider based on a novel two-beam acceleration scheme capable
of high-gradient acceleration in X-band accelerator structures. The high electric fields required,
however, entail the occurrence of vacuum discharges, or rf breakdowns, a phenomenon whose
microscopic dynamics is not yet completely understood, and whose impact on the beam can
lead to a severe degradation of the collider luminosity.

The understanding of the physics of rf breakdowns has therefore become a significant issue in
the design of a reliable accelerator based on CLIC technology. That is addressed experimentally
through the study of accelerator structures performance during high-power operations. We report
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how breakdowns can be localised in the structure on the basis of rf measurements.
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in the presence of an electron beam. There, we found that rf breakdowns can affect both the
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1. Introduction

The topic of this thesis lies within the feasibility study of high-gradient
acceleration of particle beams, in relation to the study of a high-energy
and high-luminosity linear collider. More specifically, this thesis ad-
dresses the study of the effects of vacuum discharges occurring in accel-
erator structures on the accelerated beam and it is based on experimental
observations carried out in the CLIC Test Facility 3 built at the Euro-
pean Organization for Nuclear Research (CERN).

Before coming to the heart of the matter, the physics motivations that
drive the need of a high-energy linear collider, and the current proposals
for such a machine, are outlined hereafter.

1.1 The Standard Model and beyond
Our current understanding of fundamental constituents of matter and of
their interactions is described by the Standard Model [1–4], a quantum
field theory that has proved to be valid over a wide range of energies and
in a large number of stringent tests.

Because of the quantum nature of this theory, both the fundamental
matter constituents and their interactions are described by particles,
fermions of spin 1

2 and bosons of spin 1, respectively.
Of the four fundamental forces that we know, only three fit into the

Standard Model, namely the electromagnetic, the weak and the strong
interaction. To this day, the Standard Model does not incorporate grav-
itation, because of the difficulties arising from a quantum formulation
of general relativity. The fundamental particles described by the the-
ory are twelve, six leptons and six quarks, which can be grouped into
three doublets, so-called generations, according to their quantum num-
bers, or flavours. Why they are exactly three and not more or less is
not explained by the theory. Up to now all these particles have shown
no internal structure which is the reason why they are referred to as
elementary particles. Finally, to each elementary particle corresponds
an antiparticle, i.e. a particle with the same mass and opposite quantum
numbers. Complex particles formed by combinations of a quark and
antiquark or three quarks exists and are called hadrons.

Not all the fundamental particles are subject to the three interactions
included in the theory. Only electrically charged particles, for instance,
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are subject to the electromagnetic force, whose carrier is the photon.
The quarks, on the other hand, are also subject to the strong interaction
which is carried by eight gluons, whose number depends on the fact
that quarks can exist in three different quantum states called colours.
Finally, the weak interaction applies to all fundamental fermions with
the peculiarity that electrically neutral leptons, called neutrinos, and
quarks are subject to this force only when their flavours are mixed. This
mixing mechanism is what explains, for instance, that a neutron can
decay into a proton or that a neutrino can change its flavour through
a process called oscillation. However, the amount of such mixing is not
predicted by the theory and needs to be determined experimentally.

Despite the great success of the Standard Model, important questions
remain unanswered and some of them cannot be explained within its
framework. In addition to those already mentioned, there are other free
parameters that cannot be derived within the basic principles of the
theory and have to be experimentally measured. Among them, there are
the masses of the elementary particles, which rise the more fundamental
question of what is the origin of mass. In 1960s, Brout, Englert and
Higgs approached to this problem and they independently formulated a
mechanism which explains the mass of particles in terms of their coupling
to a scalar field [5–7], a picture that resembles that of the coupling of
charged particles to the electromagnetic field in terms of the electric
charge. That model predicts that the interaction with such field is carried
by a spin 0 boson, later named Higgs boson. The search for the Higgs
boson has been since then one of the major goals in the attempt of
completing the Standard Model picture.

The large number of free parameters and all the issues which cannot
be explained within its principles, make the Standard Model an unsat-
isfactory theory [8]. However, other theories exists which extend the
Standard Model to a higher energy scale and cope with its shortcom-
ings, an example of which is the supersymmetry. In the context of these
theories, dark matter, the asymmetry between matter and anti-matter,
the possible existence of extra-dimensions and the unification of forces
could find an explanation. Probing their validity is thus the main goal
of the future research in particle physics.

1.2 Testing the Standard Model at particle colliders
Of all the members of the particle zoo described by the Standard Model,
only a few are the building blocks of the matter at our energy scale.
These are the electron and the two lightest quarks or more precisely,
their combinations in stable hadrons like the proton and the neutron.
All other heavier particles do not exist at our everyday energy scale
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but can be produced in particle accelerators. There, beams of particles,
typically electrons or protons which are easy to produce and store, are
accelerated and impinged on a fixed target or against a second particle
beam of the same or of a different species. The energy available in the
centre-of-mass of the collisions is converted into other particles. Some
of them are more long-lived than others and easier to observe, others
are more elusive because they decay in a very short time and require
meticulous experiments to be studied.

The search for particles predicted by the Standard Model has driven
the construction of colliders capable of reaching higher and higher en-
ergies. Hadron collisions, typically proton-proton or proton-antiproton,
although more difficult to study, are preferred in the search for particles
whose mass is not precisely known. Protons, in fact, are not elementary
particles, hence collisions actually occur between their constituents. The
energy in the centre-of-mass of each collision varies from time to time and
depends on the internal structure of the proton, through the so-called
structure function. The collisions in which most of the energy of the
colliding protons is actually involved and available in the centre-of-mass
to create new particles are rare. More likely, the available energy is dis-
tributed among all the quarks that constitute the protons, which leads
to collisions of quarks in a wide range of energies, and it also means that
the number and variety of particles produced in each proton collision is
large. Looking for a rare process in such a background is like looking for
a needle in a haystack and it is not always an easy task.

Examples of fundamental discoveries achieved at hadron colliders are
the observation of the electroweak force carriers, the W± and Z0 bosons,
in 1983 at the Super Proton Synchrotron (SPS) at CERN [9–11], subject
of the 1984 Nobel prize in physics, and the more recent observation of
the top quark at the Tevatron collider at the Fermi National Accelerator
Laboratory (Fermilab) in 1999 [12].

In a lepton collider the number of particles produced in each collision
is, in general, smaller than in a hadron collider. That is because lep-
tons are elementary particles and their energy is fully available in the
centre-of-mass of the collisions. Therefore discoveries at hadron collid-
ers are typically followed by precision measurements at lepton colliders,
where particle properties can be measured with a higher accuracy and
resolution. That is the case, for instance, of the Large Electron-Positron
Collider (LEP) built at CERN to follow up on the discoveries of the elec-
troweak force carriers with precision measurements. There, the Standard
Model was subject to stringent tests.

The search for the Higgs boson drove the design and construction of
the Large Hadron Collider (LHC) at CERN, which aims at colliding
protons at a centre-of-mass energy of 14TeV. There, on 4 July 2012,
the discovery of a particle with a mass between 125 and 127GeV and
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with properties similar to those of the Higgs boson was announced by
the ATLAS and CMS collaborations [13, 14]. For the formulation of the
mechanism confirmed by that discovery, Englert and Higgs have been
awarded the 2013 Nobel prize in physics. Nevertheless, further statistics
is needed to determine whether other Higgs bosons exist. Other theories,
in fact, predict the existence of more than one Higgs boson, together
with a whole new zoo of particles. Those theories aim at answering
the questions left open by the Standard Model and it is to test their
predictions that new colliders are needed.

1.3 Future linear particle colliders
All the research efforts in terms of designing future generation high-
luminosity linear accelerators (linacs) carried out during the last decades,
converged to two proposals: the International Linear Collider (ILC) [15]
and the Compact Linear Collider (CLIC) [16]. Both are worldwide col-
laborations relying on different technologies capable of exploring different
energy ranges. ILC is based on superconducting technology, well estab-
lished and already largely used in massive accelerators and colliders such
as LHC. Nevertheless, its maximum accelerating gradient is limited to
32MV/m and it relies on klystrons as radio-frequency (rf) sources. That
limits ILC to colliding electron and positron beams at a centre-of-mass
energy of 500GeV with the possibility to increase it up to an energy
of 1TeV. A higher collision energy would mean a significant increase
in terms of length of the accelerator and number of klystrons required
and is therefore not an option. CLIC, on the other hand, is based on
normal-conducting technology which can provide an accelerating gradi-
ent of 100MeV/m and therefore aims at colliding electron and positron
beams at a centre-of-mass energy of 3TeV. While ILC has recently pub-
lished a technical design and implementation plan [17, 18], the CLIC
design is still under study although its feasibility has recently been as-
serted with the publication of a Conceptual Design Report [16, 19].

In the context of this thesis, the feasibility study of the CLIC high-
gradient acceleration is of particular interest. It requires high electric
fields which entail the occurrence of violent discharges in the accelerator
structures, known as vacuum discharges or rf breakdown, which can have
severe effects on the accelerated beam resulting in a degradation of the
collider performance. It is with the study of these effects and their impact
on the CLIC design that this thesis is concerned.
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1.4 Thesis structure
The remainder of this thesis is structured as follows.

Chapter 2 focuses on the description of the Compact Linear Collider
according to its current design published in the Conceptual Design Re-
port (Paper IX). This chapter introduces the context in which this thesis
is situated and highlights the aspects relevant to the study that it ad-
dresses.

Chapter 3 describes the CLIC Test Facility at CERN which was built
to address many of the feasibility issues identified in the CLIC design.
This chapter focuses more specifically on the description of the Two-
beam Test Stand, subject of Paper III, which is the experimental area
dedicated to the study of the two-beam acceleration concept on which
CLIC is based. There, the study of the effects on the beam of vacuum
discharges in CLIC prototype accelerator structures has been addressed
in the last years and it is the main topic of this thesis.

Chapter 4 describes the mechanism of vacuum discharges in high-
gradient accelerator structures, their dynamics according to current mod-
els and the experimental observations that support such explanations.

Chapter 5 and 6 represent the core of the thesis and the author’s
original contributions. Chapter 5 contains a thorough description of the
rf-based diagnostics of breakdowns carried out at the Stanford National
Acelerator Laboratory (SLAC) on a CLIC prototype accelerator struc-
ture, which is also the subject of Paper II. Chapter 6 discusses the effects
that breakdowns have on the beam on the basis of the measurements car-
ried out at the Two-beam Test Stand. This is an important study for
the feasibility demonstration of the CLIC two-beam acceleration concept
and it is the topic of Paper I.

Finally, chapter 7 extends the results discussed in the previous chapter
and discusses their relevance in the context of the design of the Compact
Linear Collider.

In addition, basic concepts of beam physics and rf technology are
recalled in Appendix A and B, respectively.
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2. The Compact Linear Collider Study

At the beginning of the 1980s, everyone’s eyes were on the CERN Super
Proton Synchrotron (SPS) waiting for the imminent discovery of the
weak force carriers [9, 10]. At the same time, the construction of the
Large Electron-Positron Collider (LEP) [20], which was (and still is) the
largest circular lepton collider ever built, had just been approved and the
Large Hadron Collider (LHC) was just a study of a possible successor of
LEP [21] which would have taken until 1994 to be formally approved [22].
Even then, CERN scientists already started considering the feasibility of
new high-luminosity lepton colliders capable of exploring the TeV energy
scale.

Particular attention was directed towards new concepts that could
allow reaching high energies and high luminosity within a reasonable
compactness and lower cost with respect to existing techniques [23]. A
number of requirements was identified to be essential prerequisites for the
design of such a machine, which included beam size in the micrometre or
even nanometre range, small beam emittance, the need for a strong final
focusing system and the overall necessity of a limited power consumption.

In 1985 an advisory panel was formed at CERN with the mandate of
discussing new ideas for the realisation of a possible future CERN Linear
Collider (CLIC) capable of accelerating electrons and positrons to the
TeV energy scale.

A novel acceleration technique based on a two-beam scheme was pro-
posed as an alternative to conventional acceleration methods [24]. It was
based on the idea of producing rf power by passing an electron beam in
a Free Electron Laser (FEL) section rather than using conventional rf
sources, and to use such power to accelerate a second beam. An alterna-
tive to such scheme was proposed in 1987 which replaced the FEL section
with a normal-conducting rf cavity in which the passage of a high-charge
bunched beam produces rf power [25]. Such technique was identified as
that on which the Compact Linear Collider (CLIC) study is based.

The CLIC study aims at developing a high-luminosity electron-positron
linear collider capable of exploring the multi-TeV energy region. It is op-
timised for an energy of 3TeV in the centre-of-mass of the collisions
and for a luminosity of 2× 1034 cm−2 s−1. The two-beam acceleration
scheme on which it is based has been optimised to achieve high accel-
erating gradients and efficient rf production. The proposed layout is
shown in Fig. 2.1. It consists of two accelerator complexes called main
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Figure 2.1: Layout of the Compact Linear Collider (CLIC) for collisions at
an energy of 3TeV in the centre-of-mass frame, according to the Conceptual
Design Report. The drive beam complex shown at the top half of the figure is
the rf power source for the main linac complex, shown at the at bottom half of
the figure.

beam and drive beam, respectively shown at the bottom and at the top
of Fig. 2.1. The main electron beam is generated at the bottom left of
Fig. 2.1 and then accelerated to 2.86GeV before being injected into two
damping rings where the emittance is reduced. The bunch repetition fre-
quency is then increased in a delay line and the beam energy brought to
9GeV. Then the beam is transported to the main electron linac on the
left of Fig. 2.1 where it is accelerated to an energy of 1.5TeV. Finally,
its transverse size is reduced to a nanometric scale and it is brought into
collision with a positron beam of the same energy, which is generated in
an almost identical complex. The main beams are accelerated in normal-
conducting accelerator structures with a gradient of 100MV/m. They
are fed by multi-MW 12GHz rf power obtained by the deceleration of
a high-current beam, the drive beam, in resonant cavities called Power
Extraction and Transfer Structures (PETSs), installed in a beam line
that runs parallel with the main beam. In other words, the whole drive
beam complex serves as rf power source for the main beam. Two drive
beams are generated and accelerated to an energy of 2.38GeV in two
separate normal-conducting linacs at the top of Fig. 2.1. To maximise
the power production, the temporal structure of the drive beam is such
that the bunch spacing is as close as possible to the wavelength of the
extracted 12GHz rf power which corresponds to 2.5 cm. Such bunch
structure is achieved in a delay loop and two combiner rings in which
the beam frequency is increased by interlacing several bunch-trains.
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Nowadays, the CLIC study is a joint global effort which involves 43
institutes and 22 countries. A Conceptual Design Report of a linear col-
lider at the TeV scale based on CLIC technology was published by the
CLIC collaboration in 2012 (Paper IX). It contains an extensive discus-
sion of the physics and technology involved, together with a preliminary
study of possible construction scenarios and an overall cost estimation
of the project.

Here we briefly present the different parts of the drive beam and main
beam complex and their critical points in terms of beam physics and
technology, with particular emphasis on those issues, arising from the
novel techniques used, which drove this thesis work.

2.1 Drive beam complex
The drive beam complex at the top of Fig. 2.1 is the rf power source
for the CLIC main linac. It consists of two identical parts, each one
providing the necessary power to accelerate respectively the electron and
the positron main beams. Each part consists of a normal-conducting
linac, a series of delay lines and rings called recombination complex in
which the required temporal structure of the beam is obtained, and a
decelerator in which rf power is produced by decelerating the beam at
the expense of its energy.

Drive beam accelerator An electron beam is generated by a thermionic
gun which produces 4.2A, 142 μs long streams of electrons which are
then bunched in travelling wave cavities (App. B) driven by 0.5GHz
rf. Because such frequency is half of that used to accelerate the beam,
the bunching system is called sub-harmonic and it produces a train of
electron bunches spaced by 2 ns or 60 cm, each one carrying a charge of
8.4nC. In order to prepare the beam for the temporal structure subse-
quently achieved in the recombination complex, every 244 ns the phase
of the sub-harmonic bunchers flips by 180◦ thus causing two consecutive
buckets to be filled. That is repeated every 244 ns and it results in a
temporal structure consisting of groups of 122 bunches occupying alter-
natively only even or odd buckets, as schematically shown in Fig. 2.2.
The beam is said to be phase-coded. Afterwards the beam is first ac-
celerated from about 140 keV to 50MeV and then further accelerated to
the final energy of 2.4GeV. To optimise the amount of rf power used,
only the exact amount of power actually spent to accelerate the beam is
fed to each accelerator structure. The structure is therefore said to be
fully-loaded by the beam.
Specific attention is paid to the design of the low energy part of the
injector to limit the growth of the beam emittance, which is induced by
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the strong space-charge forces caused by the large bunch charge. That
is achieved by careful simulations of the space-charge effects and optimi-
sation of the focusing system. An additional issue are satellite bunches,
i.e. unwanted particles that occupy the space between two consecutive
bunches thus reducing the efficiency of power transfer to the beam and
increasing the chances of activation of the hardware in case they are lost.
That is addressed by a cleaning system that makes use of fast rf kickers
to send unwanted satellites towards a beam dump.

Figure 2.2: Phase-coding in the drive beam sub-harmonic bunching system.

Recombination complex In the recombination complex the length of
the bunch-train is reduced and the bunch repetition frequency is in-
creased. It consists of a delay line called delay loop and two rings called
combiner rings in which the final bunch-train structure of 24 sub-trains
of bunches repeated at a frequency of 12GHz is achieved.
When the phase-coded beam shown in Fig. 2.2 reaches the delay loop,
a 0.5GHz rf deflector kicks every even bucket in the delay loop and lets
every odd bucket continue on the straight path, as sketched in Fig. 2.3a.
The length of the delay line is such that the time of flight of the electrons
along it is exactly 244 ns. At the exit of the delay loop the bunches are
kicked by another rf deflector back onto the straight path such that they
interleave with the ones that where not kicked in the delay loop. The
temporal structure of the bunch-train after the delay loop consists of
244 ns long sub-trains of bunches repeated at a frequency of 1GHz, as
sketched in Fig. 2.3b.
At this point, three bunch-trains like the ones shown in Fig. 2.3b are
injected in the first combiner ring and interleaved with each other such
that the bunch repetition rate is increased to 3GHz. That is achieved
by tuning the length of the ring in such a way that after one turn, a
bunch-train is 60◦ out of phase later than the bunch-train injected at
that moment.
In the same fashion, four sub-trains coming out of the first combiner
ring are injected in the second combiner ring, where they are inter-
leaved in such a way that at the end of the fourth turn the bunch rep-
etition frequency is increased to 12GHz and the bunch-train length is
still 244 ns and spaced from the preceding and following bunch-trains by
about 5.6μs.
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(a)

(b)
Figure 2.3: Sketch of (a) the bunch frequency multiplication technique in the
delay loop and (b) temporal structure of a bunch-train after the delay loop.

Decelerator The decelerator is the rf power source for the main linac.
It runs parallel to the main linac and it is divided in 24 sectors in each
one of which a 101A, 2.4GeV and 244 ns long bunch-train is decelerated
and its energy converted to rf power. The deceleration occurs in trav-
elling wave room temperature resonant cavities called Power Extraction
and Transfer Structure (PETS) where each and every bunch sees the
maximum decelerating wakefield excited in the cavity by the preceding
bunch. The process continues for all the bunches in the bunch-train until
a steady state of maximum deceleration is reached. Each PETS produces
a 244 ns long pulse of 135MW which is transferred to the main beam
accelerator structures. Each bunch-train is decelerated in 1492 PETS
over a length of about 1 km until it reaches the final energy of 240MeV.

Dump lines Although about 90% of the drive beam kinetic energy is
converted to rf power, the spent beam still has to be dumped. The
average power to dump is 0.54× 106 W per pulse with a repetition rate
of 50Hz (0.54× 106 kW). Although no definite specification for a beam
dump exists, a water absorber has been proposed which is about 1.5m
long and in which the water flow has a vertical velocity of 3mm s−1 to
efficiently dissipate the heat.
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2.2 Main beam complex
The main beam complex at the bottom of Fig. 2.1 is the part of CLIC
in which positron and electron beams are generated, accelerated and
brought into collision. The rf power source for the main linac is the
drive beam complex, described above.

Injectors Two separate injectors for electrons and positrons have been
designed for the main beam accelerator complex, as shown at the bot-
tom of Fig. 2.1. The baseline configuration provides for polarised elec-
trons and unpolarised positrons, although a polarised positron source is
considered as an option for future upgrades. Both injectors have a sim-
ilar design consisting of a particle source followed by a pre-acceleration
stage and a normal-conducting linac. Polarised electrons are extracted
from a photocathode excited by a polarised laser beam which produces
a 312 ns long train of electrons which are bunched in a 1GHz bunching
system and then pre-accelerated to 0.2GeV. The unpolarised positron
source is based on a separate 5GeV unpolarised electron beam sent onto
a crystal tungsten target where soft photons are produced and in turn
sent onto an amorphous tungsten target where positrons are produced in
electromagnetic showers. They are then pre-accelerated to 0.2GeV and
subsequently sent to the linac which accelerates positrons and electrons
to an energy of 2.86GeV before the injection in the damping rings.

Damping rings The main purpose of the damping rings is to cool both
electron and positron beams by emission of synchrotron radiation to
reach the ultra-low emittance required for the injection in the main linacs
which bring them into collision. One pre-damping ring followed by one
damping ring is built for each species of particles. Afterwards both
electron and positron beams are injected in a delay loop in which the
bunch repetition frequency is doubled to 2GHz.

Ring to Main Linac Transport At the exit of the damping rings the
beam is transported for about 27 km from the ground level to the main
linac which is located 100m underground. Meanwhile, it is accelerated
in the booster linac in the middle of Fig. 2.1 to the main linac injection
energy of 9GeV.

Main linac The main linac is where the two-beam acceleration actually
takes place. It consists of two laser-straight 21 km long linacs in which
electrons and positrons are accelerated from the injection energy of 9GeV
to the collision energy of 1.5TeV. Each linac is equipped with about
71 thousand 12GHz travelling wave accelerator structures in which the
beam is accelerated with a gradient of 100MV/m. Drive beam PETS
and main beam accelerator structures are assembled together in so-called

22



CLIC modules which differ according to which part of the linac they are
installed in, but in general each PETS powers two accelerator structures.
One of the main issues in this part of the complex is the preservation
of the ultra-low emittance during the beam acceleration and transport
to the collision point. Another challenge in the main linac is the stable
operation of the accelerator structures. The extremely high accelerating
gradient of 100MV/m in fact entails the presence of strong electric fields
which can randomly trigger discharges in the accelerator structures, so-
called rf breakdown. Those are a severe problem for the operation of any
accelerator and in particular for CLIC, where they can severely degrade
the luminosity. For this reason, assuming that a breakdown causes a
bunch-train to fully miss the collision, the maximum tolerated breakdown
rate in CLIC is set to 3× 107 per pulse per metre, which corresponds to
1% of lost pulses.
The feasibility of stable operation of high-gradient accelerator structure
is the object of extensive research efforts. This thesis focuses on the
effect that rf breakdown have on the beam accelerated in CLIC prototype
structures, which is the subject of Paper I.

Beam delivery system At the end of the main linac the beam is trans-
ported to the collision point through a 2750m long beam line, as sketched
in the middle of Fig. 2.1. The strong optics used in this part of the col-
lider is called final focusing and it is used to make the transverse beam
size as low as 45 nm on the horizontal plane and 1 nm on the vertical
plane at the collision point. Electron and positron beams collide with an
angle of 20mrad so that afterwards they can be extracted in the forward
direction without interfering with the incoming beams. Crab-cavities are
used to rotate the bunches in the horizontal plane for head-on collisions
in order not to loose luminosity due to the crossing angle.

Post collision line Every time that electron and positron bunches cross
in the collision point only a small fraction of particles does really interact
while all the others continue straight. The transverse size of the uncol-
lided beams is basically unchanged whereas that of the collided beams is
bigger and the post collision line is designed to accept both beams and
transport them to the beam dump.

Each one of the subsystems of both the drive beam and the main
beam complex address physical and technological issues whose feasibility
demonstration is a preliminary step towards the realisation of a linear
collider based on CLIC technology. More specifically, four areas have
been identified as the most critical for its design, which are [16]:
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- achievement of an accelerating gradient of 100MV/m in the main linac,
that addresses also the study of vacuum discharges in accelerator struc-
tures and their effect on the beam, which is the subject of this thesis;

- generation of a high-current drive beam, production of rf power through
stable drive beam deceleration and use of such power to efficiently ac-
celerate the main beam;

- generation and preservation of an ultra-low emittance main beam which
has to be aligned with unprecedented accuracy through active magnet
stabilisation against mechanical vibrations;

- machine protection against failures together with a high machine avail-
ability.

The feasibility of ultra-low emittance beams has been demonstrated for
a vertical emittance even beyond the CLIC target at the Accelerator
Test Facility (ATF) in Japan [26] and at the Swiss FEL [27], whereas
horizontal emittances comparable to the CLIC target are aimed at MAX-
IV in Sweden [28] and at PEP-X in USA [29], two synchrotron radiation
light sources currently under construction. The achievement of high-
gradient acceleration and the issues related to the drive beam represent
the scientific goals that drove the construction of a CLIC Test Facility,
which is addressed in the next chapter.
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Table 2.1: Summary of CLIC parameters. Emittances are normalised.

Drive beam
charge per bunch 8.4nC
electrons per bunch 5.25× 1010

bunch spacing 2.5 cm or 83 ps
bunch-train length 244 ns
number of bunches per bunch-train 2922

bunch-train current 100A
number of bunch-trains per macro-bunch 24

macro-bunch length 142 μs
average current 4.2A
emittance before deceleration 1.5μm rad
energy before/after deceleration 2.37GeV/0.24GeV
repetition rate 50Hz
power production per PETS 135MW

Main beam
charge per bunch 0.6nC
electrons per bunch 3.7× 109

bunch spacing 15 cm or 0.5ns
bunch-train length 156 ns
number of bunches per bunch-train 312

bunch-train current 1.2A
emittance horizontal/vertical at injection ≤ 600nm rad/≤ 10nm rad
emittance horizontal/vertical at collision ≤ 660nm rad/≤ 20nm rad
energy injection/collision 9GeV/1.5TeV
repetition rate 50Hz
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3. The CLIC Test Facility

An extensive experimental programme aimed at testing the feasibility
of the CLIC technology started at CERN during the late 1980s, with
the construction of a CLIC Test Facility (CTF) [30]. Its five-year long
experimental programme ended in 1995 and led to the first successful
test of rf power production by deceleration of a high-charge drive beam
in a 30GHz normal-conducting accelerator structure. Moreover, the ac-
celeration of the same beam with a maximum gradient of 94MV/m in
a second identical structure fed with the power extracted in the first
place, was also demonstrated. In accordance with the CLIC design at
that time, the drive beam was generated in a laser-driven photocath-
ode. The CLIC experimental programme then continued in a second
facility called CLIC Test Facility (CTF)II where the two-beam accel-
eration scheme was actually tested with two distinct electron beams, a
drive beam and a so-called probe beam which mimicked the CLIC main
beam. This time the drive beam was decelerated in specifically designed
structures called Power Extraction and Transfer Structure (PETS) and
the rf power produced was used to accelerate a low-charge single-bunch
probe beam [31].

Meanwhile, the CLIC design evolved and a new facility called CTF3
was proposed in 1999 [32] to address the five following key feasibility
points [33]:
- test of high-gradient accelerator structures with wakefield damping

features;
- generation of a drive beam in a fully loaded linac;
- design and test of a Power Extraction and Transfer Structure with the

capability of being switched on and off;
- validation of beam stability and losses in the drive beam decelerator;
- test of a CLIC module.
The first three points have been demonstrated at CTF3 whereas the
fourth is still under study and the last is planned in the near future.
More specifically, a Test Beam Line (TBL) [34] equipped with 16 PETS
is dedicated to the study of the drive beam deceleration and an addi-
tional experimental area called Two-beam Test Stand (TBTS) together
with an accelerator which provides a multi-bunch probe beam is entirely
dedicated to two-beam acceleration studies. There, the problem of vac-
uum discharges, or breakdowns, that represent the main limitation to the
stable operation of a high-gradient accelerator structure, is addressed. It
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Table 3.1: Comparison of CTF3 and CLIC parameters.

CLIC CTF3 2012

Drive beam
current 100 A 28 A
energy 2.38 GeV 150 MeV
bunch frequency 12 GHz 12 GHz

Main/Probe beam
current 1 A 0.2 A
energy 9 GeV 180 MeV
bunch frequency 2 GHz 1.5 GHz
bunch charge > 0.6 nC 0.085 - 0.6 nC
bunches per pulse 312 1 - 225
repetition rate 50 Hz 0.8 - 5 Hz
transverse emittance < 0.6 mm mrad 8 mm mrad

is with the study of such phenomena and the effects that they have on
the beam that this thesis is concerned.

To reduce the cost of the installation, the parameters of CTF3 differ
from those proposed for CLIC as summarised in Table 3.1. The main
difference is the base frequency of the drive beam accelerator which is
3GHz as opposed to the CLIC main linac frequency of 1GHz, in or-
der to re-use all the rf components, klystrons, modulators, compressor
cavities and waveguides previously installed in the LEP Injector Linac
(LIL) complex. Such choice affects the maximum achievable beam en-
ergy which is about one tenth of the CLIC drive beam energy for a beam
current of about 4A. A second important difference is the presence of
only one combiner ring, because the second implements the same bunch
interlacing technique implemented by the first, and it is therefore not
considered essential in this feasibility demonstration phase. Finally, the
overall length of the drive beam linac, the decelerator and the probe
beam linac are much shorter than in CLIC.

A thorough description of CTF3 and of the status of the experimental
verification of the CLIC technology is documented, among others, in
Paper XIV, XI, VII and IV. Additionally, Paper III contains a thorough
description of the layout and commissioning of the Two-beam Test Stand.
In light of that, the brief description of CTF3 that follows is meant to
introduce the experimental context in which the study addressed by this
thesis was carried out.
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Figure 3.1: Layout of the CLIC Test Facility 3 at CERN.

3.1 Drive beam
The CTF3 drive beam complex consists of a normal-conducting elec-
tron linac followed by a magnetic stretching chicane, a delay loop and a
combiner ring.

A 4A, 1.5μs long train of electron bunches is produced in a thermionic
gun pulsed at a frequency of 3GHz. It is then compressed in a magnetic
chicane where off-energy electrons are stopped by collimation slits, and
accelerated in a S-band linac to about 150MeV. Afterwards, the bunch
length can be manipulated in a stretching magnetic chicane where it
can be adjusted to prevent excitation of coherent synchrotron radiation
downstream in the beam line.

At the beginning of the linac, the bunch frequency is reduced to
1.5GHz and coded with phase shifts of 180◦ every 140 ns in order to
obtain sub-trains that can be interleaved two by two by passing one of
them in the delay loop. There the bunch frequency is increased again
to 3GHz and the peak current is about 8A. Four of these 140 ns long
bunch-trains are then sent in the combiner ring where their bunch fre-
quency is increased to 12GHz and the peak current reaches 28A. This
mode of operation is referred to as factor 8 recombination.

Alternatively, the delay loop can be bypassed thus making the sub-
harmonic bunching also unnecessary. In that case, four bunch-trains can
be transported and injected directly in the combiner ring, where they
are interleaved with each other in a 140 ns long bunch-train with bunch
repetition frequency of 12GHz and peak current of 16A. This mode of
operation is referred to as factor 4 recombination. Finally, in case the
combiner ring is also bypassed, the beam is referred to as uncombined.

The drive beam is eventually transported to an experimental area and
injected into a Test Beam Line (TBL) designed to provide a test bed
for the CLIC drive beam decelerator, or in the Two-beam Test Stand
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(TBTS), designed to demonstrate the feasibility of the two-beam accel-
eration concept.

3.2 Probe beam
The CLIC main beam linac is mimicked in CTF3 by the CALIFES (Con-
cept d’Accélérateurs Linéaire pour Faisceau Sonde) linac that provides
the so-called probe beam which is injected into the TBTS for two-beam
acceleration experiments. A detailed description of its design can be
found in [35]. It consists of a laser-driven photo-injector and a linac
based on two 4.5m long 3GHz travelling-wave structures. A third struc-
ture installed right after the photocathode and identical to the other can
be used as a buncher.

The beam line is equipped with beam profile monitors, re-entrant
cavity beam position monitors for orbit measurements and ends with a
spectrometer line for beam energy measurements.

The temporal structure of the beam is defined by the laser that drives
the photo-injector, which consists of trains of 1 ps long ultra-violet light
pulses emitted with a frequency of 1.5GHz. Macro-pulses of 1 to about
300 pulses can be produced which are transported for about 80m to the
photo-cathode. There, electron bunches are generated and accelerated
in the linac up to a maximum energy of about 200MeV measured with
1% accuracy.

The maximum charge that can be accelerated in a bunch-train is
19 nC. Such limit is set by the accelerator structures which, because
of cost reasons, were not specifically developed for the probe beam but
re-used from the LEP Injector Linac complex.

3.3 Two-beam Test Stand
The Two-beam Test Stand was built to test the CLIC two-beam accelera-
tion scheme, more specifically to test the operation of Power Extraction
and Transfer Structure (PETS), to study the effects of breakdown on
drive beam and probe beam and to test the operation of a full CLIC
module [36]. Its design and commissioning is thoroughly discussed in
Paper III and it is summarised hereafter. As sketched in Fig. 3.2, it
consists of two parallel beam lines designed to test the power extraction
from the CTF3 drive beam in a CLIC prototype PETS. Such power is
then fed to a CLIC prototype accelerator structure in which the CTF3
probe beam is accelerated with a nominal gradient of 100MeV/m. Both
beam lines consist of a 11m long straight section and end with a 1.6m
long spectrometer line where the beam energy is measured before the
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beam dump. Both beam lines are equipped with five inductive Beam
Position Monitors (BPMs) [37], two upstream and three downstream of
each structure, the last one of which is localised in the spectrometer line.
The probe beam line sketched at the bottom of Fig. 3.2 is also equipped
with two cavity BPM [38] downstream of the accelerator structure. They
were installed at a later stage to resolve fast changes in the beam position
thanks to their bandwidth of 600MHz centred at a frequency of 6GHz
which makes them insensitive to the low frequency noise visible on the
inductive BPM signals.

Both beam lines are equipped with removable imaging screens which
are used to measure the beam profile either just before or after the dipole
magnet which bends the beam in the spectrometer line. The screen in
the spectrometer line of the probe beam is a high sensitivity fluorescent
screen whereas at the end of the straight section of the beam line, be-
fore the spectrometer, both an optical transition radiation screen and a
scintillating screen [39] are available.

The accelerator structure installed in the beam line is the CLIC pro-
totype TD24_vg1.8_disk [40]. A cross-sectional view of its 3D model
is shown in Fig. 3.3. It is a 12GHz travelling-wave resonant structure

Figure 3.3: Longitudinal cross-section of the TD24 accelerator structure in-
stalled in the Two-beam Test Stand. The structure consists of 24 cells plus a
matching cell and a double-feed coupler at the input and output ports.

made of copper, with longitudinal tapering and no high-order modes
damping features. It has 24 regular cells and two additional matching
cells at each end. It is equipped with directional couplers at its input and
output ports. Their output signals are sent to diode detectors and in-
phase and quadrature demodulators, and then calibrated for power and
phase measurements. Such diagnostics has some problematic aspects
such as, for instance, the limited dynamic range of the diode detectors,
which makes their calibration difficult and sometimes not reliable. An
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alternative approach to the measurement of power level and phase is
thoroughly discussed in Chapter 5 and is the subject of Paper II. An
example of rf signals measured during a breakdown in the accelerator
structure is shown in Fig. 3.4. Paper II.

Figure 3.4: Measurements of rf power in case of breakdown in the acceler-
ator structure. The power fed to the structure (green signal) is measured in
the input coupler and then again in the output coupler (blue signal) where it
arrives with a delay of about 65 ns, which is the filling time of the structure. A
breakdown occurring during the rf pulse causes a fraction of the power to be re-
flected (red signal) backwards, towards the input coupler, where it is measured.
Accordingly, the transmitted power drops abruptly to zero.

3.3.1 Two-beam acceleration
The demonstration of the feasibility of a Two-beam Acceleration scheme
for CLIC is the main reason for the construction of the Two-beam Test
Stand. There, the two-beam acceleration was successfully tested for the
first time on 5 August 2010. The effect of the acceleration is visible in
Fig. 3.5, which shows a measurement of the beam energy at the end of
the spectrometer line taken while the rf phase in the accelerator struc-
ture was changed. To obtain the maximum acceleration the arrival time
of the probe beam bunches in the accelerator structure must be syn-
chronised with the maximum of the 12GHz accelerating field. That is
achieved by slowly varying the probe beam 3GHz phase until the maxi-
mum acceleration is measured.

Most of the work collected in this thesis focuses on the study of the
effects of rf breakdown on the probe beam, an example of which is shown
in Fig. 3.6. The two spots visible there belong to the same beam pulse,
and are caused by transfer of transverse momentum to the beam during
an rf breakdown. Hence the beam trajectory of the later part of the
bunch-train is shifted, or kicked, in the transverse plane and it results in
two distinct beam spots. A thorough discussion of that observation can
be found in Chapter 6 and is published in Paper I.
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Figure 3.5: Probe beam energy measurements taken while changing the ar-
rival phase of the probe beam bunches in the accelerator structure.

(a) (b)
Figure 3.6: Effects of breakdown on the beam. Beam profile measurement
showing a double beam spot in presence of rf breakdown in the accelerator
structure.

Before getting to the heart of the discussion of the effects of rf break-
down on the beam, it is worth presenting the broad field of vacuum
discharges, of which rf breakdowns in accelerator structures are a partic-
ular case. Experimental observations and theoretical models on which
our current understanding of such phenomena is based, are discussed in
the next chapter.
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4. Vacuum discharges

Vacuum discharges, also called arcing, or breakdown, represent the main
limitation to the reliable operation of high-gradient accelerator struc-
tures. Vacuum discharges are well known for about one century, and
they have their physical basis in electron field emission, which was theo-
retically explained by quantum tunnelling of electrons in the late 1920s
by Fowler and Nordheim. Since the 1980s vacuum discharges have be-
come one of the main R&D topics in the field of particle accelerators
because of the design of high-energy colliders based on room temper-
ature acceleration technology, where the electromagnetic fields are so
high that they can initiate field emission which randomly turns into an
avalanche process called rf breakdown.

This chapter goes through the experimental observations carried out
over more than one century on which the current understanding of break-
down physics is based.

4.1 Historical theoretical background
The first scientific investigations on breakdown or arcing phenomena in
regions of very high electric field date back to 1897 when it was observed
that even prior to breakdown a vacuum gap had a finite conductivity
due to a so-called pre-breakdown current, the magnitude of which was
proportional to the gap voltage. It was not until 1920 that such current
was identified as an electron current originating from a cold emission
process [41].

It was subsequently obvious to look for an interpretation of such phe-
nomenon in terms of the theory of field emission from a metal surface
proposed by Fowler and Nordheim in 1928 and based on the quantum
tunnelling of electrons [42]. That was not sufficient, however, to predict
the magnitude of the currents experimentally observed, since it would
have required field strengths of the order of GV/m on the basis of the
Fowler-Nordheim theory. Therefore, the concept of field enhancement
was proposed to explain how such field strength could be reached. That
was based on the idea that microprotrusions on the surface of an elec-
trode cause locally enhancement of the applied electric field thus in-
creasing the probability of electron emission by tunnelling effect. The
magnitude of the field emission current is dependent on the shape of the
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emitter through a so-called field enhancement factor and on the mini-
mum energy needed to extract one electron from the electrode surface
through the work function [43, Chapter 18].

Several experiments were conducted to investigate the dependence
of the breakdown voltage on macroscopic parameters of the gap, like
the electrode material, production and cleaning procedure and the gap
width. It was observed, for instance, that a 0.5mm gap can sustain
20 kV whereas a 100mm gap does not sustain more than 1MV as op-
posed to the multi-megavolt regime that would be expected. Another
important result was the observation that electrode material was trans-
ported across the gap and irrespective from which electrode, suggesting
that some other processes common to both electrodes and other than
the field emission were involved.

In the mid of the 1960s it was recognised that the electrons extracted
through field emission from microprotrusions on the cathode surface can
bombard the anode surface and create hot-spots where, in case they have
enough power, the electrode is locally vaporised releasing enough mate-
rial to trigger a breakdown in the gap. This mechanism is called anode-
initiated, as opposed to the cathode-initiated one in which the micro-
protrusions themselves become unstable and start emitting the material
that triggers the breakdown. The dependence of these two mechanisms
on the microprotrusion geometry was also understood: a sharp geometry
leads to a cathode-initiated breakdown whereas a more blunt geometry
leads to an anode-initiated one.

It is worth noting that other processes have to be taken into account
to describe the dynamic of breakdowns in a vacuum gap. For exam-
ple, impurities and contaminants, as well as microscopic damages on the
electrode surfaces, are sources of microprotusions. Moreover, intrusive
material and gas desorption from the surfaces of the gap can degrade the
vacuum and increase the probability of breakdown. For these reasons,
the entire manufacturing process, the electrode surface preparation pro-
cedure and its operational history turn out to be crucial issues for reliable
operation of a high-voltage vacuum gap.

To summarise, the breakdown process consists of three main phases [44],
as sketched in Fig. 4.1. First, a so-called onset phase when the field emis-
sion current flowing through microprotrusions causes ohmic heating such
that evaporation of neutrals into vacuum starts and is immediately fol-
lowed by their ionisation caused by the same field emission current. This
phase lasts for about 1 ns and is followed by a so-called burning phase
which consists of the formation of a plasma sheath above the field emit-
ter. As a result the local field is further enhanced up to 10GV/m which
leads to the melting of the emitter tip and sputtering of ions and neutrals
from the surface into the plasma. Finally, the sputtering process creates
new emitters which, in turn, start feeding the plasma and new craters
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form on the surface. This phase is called cratering and it continues as
long as there is power available to feed the field emission. Afterwards,
the plasma is expected to disappear by expansion or recombination.

Figure 4.1: Phases of a breakdown. From the left, the onset starts with field
emission from a microprotrusion which heats the emitter with consequence
evaporation of neutrals and their immediate ionisation. In the middle, the
burning phase in which the plasma growth into a plasma sheath and the field
on the emitter is further enhanced. The last phase on the right is the cratering
phase and is characterised by sputtering on the surface which produces craters
and protrusions that can turn into new field emitters. This phase goes on until
the field emission is not sustained anymore by external power flow and the
plasma disappears.

During the last decades, many experimental techniques have been
used to investigate microscopic and macroscopic aspects of vacuum arcs.
Among them, test of different electrodes under static or rf fields and
imaging of electrode surfaces in scanning electron microscopes before
and after high-gradient testing. An example is given in Fig. 4.2.

(a) (b)

Figure 4.2: Damages caused by breakdowns in a CLIC prototype accelerator,
observed in a scanning electron microscope. (a) The dashed area on the iris of
one of the disks of the structure is further magnified in (b) to show a crater
cased by a breakdown. Images courtesy of Markus Aicheler, CERN.
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The analyses of data from high-gradient testing of accelerator struc-
tures show a strong correlation between the accelerating field gradient
E, the rf pulse length τp and the breakdown rate BDR [45]:

BDR ∝ E30τ5p (4.1)

This scaling law has been largely used as guidance in the rf design of
accelerator structures. Nevertheless, recently new criteria has been sug-
gested which are based on the concept of power flow in the structure and
local pulsed heating of a breakdown site [46].

The design efforts of a high-gradient X-band accelerating structure for
CLIC led to two main results. The first is a strongly tapered structure
design to restart the high-power testing program after the CLIC base
frequency was changed from 30GHz to 12GHz in 2007. The second is
a refined design of such structure with reduced tapering and improved
rf-to-beam efficiency. Both structures have been produced first without
and then with damping waveguides for damping of wakefields.

After this digression on the microscopic dynamics of vacuum dis-
charges, our focus shifts to what are the macroscopic effects of rf break-
downs in accelerator structures. To begin with, in the next chapter we
discuss rf-based measurements of breakdown during the high-gradient
test of a CLIC prototype structure.

38



5. Diagnostics of rf breakdown

The study and understanding of the breakdown mechanism has histor-
ically been based on “macroscopic” observations, e.g. measurements of
voltages, fields and currents arising during a breakdown. Only recently
the microscopic observation of the breakdown site in an electron micro-
scope set-up, where breakdown can be induced and observed, has become
possible [47]. That is, however, limited to the use of static electric fields.
Numerical simulations support and integrate such observations also in
the case of rf fields but computational limits in terms of time and re-
sources are still an issue.

With the only exception of the Two-beam Test Stand, where the per-
formance of high-gradient accelerator structures can be investigated in
the presence of an electron beam actually accelerated in the structure
under study, high-gradient structures are usually not tested in real ac-
celerator but rather in dedicated rf test stands. There, they are fed with
rf produced by conventional sources and power levels and in some cases
also currents, light and vacuum levels are measured. This is, for in-
stance, the case at the Accelerator Structure Test Stand at SLAC where
an extensive program of high-gradient accelerator structure testing was
carried out for over a decade until 2012. It is with the high power test of
an X-band CLIC prototype accelerator structure conducted there, and
with the analysis of the data collected during such test, that this chapter
is concerned. That is also the subject of Paper II, which is only briefly
summarised in what follows, and is completed here with a detailed ex-
planation of the analysis methodology.

5.1 Test of a structure assembled in a resonant ring
The diagnostics of rf breakdown discussed hereafter is based on the data
collected from the high-gradient test of a travelling wave accelerator
structure assembled in a two-arm resonant ring, which is a waveguide
loop meant to build up power by constructive interference of a circu-
lating rf field. A sketch of the set-up is shown in Fig. 5.1. A 50MW
klystron, on the right of Fig. 5.1, produces the rf power which is equally
split to simultaneously feed the two arms of the ring through hybrid
couplers. Each arm is equipped with directional couplers installed at the
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Figure 5.1: Travelling wave accelerator structure under test in a dual-arm
resonant ring. the rf produced by a conventional source on the right of the
Figure, is equally split to simultaneously feed the two arms of the ring through
hybrid couplers. Each arm is equipped with directional couplers installed at
the input and output ports of the structure for rf measurements. Additionally,
two current detectors are installed at the two ends of the structure, facing the
aperture, for dark current and breakdown current measurements.

input and output ports of the structure for rf measurements. Addition-
ally, two current detectors are installed at the two ends of the structure,
facing the aperture, for dark current and breakdown current measure-
ments.

The rf picked up by the directional couplers is mixed with a local
oscillator and shifted to an intermediate frequency of about 222MHz,
and it is finally sampled at a frequency of 2GHz. The fast oscillating
field at the sum frequency is discarded with an analog low-pass filter
before the digitisation. Further treatment of rf signals is carried out
off-line, as described in the next section.

5.2 Estimation of breakdown location
Most of the numerical treatment of rf signals discussed hereafter, was
developed to estimate the location of breakdowns in the structure under
test from measurements of rf power and phase. For this purpose, it is
convenient to use a complex representation of the measured signals.

Any real signal can be written as

x(t) = A(t) sin (ωt+ φ(t)) (5.1)

which can be represented with a complex signal xa(t) whose real part
x(t) is the original real signal and whose imaginary part x̂(t) is the same
real signal shifted by a quarter cycle or π

2 . Such complex signal is called
analytic signal and is

xa(t) = x(t) + ix̂(t) (5.2)

A real signal can be shifted by a quarter cycle by means of the Hilbert
transform [48, see chap. 6], which has the advantage of shifting all the
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frequency components by the same mount. If we call H the Hilbert
transform operator, the analytic signal in Eq. 5.2 can be written

xa(t) = x(t) + iH [x(t)]

= A(t)
[
sin (ωt+ φ(t)) + i sin

(
ωt+ φ(t) +

π

2

)]
= A(t) [sin (ωt+ φ(t)) + i cos (ωt+ φ(t))]

= A(t)i [cos (ωt+ φ(t))− i sin (ωt+ φ(t))]

= A(t)e−i(ωt+φ) (5.3)

In this representation, the amplitude and the phase of the real signal are
given by the modulus and the argument of the analytic signal, respec-
tively, as follows:

A(t) = |xa(t)| (5.4)

ωt+ φ = arg [xa(t)] (5.5)

When the rf is reflected during a breakdown it arrives at the input
coupler with a phase different from that of the recirculating, or forward,
field measured at the same coupler. That difference “contains” the mem-
ory of the breakdown location, given that the phase advance per cell in
the structure is known. This way the location of the breakdown can the-
oretically be estimated with the resolution of one cell. Nevertheless, such
estimation is not unique because of the ambiguity given by the fact that
the phase is periodic every three cells, for this particular design. That
can be fixed by adding to the picture the information on the arrival time
of the reflected signal, whose delay after the reflection is of the order of
several nanosecond because of the low group velocity in the structure,
and it is therefore measurable.

The phase difference between forward and reflected signals is based
on their complex representations

Ef (t) = Ef exp [i (ωt+ ψf )] (5.6)

Er(t) = Er exp [i (ωt+ ψr)] (5.7)

Both the forward field Ef (t) and the reflected field Er(t) are numerically
mixed with an oscillating signal of angular frequency ω+Δω (Δω � ω)
and phase θ to obtain the slow-varying signals

Ẽf (t) = Efe
−i[Δωt−(ψf−θ)] (5.8)

Ẽr(t) = Ere
−i[Δωt−(ψr−θ)] (5.9)
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where the fast oscillating mixing product at the sum frequency is removed
by passing the mixing product through a single pole infinite impulse
response filter with a cut-off frequency of 500 MHz. The instantaneous
phases of the slow signals are

χ(t) = arg
[
Ẽf (t)

]
= Δωt− (ψf − θ) (5.10)

ξ(t) = arg
[
Ẽr(t)

]
= Δωt− (ψr − θ) (5.11)

Hence the phase difference δ between forward and reflected field is

δ = χ(t)− ξ(t) = ψf − ψr (5.12)

Such phase difference calculated for a set of 107 breakdowns is shown
in Fig. 5.2, where the three distinct populations which are about 120◦

apart suggest that the rf reflection plane is uniquely localised in one cell
of the 2π

3 structure. Moreover, because the electric fields assume their
extreme values on the irises of each cell, there is higher the probability
that a breakdown is triggered.

Figure 5.2: Phase difference between forward and reflected field in break-
downs. The three distinct populations separated by about 120◦ suggest that
the rf reflection plane is uniquely localised in one cell of the 2π

3 structure.

As anticipated, the phase information is not sufficient to localise uniquely
the breakdown location, or more precisely the rf reflection plane, because
of the periodicity of the result. That can be solved on the basis of the
analysis of the power measurements. The filling time of the 18-cell struc-
ture is, in fact, 38 ns, which corresponds roughly to a filling time of 2 ns
per cell. That causes a measurable delay between the power signals,
which we use to estimate the breakdown location. To explain how, we
refer to an example of rf signals measured in a breakdown event and
shown in Fig. 5.3. There, it can be noted that the forward signal, i.e. the
recirculating field, drops after the fast rise of the reflected signal. The
time at which that happens is, however, simultaneous to the rise of the

42



Figure 5.3: Example of rf signals measured during a breakdown. The input
power (blue signal) is measured before being equally split into the two arms of
the resonant ring. The recirculating field (orange signal) and the reflected field
(green signal) are measured in one of the two arms. When a breakdown occurs
after about 470 ns part of the power is reflected towards the input port of the
structure and the forward signal, i.e. the recirculating field, drops to zero.

reflected signal, and the delay is due to the travel time of the field in the
ring. Given the group velocity of the field in the ring, is therefore possi-
ble to reconstruct the location of the breakdown from the comparison of
rising and falling edges of the power measurements. That is explained in
detailed in Paper II. Here we only point out that the application of this
methodology to the complete data set of breakdown events, resulted in
the distribution of the number of breakdowns per cell shown in Fig. 5.4.
There, it can be noted that the increasing number of breakdowns to-
wards the output port of the accelerator structure is compatible with its
tapered design.

Figure 5.4: Distribution of breakdowns along the structure is peaked towards
the structure output port, in agreement with the tapered design of the struc-
ture.

The complex representation of the field is also handy because phase
shift and attenuation in the resonant ring can be conveniently represented
by the real and imaginary part of a complex number, respectively. In
this way the recirculation of the rf can be described at any time in
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terms of a linear combination of input and forward fields and in terms of
complex parameters that express the attenuation and phase advance in
the loop. Because the rf pulse is about 200 ns long and it is sampled with
a frequency of 2GHz, we have a linear system of about 400 equations
which can be solved in the least square sense in order to estimate the
complex parameters that describe attenuation and phase advance in the
ring. Such least square procedure is discussed, for instance, in Ref. [49,
chap. 15.4] for real data and it is applied in this context to a set of
complex data as discussed in Paper II.

5.3 Estimation of breakdown plasma density
The same complex representation used for the estimation of the charac-
teristics of the resonant ring in case of no breakdown is used to describe
the field recirculation when a breakdown occurs. That takes into account
the reflected field and the power absorbed in the breakdown process or
missing energy. The field reflection from a breakdown can be thought
of as the reflection in case of the presence of a mismatched load in the
structure, with the peculiarity that the load is represented in this context
by the plasma that builds up during the discharge.

With that in mind we assumed a simple plasma model, quasi-neutral,
non-collisional and magnetised, for which the permittivity has a simple
analytical form which depends on the electron density. The reflection
coefficient associated to such permittivity can also be calculated and
thence the electron density estimated for any breakdown event, which
we find to be about 1016 electrons per cubic centimetre.

For a more complete derivation of this result, the reader should refer
to Paper II.

So far, we have discussed rf measurements of breakdowns in a CLIC
prototype accelerator structure. In the next chapter, we shifts our focus
on the impact that breakdowns have on the accelerated beam, on the
basis of experimental observations carried out at the CTF3 Two-beam
Test Stand.
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6. Effects of rf breakdown on the beam

The study of the effects that rf breakdowns have on the beam is an
important aspect in the development of future high energy linear collid-
ers as CLIC, because of the impact that such effects can have on the
collider luminosity. Simulations and measurements of rf breakdowns in
X-band accelerator structures have shown that both the transverse and
the longitudinal beam momentum can be affected [50]. Moreover, it has
been suggested that in high-gradient accelerator structures simply dark
currents can kick the beam in the transverse plane even if no breakdown
occurs [51]. In the past, an attempt to measure such effects was made
at SLAC where transfer of transverse momentum to the beam in case
of rf breakdowns, so-called breakdown kick, was observed and its mag-
nitude experimentally measured and found to be of the order of 10 to
30 keV/c [50, 52].

The continuation of the studies of effects of rf breakdowns in CLIC
structures was identified as one of the main scientific goals of the CTF3
Two-beam Test Stand. For this purpose, the Two-beam Test Stand is
equipped with diagnostics to measure beam position, beam energy and
beam profile before and after the acceleration section. Transverse kicks
to the beam trajectory can be detected through beam position measure-
ments or through measurements of the beam profile. Energy variations
can be determined by measuring the beam position or the beam profile
in the spectrometer line.

6.1 Beam trajectory
The expected angular deviation to the 180MeV probe beam for trans-
verse kicks of 10 to 30 keV/c is 56 to 160 μrad. On the basis of these
expectations, the probe beam line in TBTS is equipped with five BPMs
installed before and after the accelerator structure, in order to detect
transverse kicks to the beam trajectory, as described in Ref. [53]. A res-
olution of 10 μm on the measurement of the beam position along a single
bunch-train is required to resolve transverse kick angles of 10 μrad. The
same resolution allows to resolve beam energy variation in the spectrom-
eter line of the order of 10−5.

As a preliminary step, the calibration and resolution of the BPMs were
thoroughly investigated, and are documented in Paper V. The resolution
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of one BPM is defined as the standard deviation of the distribution of
the residuals given by comparing the beam position measured at that
BPM with the beam position expected at the same BPM and estimated
through the measurements of any other two BPMs in the beam line. An
example of beam current and position measured with one of the BPMs
is shown in Fig. 6.1. It is worth stressing that in this context we are not

(a) (b)
Figure 6.1: Example of measurement of (a) beam current and (b) beam
position with an inductive Beam Position Monitor in the probe beam line of
the Two-beam Test Stand.

interested in the average position of the bunch-train at one BPM which
is currently referred to as beam orbit, but rather in the time-resolved
measurement of the position of a bunch-train at one BPM. An example
of the result of the resolution measurement is shown in Fig. 6.2, where
on the right we show the distribution of the residuals obtained averaging
the beam position measurement in Fig. 6.1b over the whole bunch-train,
whereas on the left we show the distribution of the residuals obtained
from the same measurements of beam position time-resolved along the
bunch-train. In the former case, the resolution is 20 μm whereas in the
latter case it is limited to 110 μm. The reason for that has to do with
the design of the BPMs, which was optimised for the multi-ampere drive
beam [37]. In the probe beam line, where the beam current is about
hundred times lower, it was not possible to achieve the desired spatial
resolution, due to the much smaller signal-to-noise ratio.

In 2012 two cavity BPMs were installed in TBTS. They were originally
designed as prototype monitors for TeV colliders within the EUROTeV
project [54]. They have subsequently been optimised for the CALIFES
linac and finally installed in the TBTS to provide better resolution with
respect to the inductive BPMs. Unfortunately, only two such BPMs were
available and it was decided to install them after the acceleration section,
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(a) resolution along single bunch-
trains

(b) resolution of average bunch-train
position

Figure 6.2: Example of distribution of residuals between expected and calcu-
lated position of the beam at one BPM in the probe beam line of the Two-beam
Test Stand. The wider distribution on the left (a) is based on the position of
the beam along single bunch-trains whereas the narrower distribution (b) is
based on beam positions averaged over the whole bunch-train.

before the imaging screen. In such configuration, it was only possible to
detect variation of the beam trajectory along the same bunch-train.

6.2 Beam profile
The first successful attempt to measure the effects on the beam of rf
breakdowns in the CLIC prototype accelerator structure installed in the
Two-beam Test Stand, was based on measurements of the transverse
beam profile on a scintillating screen before the spectrometer line, about
4.8m downstream of the accelerator structure. That screen was chosen
instead of the one in the spectrometer line because the beam trajectory
could be made ballistic up to that point by turning the quadrupoles off,
in order to facilitate the interpretation of the measurements.

Double beam spots were occasionally observed in case of breakdowns,
which we explained as resulting from a change of the beam trajectory
during the pulse: part of the pulse is kicked in the transverse plane,
travels on a different orbit and hits the screen at a different point. An
example of beam profile is shown in Fig. 3.6a, where the double spot is
caused by a transverse kick to the beam in the vertical plane. Similar
beam profiles caused by transverse kicks in the horizontal plane where
also measured. From the measurement of the beam profile, the angular
magnitude of the transverse kick to the beam can be easily estimated.
Because the beam trajectory was ballistic between the accelerator struc-
ture and the screen, given the distance d between the centroids of the
two measured spots, the kick angle is θ � d/L, where L is the distance
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between the accelerator structure, for instance its centre, and the screen.
The distance d was calculated by fitting the sum of two two-dimensional
Gaussian functions to the data. The assumption that the beam is kicked
at the centre of the 23 cm long accelerator structure is arbitrary, but
it does not affect the order of magnitude of the estimated kick angle.
Nevertheless, it introduces a systematic error of about 0.024mrad. That
can be reduced by about ten times, by taking into account the break-
down location estimated from the rf measurements, as discussed in the
previous chapter.

Finally, it is worth mentioning that to verify that additional spots
on the beam profile were not caused by breakdown current hitting the
screen, the measurement was repeated without the beam and that always
led to a less bright, wider, and blurred image as shown in Fig. 6.3b.

(a) (b)
Figure 6.3: (a) An example of beam profile measured during normal oper-
ation. (b) An image of breakdown current, i.e. electron current ejected from
the accelerator structure during a breakdown when no beam is present. In this
image, the gain is increased with respect to the image on the left.

6.3 Beam energy
From the measurements of beam profiles and trajectories after the ac-
celeration section in the Two-beam Test Stand, two main effects have
been identified which are related to the energy gained by the accelerated
beam. The first effect has nothing to do with rf breakdowns and we
refer to it as acceleration kick. It concerns misalignment between the
beam trajectory and the axis of the accelerator structure. A second ef-
fect that we call lack of acceleration, concerns the case in which due to
an rf breakdown the beam gets accelerated less than nominally.

48



6.3.1 Acceleration kicks
In case of a misalignment between the beam trajectory and the axis
of the accelerator structure, the beam is accelerated also transversely,
which translates into a transverse displacement of the beam trajectory
downstream of the accelerator structure. We call this effect accelera-
tion kick. This effect was observed comparing the accelerated and the
non-accelerated beam trajectories measured with one cavity BPM, an
example of which is shown in Fig. 6.4, where the two trajectories are
shifted by 0.26mm. It is worth noting that the overshoot visible at the
beginning of the signal is due to the readout electronics and that it is
not related to the beam position.

Figure 6.4: Example of beam trajectories measured at one BPM downstream
of the accelerator structure, in case the beam is accelerated or not. The dif-
ference between the two measurements, which we call acceleration kick, is ex-
plained in terms of a misalignment between the beam orbit and the axis of the
accelerator structure.

A typical probe beam bunch-train consists of 150 relativistic bunches.
The time of flight of each one of them in the accelerator structure is about
0.8ns, whereas the time of flight of the whole bunch-train is about 120 ns.
Because the filling time of the 24-cell structure is 65 ns, almost 3 ns per
cell, we assume that the available power does not change while a bunch
travels through the structure, but variations are not negligible between
two subsequent bunches. In other words, we assume that each bunch
sees a static field E which is given by the square root of the power P (t)
in the structure at the time t at which the bunch enters it. The total
energy gained by each bunch is therefore

E(t) =

Ncell∑
j=0

Ej(t) =
Ncell∑
j=0

[P (t)j ]
1/2 (6.1)

If we neglect the beam loading in the accelerator structure, which is small
for the probe beam, and in case no breakdown occurs, the whole bunch-
train is accelerated with a constant gradient, as depicted in Fig. 6.5a.
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If the beam trajectory has an angle with respect to the axis of the
accelerator structure, part of the energy available accelerates the beam
on the transverse plane. In that case, Eq. 6.1 can be rewritten in its
longitudinal and transverse components, as follows:

E‖(t) =
Ncell∑
j=0

Ej(t) cos(θ) = E(t) cos(θ) (6.2)

E⊥(t) =
Ncell∑
j=0

Ej(t) cos(θ) = E(t) sin(θ) (6.3)

The angle θ can be estimated from the measurement of the displacement
d of the trajectory of the accelerated beam with respect to the trajectory
of the non-accelerated one. Similarly to the case of a breakdown kick,
the misalignment angle is θ � d/L, where L is the distance between the
BPM and the centre of the accelerator structure. We found that such
angle is 0.57mrad, which is consistent with the mechanical accuracy of
the alignment of the structure in the beam line. It is worth noting that
even if the beam could be steered to an orbit that was stable irrespective
of whether the beam was accelerated or not, we chose to maintain the
shift between accelerated and non-accelerated positions. That permits
an indirect measurement of beam energy variations along a single bunch-
train.

6.3.2 Effect of rf breakdowns on the beam energy
As discussed in Chapter 5, when a breakdown occurs the accelerator
structure is effectively “shorted” and the power fed to it is partially re-
flected backwards, partially transmitted to the structure output port and
partially dissipated in the discharge process. As a consequence, the en-
ergy available to accelerate the beam is less than the nominal, i.e. the
beam is accelerated in a gradient lower than 100MeV/m.

Here we discuss our understanding of such effect on the basis of exper-
imental observations. In our analysis, we assume that the reflected field
does not interfere with the forward field and we neglect the attenuation
of the rf due to ohmic losses along the structure.

In case of a breakdown, Eq. 6.2 and Eq. 6.3 are still valid, but the field
in the structure changes and the acceleration kick differs from bunch to
bunch. In order to explain that, we first consider the case in which the
forward power is completely reflected from the breakdown. We assume
that the structure is already filled, i.e. provides the nominal accelerating
gradient, and that a breakdown occurs at the longitudinal coordinate
zBD. From that moment on, nothing changes upstream of the breakdown
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where the accelerating gradient remains constant as long as the structure
is fed, whereas downstream of the breakdown the structure empties at a
rate given by the group velocity of the field in the structure.

In such case Eq. 6.1 still holds and the field Ej(t) is a piecewise function
defined as

Ej(t) =

⎧⎪⎨
⎪⎩
max Ej(t) when z < zBD

max Ej(t) when z > zBD + d1

0 when zBD < z < zBD + d1

(6.4)

where d1 is the distance travelled by the field in the structure from the
coordinate zBD in the time t, being the time t = 0 set at the moment
at which the breakdown occurs. Any bunch entering the structure after
the breakdown will therefore not get the maximum acceleration and so
will any subsequent bunches which will be less and less accelerated.

A few illustrative examples are sketched in Fig. 6.5. The case in which
a breakdown occurs in the last cell of the structure is sketched in Fig. 6.5b
and it is the only case in which the beam energy is not affected because
each bunch sees a completely filled structure.

A completely opposite case is the one in which a breakdown occurs
in the first cell of the structure, sketched in Fig. 6.5c. All the bunches
entering the structure after the breakdown has occurred will see the
structure only partially filled and will gain less and less energy until the
structure is completely empty. Eventually, the tail of the bunch-train
will not be accelerated at all. This scenario can be compared to the
measurement of the beam trajectory in Fig. 6.6a. The position of the
first part of the bunch-train - from 180 ns to 250 ns - is the same as the
position of an accelerated bunch-train when no breakdown happens in
the accelerator structure, i.e. the beam is fully accelerated. Afterwards
the position shifts in about 10 ns vertically downwards by about 0.75mm.
It oscillates for the remaining length of the bunch-train but it never shifts
back to its initial position. If we disregard the first 20 ns of such signals,
we can identify two main trajectories: the first one corresponding to the
fully accelerated beam and the second one corresponding to the beam
affected by the breakdown.

Finally, the case in which a breakdown occurs in the middle of the
structure is sketched in Fig. 6.5d. In that case the whole bunch-train will
be accelerated by a minimum which corresponds to half of the maximum
acceleration because only the second half of the structure empties.

So far we have implicitly assumed that the breakdown and therefore
the reflection of power goes on indefinitely or longer than the time of
flight of the whole bunch-train in the structure. We now consider that a
breakdown has a finite duration Δt. Once it has ended, the power starts
flowing again in the structure through the breakdown location zBD. At
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(a) In case of no breakdown, every bunch in the bunch-train is fully accelerated.

(b) If a breakdown occurs at the end of the structure we observe that rf is
reflected backwards but the whole structure still provides full acceleration to
each bunch.

(c) If a breakdown occurs at the beginning of the structure the whole structure
starts emptying because most of the power is reflected backwards. The bunches
entering the structure after the breakdown are not fully accelerated.

(d) If a breakdown occurs in the middle of the structure part of it starts empty-
ing because most of the power is reflected backwards. The bunches entering the
structure after the breakdown are not fully accelerated. If the breakdown lasts
less than the time of flight in the structure of the remainder of the bunch-train,
the structure starts filling again and from that moment onward the bunches
gain more and more energy.

Figure 6.5: Sketches of how a bunch-train is accelerated in case of (a) no
breakdown, in case a breakdown occurs at (b) the end or (c) the beginning of
the structure, and (d) in case a breakdown occurs in any intermediate cell of
the structure and lasts for a limited amount of time. The sketches on the left
refer to what happens before the breakdown, whereas the sketches on the right
refer to what happens after the occurrence of a breakdown.
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(a) (b)
Figure 6.6: Example of vertical beam trajectories measured at one BPM
downstream of the accelerator structure.

any time t > Δt the field in the structure is

Ej(t) =

⎧⎪⎨
⎪⎩
max Ej(t) when z < zBD + d2

max Ej(t) when z > zBD + d1

0 when zBD + d2 < z < zBD + d1

(6.5)

where d2 is the distance travelled by the field in the structure from the
coordinate zBD in the time t − Δt. This scenario can be compared to
the measurements in Fig. 6.6b, where the beam trajectory has a dip
in correspondence of a breakdown which lasts for about 20 ns. In this
case, during the breakdown the beam is pushed away from the trajectory
of the non-accelerated beam, suggesting that little or no contribution
comes from lack of accelerating gradient after the breakdown location or
that the breakdown happened towards the output port of the accelerator
structure. The estimation of the breakdown location based on rf mea-
surements for this event supports indeed the latter hypothesis, i.e. that
the breakdown happened in the last cell of the accelerator structure.

To test the explanation that we offered to describe a breakdown in the
accelerator structure and its effect on the beam trajectory and energy,
we try to predict how the beam profile in presence of a breakdown looks
on the imaging screen. According to what discussed above, we expect it
to be a mixture of both the non-accelerated and the accelerated beam
profiles. The contribution of each one of them is calculated along the
bunch-train, according to how close the beam trajectory corresponding
to the breakdown is to the accelerated or the non-accelerated ones. The
result obtained is shown in Fig. 6.7a for one breakdown event and can
be compared with the real measurement shown in Fig. 6.7b.

We want to stress that the displacement of the beam position in case of
an rf breakdown can be due to two different effects, the lack of power in
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(a) (b)
Figure 6.7: Predicted (left) and measured (right) breakdown beam spot.

the structure due to its reflection and the direct effect of the breakdown
on the beam. When both affect the beam position in the same direction
the two effects cannot be disentangled, unless the beam energy is also
measured. That was not possible in our experiment because the beam
position monitor in the spectrometer line was obscured by the screen
used in our measurements.

6.3.3 Beam profile shape and orientation
An example of acceleration kick is shown by the measurement of the
beam profile in Fig. 6.8a. There, it can be observed that the beam
centroid is displaced vertically downward when the beam is accelerated.
Moreover, it can also be observed that its shape and orientation are differ-
ent from the ones of the non-accelerated beam profile shown in Fig. 6.8b.
The beam profile corresponding to the non-accelerated bunch-train is el-
liptical and tilted, which indicates coupling between the horizontal and
the vertical plane. This coupling is caused by the solenoids surrounding
the CALIFES accelerator structures to provide transverse focusing when
the beam is generated and accelerated before being sent to the Two-beam
Test Stand. Since no solenoidal field or skew quadrupole is present in the
Two-beam Test Stand, we attribute the change in size and orientation of
the accelerated bunch-train profile to the field in the accelerator struc-
ture. If we consider that the beam size is almost doubled with respect
to the non-accelerated one, such change can be accounted for by a defo-
cusing quadrupole with a focal length of about 5m. This effect can be
explained if we consider that a quadrupolar component of the fundamen-
tal accelerating mode is present in both the input and output couplers
of the accelerator structure due to the symmetry broken by the presence
of two feeding waveguides. Moreover, the presence of wakefield-damping
waveguides which breaks the symmetry of all regular cells in the struc-
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(a) (b)
Figure 6.8: Images of the beam profile when the beam is accelerated (left)
and when it is not accelerated (right).

ture, introduces an octupolar component of the fundamental mode. The
integrated strength of such additional multipolar modes were calculated
for a CLIC baseline accelerator structure [55] and resulted in 17× 10−3 T
integrated throughout the input and output couplers and 8× 105 T m−2

integrated throughout all regular cells of the accelerator structure. For
a beam energy of 180MeV the quadrupolar field component contributes
with a focal length of about 30m, which is not enough to explain our
observation. On the other hand, the slope of octupolar field component
in the regular cells at a beam offset of 200 μm in the structure produces
a quadrupolar effect with a focal length of about 5m. Thus, the effect of
the octupolar mode in the regular cells of the accelerator structure can
account for the observed focusing effect.

6.4 Statistics
The analysis described was applied to a data set of 246 breakdowns
collected during about 12 hours.operation during the summer 2012, ded-
icated to the optimisation and stabilisation of the experimental condi-
tions. The histogram in Fig. 6.9 shows the distribution of the total
angular magnitude of transverse kicks to the beam, whose average mag-
nitude is 0.16± 0.08 mrad or 29± 14 keV/c. As discussed, this estima-
tion is biased by the effect of the transverse beam acceleration due to
the misalignment of the accelerator structure and the beam trajectory.
Nevertheless, from the analysis of only the non-breakdown events we de-
duce that the maximum magnitude of such acceleration kick is about
one third of the average magnitude of the kick distribution presented in
Fig. 6.9. In other words, the distribution in Fig. 6.9 represents mainly
the effect of breakdown kicks, because the contribution of acceleration
kicks is smaller than 30%.

55



Figure 6.9: Distribution of the magnitude of breakdown kicks to the beam
trajectory.

Finally, we found that there is no correlation between the kick angle
and the location of the breakdown in the accelerator structure, as shown
in Fig. 6.10a. Moreover, as shown in Fig. 6.10b, we found that there is
also no correlation between the kick angle and the energy dissipated in
the breakdown, which is calculated as the difference between the energy
fed to the structure and the energy transmitted to the structure output
plus the energy reflected to the structure input, taking into account the
attenuation due due to ohmic losses.

(a) (b)
Figure 6.10: Correlation between kick angles and (a) the breakdown location
in the accelerator structure, or (b) the energy dissipated in the breakdown.

In this chapter, we have shown and discussed measurements of the
effects of rf breakdowns on the beam in the CLIC prototype accelerator
structure tested at the Two-beam Test Stand. In the next chapter, we
discuss the impact of our findings on the CLIC main beam and discuss
the implications that they have on the CLIC performance.
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7. Effects of rf breakdown on CLIC luminosity

In the previous chapter we discussed the effects of an rf breakdown in
a CLIC prototype accelerator structure on the beam. First, we found
that transverse momentum can be transferred to the beam. Second, we
found that the beam energy can also be affected. Finally, we observed a
focusing effect on the beam in case of beam-structure misalignment. We
expect that each one of these effects will cause beam filamentation and
consequent emittance growth, which translate, if applied to the CLIC
main beam, to a degradation of luminosity.

Geometric luminosity loss in case of full beam filamentation has been
calculated in the case of transverse kicks, betratron mismatches, beam
energy loss and mismatches due to skew quadrupolar errors, which are
thoroughly discussed in Paper VI. Here we summarise the results in case
the effects of rf breakdown measured at the TBTS are assumed and
applied to the CLIC main beam.

7.1 Transverse kicks
We found that the magnitude of transverse momentum transferred to
the beam when an rf breakdown occurs in an accelerator structure has
an average value of 29 keV/c. That translates to an angular kick of about
0.16mrad for the 180MeV probe beam as measured at the TBTS. The
same transverse momentum transferred to the CLIC main beam at the
injection energy of 9GeV translates to an angular kick of 3 μrad and to
only 19 nrad in case it occurs at the main beam maximum energy of
1.5TeV. A summary of the principal nominal beam parameters at the
beginning and at the end of the main linac is given in Tab. 7.1. It is
worth comparing the magnitude of the angular kicks with the natural
beam divergence. We note that the beam divergence σ′ scales with the
inverse root of the Lorentz factor γ:

σ′ =

√
εn/γ

β̄
(7.1)

where we considered the ultra-relativistic case, β̄ is the Twiss parameter
of the beam and εn is the normalised beam emittance. On the other
hand, the kick angle θ for a transverse momentum of 29 keV/c scales
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Table 7.1: CLIC main beam parameters.

beginning of main linac
energy 9GeV
horizontal emittance (norm.) 600 nm rad
horizontal emittance 34 pm rad
horizontal beam divergence 1.80μrad
vertical emittance (norm.) 10 nm rad
vertical emittance 0.6pm rad
vertical beam divergence 0.24μrad

end of main linac
energy 1.5TeV
horizontal emittance (norm.) 660 nm rad
horizontal emittance 0.2pm rad
horizontal beam divergence 0.14μrad
vertical emittance (norm.) 20 nm rad
vertical emittance 7 fm rad
vertical beam divergence 26 nrad

with the inverse of γ, therefore the angular kick magnitude in terms
of beam divergence scales with the inverse square root of γ. At the
beginning of the linac, the ratio θ/σ′ between a breakdown kick and the
beam divergence is 1.8 in the horizontal plane and 13 in the vertical
plane. At the end of the linac, on the other hand, the same ratio is 0.14
in the horizontal plane and 0.73 in the vertical plane.

In order to calculate what is the effect of a kick on the luminosity,
we assume that the beam is Gaussian and that all particles receive a
transverse kick of magnitude θ. All of them will then start betatron os-
cillations at different angles and during their passage down the linac they
will span all the phases. That can be conveniently calculated in terms
of action angle variables (J, φ) in the normalised phase space (x̃, x̃′),
where the full beam filamentation is calculated by integrating the beam
distribution Ψf (J, φ) over the angle variable φ. That gives [56]

Ψf (J) =
1

2πε

[
−J

ε
− βθ2

2ε

]
I0

(√
2Jβθ

ε

)
(7.2)

where I0 is the Bessel function of zeroth order. Fig. 7.1 shows the pro-
jection of the fully filamented distribution in Eq. 7.2 onto one dimension
in normalised phase space, for a kick amplitude of 29 keV/c caused by
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an rf breakdown at the main linac injection energy of 9GeV and at the
final energy of 1.5TeV. There, we see that the beam distribution is basi-
cally unaffected at high energy whereas the effect of the breakdown kick
is more severe at low energy, in which case it is worse in the vertical
plane. We assume that the beam is uncoupled and that the kick affects

(a) (b)
Figure 7.1: Projection of the fully filamented distribution onto the x̃-axis in
normalised phase space, for different normalised kick amplitudes caused by an
rf breakdown (a) at the main linac injection energy of 9GeV and (b) at the
final energy of 1.5TeV.

the beam either in the horizontal or in the vertical plane. Moreover, we
assume that no strong beam-beam effect is present and thus we calculate
the luminosity loss as the overlap integral of two Gaussian distribution,
one of which is the kicked distribution in Eq. 7.2. We found that the
luminosity loss is small if the kick occurs at high energy, where it results
in a few per mille in the horizontal plane and 2.4% in the vertical plane.
It is instead more relevant if the kick occurs at low energy, where it is
30% in the horizontal plane and more 91% than in the vertical plane.

7.2 Betatron mismatch
The same reasoning applied to the case of a transverse kick can be applied
to the case of a betatron mismatch. That is the case where the Twiss
parameters of the beam are different from those of the lattice. In this
case, the beam distribution after full filamentation is [57]

Ψf (J) =
1

2πε
e−BmagJ/εI0

(
J

ε

√
B2

mag − 1

)
(7.3)

where Bmag is the so-called emittance growth factor

Bmag =
1

2

[(
β̄

β
+

β

β̄

)
+ ββ̄

(
ᾱ

β̄
− α

β

)2
]

(7.4)
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which quantifies the growth of the transverse beam emittance in terms
of the Twiss parameters of the beam, α and β, and of the lattice, ᾱ and
β̄.

A betatron mismatch can occur, for instance, in case of a quadrupolar
error like the one observed during beam acceleration in case of a mis-
alignment between the beam and the accelerator structure. In that case
we found that the focusing effect observed can be accounted for by a
quadrupolar field with a focal length of 5m. We can therefore relate
Bmag to an integrated quadrupolar field characterised by its focal length
f , which gives

Bmag = 1 +
β2

2f2
(7.5)

The beam distribution in Eq. 7.3 after full filamentation is shown in
Fig. 7.2, where the emittance growth factor Bmag is calculated for f =
5m in the case of the CLIC betatron length of 10m, and compared to
the unkicked beam distribution. In this case, the relative luminosity loss
is about 30%.

Figure 7.2: Projection of the fully filamented distribution onto the x̃-axis in
normalised phase space, characterised by different values of Bmag.

7.3 Energy loss
In case of beam energy loss, the lattice which is initially matched to the
beam, suddenly becomes too strongly focusing and the beam undergoes
filamentation. This scenario is equivalent to that of a quadrupolar error
in which case the beam suddenly passes through an unmatched lattice.

We observed that an rf breakdown causes lack of acceleration because
a fraction of the power fed to the structure is reflected and thus not
available to accelerate the beam. As discussed in the previous chap-
ter, the worst case scenario corresponds to an energy deficit of about
23MeV, which is the maximum energy gained in one accelerator struc-
ture operated at the nominal gradient of 100MV/m. That corresponds
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to a relative momentum loss δ = Δp
p0

of 2.5× 10−3 at the main beam
injection energy of 9GeV or a relative momentum loss of 1.5× 10−5 at
the main beam maximum energy of 1.5TeV.

The explicit dependence of Bmag on the relative momentum loss δ
is shown in Fig. 7.3, where the emittance growth factor is plotted for
different phase advance per cell among which the nominal value for the
CLIC main linac of 72◦. It can be noted that the increase of Bmag is
larger in the defocusing plane, as shown in Fig. 7.3b, where it is anyway
smaller than 4× 10−6. The loss in the geometric luminosity will therefore
be negligible.

(a) (b)
Figure 7.3: The effective betatron mismatch parameter Bmag versus the rel-
ative momentum loss δ resulting from energy loss before either the focusing
(left) or the defocusing (right) quadrupole. Here we compare the case FODO
lattices with 30, 60 and 90◦ phase advance per cell with the nominal value for
the CLIC main linac of 72◦.
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8. Conclusions

This study was set out to investigate the impact that vacuum discharges,
or rf breakdowns, in high-gradient accelerator structures have on the
beam. That is one of the key feasibility issues on the road map towards
the realisation of a linear collider based on CLIC technology, because
it can lead to a severe degradation of the collider luminosity. In this
thesis we reported on experimental observations of such effects through
rf-based and beam-based diagnostics, and we discussed their impact on
the CLIC performance.

The test bed for our study was the Two-beam Test Stand, an ex-
perimental area built at the CLIC Test Facility 3 at CERN to test the
feasibility of the CLIC technology. There, we demonstrated the fea-
sibility of the CLIC two-beam acceleration technique even beyond the
required accelerating gradient of 100MeV/m. On the basis of previous
experiments and simulations that identified transfer of transverse mo-
mentum to the beam as one of the effects of rf breakdowns, we based
our search on measurements of beam trajectory, beam profile and beam
energy. Moreover, we completed our observations with measurements of
rf power in the CLIC prototype accelerator structure under test.

Experimental methods based on the analysis rf-based measurements
were developed in the context of the high-power test of a CLIC prototype
accelerator structure assembled in a resonant ring at the Accelerator
Structure Test Stand at SLAC. There, we implemented a method to
uniquely determine in which cell of the structure an rf breakdown occurs,
on the basis of measurements of power and phase. Moreover, we applied
a simple plasma model to describe the rf reflection observed during a
breakdown and we estimated its density in about 1016 cm−3.

The methods developed to identify breakdown locations in an accel-
erator structure, was then used to study the effects that rf breakdown
have on the beam. We confirmed that in case of breakdowns transverse
momentum can be transferred to the beam, and we found that its mag-
nitude is 29±16 keV/c. Moreover, we found that it is not correlated
to where the breakdown occurs in the structure, nor to the energy ab-
sorbed during the breakdown process. That suggests that irrespective
of the conditions at which the structure is operated, we can always ex-
pect that transverse momentum can be transferred to the beam within
the measured limits, and that the beam trajectory is kicked by an angle
which depends only on the longitudinal beam momentum. In the context
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of the CLIC main linac, where the colliding beams need to be aligned
with a nanometric accuracy, we expect that transverse kicks to the beam
due to rf breakdowns will lead to beam emittance growth, with subse-
quent degradation of the collider luminosity. We found that transverse
kicks can cause up to 90% of geometric luminosity loss if occurring at
the injection energy of 9GeV as opposed to a few per cent in case they
occur at the final energy of 1.5TeV.

In addition to transverse kicks to the beam trajectory, we observed
that the longitudinal acceleration can also be affected by breakdowns.
That is because an accelerator structure is effectively shorted during a
breakdown, and a significant fraction of the power is reflected and not
available to accelerate the beam. We found that this effect depends
on where the breakdown occurs in the structure, and in the worst case
scenario it leads to a complete lack of acceleration. This effect was also
studied in the context of the CLIC main linac, and we found that it has
a negligible effect on the luminosity, irrespective of the energy at which
it occurs.

The analysis presented in this thesis is based on a poor statistics, which
is mainly due to the difficulties arising from the instabilities of the CTF3
drive beam. With more stable beam conditions, it would be possible
to extend our study to investigate the dependence of breakdown kicks
on rf power level and pulse length. Moreover, beam energy variations
need to be measured directly with a higher accuracy, which could be
done with an additional high-resolution BPM in the TBTS spectrometer
line. Finally, a bigger number of high-resolution BPMs also before the
acceleration section, could be used to measure trajectory variations with
a higher accuracy, because they could be decoupled from upstream beam
instabilities.
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Summary in Swedish

Vår nuvarande förståelse av materiens grundläggande beståndsdelar och
de fundamentala krafter som styr deras interaktioner beskrivs inom par-
tikelfysiken av den så kallade Standardmodellen. Det är en teori som har
visat sig vara giltig över ett brett spektrum av energier och har klarat
ett stort antal stränga tester. Dock är många frågor inom partikelfysiken
ännu osvarade och de kräver att forskningen om partiklar utvidgas.

Detta sker till exempel i experiment vid partikelkrossare, bland vilka
kan nämnas Large Hadron Collider vid CERN, där den länge eftersökta
Higgs-bosonen nyligen observerades. För att bekräfta en sådan upptäckt
och för att fortsätta sökandet efter ny fysik, behövs en maskin som kan
kollidera partiklar med ännu högre energi. CLIC, vilket står för Compact
Linear Collider, är en kandidat till en sådan anläggning och utgör ett
stort forskningsprojekt.

Jämfört med alla partikelacceleratorer som byggts hittills, är CLIC
baserad på en helt ny teknik, vilken har utvecklats för att hålla pro-
jektet inom en rimlig kostnad och storlek. Den består av att partiklar-
na accelereras med en stor gradient med hjälp av starka elektriska fält
som genererats av en annan partikelstråle. Sådana höga fältstyrkor in-
nebär en högre risk för vakuumurladdningar, ett fenomen känt sedan
mer än ett sekel men vars mikroskopiska natur ännu inte är helt klar-
lagd. Känt är dock att en vakuumurladdning i acceleratorn kan påverka
partikelstrålen och leda till en allvarlig försämring av partikelkrossarens
prestanda. Förståelsen av fysiken bakom vakuumurladdning i acceler-
ationsstrukturer och dess inverkan på partikelstrålen har därför blivit
en viktig fråga för utformningen av en pålitlig accelerator baserad på
CLIC-teknik.

Denna avhandling beskriver experimentella studier som behandlar
detta problem.

Ett första experiment genomfördes vid Stanford National Acelerator
Laboratory i USA och omfattade tester på en prototyp för en acceler-
ationsstruktur för CLIC. I denna typ av experiment studeras prestan-
dan hos accelerationsstrukturer då de är anslutna till en konventionell
källa för radiofrekvensstrålning. I vårt experiment var strukturen som
skulle testas monterad i en så kallad resonansring, vilken fungerar som en
förstärkare och används för att öka fältstyrkan i strukturen. Vi beskriver
detta experiment med hjälp av en matematisk modell, på vilken vi ock-
så har baserat en metod för att karakterisera plasma som bildas under
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en urladdning. Dessutom visade vi att det är möjligt att beräkna var i
accelerationsstrukturen som individuella urladdningar sker, baserat på
mätningar av radiofrekvensstrålningens styrka och fas.

Delar av den matematiska modellen utgjorde grunden för studier av
effekterna av urladdningar på en partikelstråle. Dessa tester utfördes
vid Two-beam Test Stand, en experimentuppställning som Uppsala uni-
versitet byggt vid testanläggningen för CLIC, CTF3, på det interna-
tionella laboratoriet för partikelfysik CERN. Där testade vi en accelera-
tionsstruktur av CLIC-typ med en elektronstråle. Vi fann att urladdningar
kan påverka både den längsgående och den tvärgående rörelsemängden
hos partikelstrålen, vilket orsakar en minskning av accelerationsgraden
samt avlänkningar av partikelstrålbanan.

Eftersom de kolliderande partikelstrålarna i CLIC måste kontrolleras
ner till en aldrig tidigare skådad noggrannhet på nanometernivå är våra
resultat viktiga för utformningen av CLIC. Slutligen diskuterar vi därför
effekten av våra resultat för CLIC och dess prestanda.
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Summary in Italian

La nostra attuale conoscenza dei costituenti fondamentali della materia e
delle forze che governano le loro interazioni è descritta dal Modello Stan-
dard della fisica delle particelle, una teoria che ha dimostrato di essere
valida in un ampio intervallo di energie e in un vasto numero di prove
sperimentali. Nonostante ciò sono molte le domande che ancora non
trovano risposta ed è per cercare di rispondere a queste che è necessario
estendere ulteriormente la ricerca di base in questo campo.

Questo tipo di ricerca viene portata avanti in esperimenti presso col-
lisori di particelle, tra i quali è bene ricordare il Large Hadron Collider al
CERN, dove recentemente è stato finalmente osservato il tanto cercato
bosone di Higgs. Per confermare questa scoperta e per continuare la
ricerca di nuova fisica, è necessaria una macchina capace di far collidere
particelle ad un’energia ancora maggiore e il Compact Linear Collider,
CLIC, è un progetto che risponde a tale esigenza.

A differenza di tutti gli acceleratori costruiti fino ad ora, CLIC è basato
su una nuova tecnica di accelerazione, sviluppata ad hoc per contenere
i costi e le dimensioni del progetto. La sua peculiarità risiede nel fatto
che fasci di particelle sono accelerati con un alto gradiente utilizzando
intensi campi elettrici prodotti con un altro fascio di particelle in un sec-
ondo acceleratore. L’uso di campi elettrici così intensi però comporta il
verificarsi di scariche nelle strutture acceleratrici, un fenomeno conosci-
uto da oltre un secolo la cui dinamica microscopica non è stata però
ancora completamente compresa e il cui impatto sul fascio di particelle
che viene accelerato può provocare una seria riduzione delle prestazioni
del collisore. La comprensione della fisica alla base di questo fenomeno
e del suo impatto sul fascio di particelle accelerato è perciò diventato
un argomento di primo piano nel contesto dello studio di un collisore di
particelle basato sulla tecnologia di CLIC.

Questa tesi tratta di esperimenti mirati a investigare questo argo-
mento.

Un primo esperimento riguarda il test di un prototipo di struttura
acceleratrice di CLIC, condotto presso il Stanford National Acelerator
Laboratory. In questo genere di esperimenti, strutture acceleratrici ven-
gono alimentate con sorgenti convenzionali di radiofrequenze per studi-
are le loro prestazioni. Nel nostro esperimento la struttura in esame era
assemblata in un anello risonante, una sorta di amplificatore utilizzato
per aumentare la potenza nella struttura. Questo esperimento è stato
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caratterizzato con un modello matematico, sulla base del quale abbiamo
proposto un metodo per caratterizzare il plasma che si forma durante un
scarica. Inoltre, abbiamo dimostrato che è possibile stimare dove single
scariche avvengono nella struttura sotto esame sulla base di misure di
potenza e fase della radiofrequenza.

La stessa metodologia pone le basi per lo studio dell’impatto che queste
scariche hanno sul fascio di particelle che viene accelerato. Tale stu-
dio è stato portato avanti al Two-beam Test Stand, un’area sperimen-
tale costruita dall’Università di Uppsala presso il complesso sperimentale
di CLIC, CTF3, nel laboratorio internazionale di fisica delle particelle
CERN. In quel contesto abbiamo testato un prototipo di struttura accel-
eratrice per CLIC in presenza di un fascio di elettroni e abbiamo osser-
vato che le scariche in esame possono avere un effetto sia sulla quantità
di moto longitudinale che su quella trasversale del fascio, causando una
riduzione del gradiente con cui questo viene accelerato oltre a una devi-
azione della traiettoria delle particelle.

Dal momento che i fasci di particelle che collidono in CLIC devono
essere allineati con una precisione a livello nanometrico mai raggiunta
prima, abbiamo riscontrato che effetti come quelli osservati possono avere
una rilevanza notevole sulle sue prestazioni.
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Appendix A. Fundamentals of beam physics

Beam physics deals with the description of the motion of ensembles of
charged particles, or beams, in an accelerator. An accelerator, in turn,
can be thought of as a periodic sequence of electromagnetic fields, so-
called lattice, that constrain a beam to a well defined path called refer-
ence trajectory, which is the ideal trajectory of a reference particle with
a given energy. Along this path, all the particles in the beam are guided,
accelerated and in some cases collided onto a target.

The description of the dynamics of charged particles in electromag-
netic fields is thoroughly discussed in many books, such as Ref. [58].
What motivates this digression on beam physics is rather the intention
to offer a review of the concepts used in this thesis to describe experi-
mental observations and the context in which they were carried out.

A convenient framework to describe the motion of a charged particle
in an electromagnetic field is the Hamiltonian formalism, which is also
the approach followed in Ref. [59]. That has the advantage of providing
a robust way of deriving the equations of motion through the Hamilton-
Jacobi equations. Moreover, its symplectic structure ensures that phase
space coordinates are mapped into coordinates of the same phase space
whose temporal evolution is described by the same equations of motion.

A particle in an accelerator is uniquely defined by six canonical vari-
ables, i.e. its coordinates and momenta, thus by a point in a 6-dimensional
phase space. Its motion is conveniently described in a curvilinear refer-
ence frame like the one shown in Fig. 8.1, where no torsion is assumed.
Often the curvilinear coordinate is used in place of time as independent
variable, in which case the arrival time τ and the energy deviation δ
with respect to the reference particle are used in place of the longitu-
dinal coordinate and momentum. That is also the description followed
hereafter. Once the Hamiltonian and the electromagnetic field are ex-
pressed accordingly, the equations of motion can be derived which map
any particle coordinates between two points in the lattice.

The simplest case is that of a drift space of length L, i.e. empty space
in which there is no electromagnetic field, where the motion of a charged
particle is uniform rectilinear. If we consider the motion limited to a
couple of conjugate variables, say the horizontal coordinate x and its
derivative with respect to the curvilinear abscissa x′ = dx

ds , the coeffi-
cients of the solutions of the equations of motion can be written in terms
of a matrix, so-called transfer matrix, such that the beam coordinates
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Figure 8.1: Curvilinear reference system.

(x0, x
′
0) at the beginning of the drift space are transformed into the final

coordinates (x, x′) at the end of the drift space as follows:

(
x

x′

)
=

(
1 L

0 1

)(
x0

x′
0

)
(8.1)

If the dynamics is uncoupled in the transverse plane, the two-by-two
matrix that describes the motion in one of the transverse dimensions de-
scribes it also in the other one. Moreover, the transfer matrix formalism
can be extended to all canonical variables so that any phase space coor-
dinate at any curvilinear abscissa is expressed by a linear combination
of all the phase space coordinates at any upstream abscissa through a
six-dimensional square matrix that represents that particular section of
the beam line.

The same way of reasoning is applied to describe the motion through
an electromagnetic field of length L. If the field is quadrupolar, it acts
like an optical lens which focuses in one plane and defocuses in the other.
The motion in this case is non-linear but a linear map can be derived
by expanding the Hamiltonian in the dynamic variables, or equivalently
the equations of motions or their solutions, under the assumption that
the motion is close to that of the reference particle. The transfer matrix
which describes the motion in the focusing plane is

RFQ =

⎛
⎝ cos

(√
kl
)

sin
(√

kl
)
/
√
k

−√
k sin

(√
kl
)

cos
(√

kl
)

⎞
⎠ (8.2)

whereas the defocusing effect is described on the other plane by the
matrix

RDQ =

⎛
⎝ cosh

(√
kl
)

sinh
(√

kl
)
/
√
k

√
k sinh

(√
kl
)

cosh
(√

kl
)

⎞
⎠ . (8.3)
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The complete transfer matrix for a quadrupole is therefore

RQ =

⎛
⎜⎜⎜⎜⎝
RFQ 0 0 0

0 RDQ 0 0

0 0 1 L
β2γ2

0 0 0 1

⎞
⎟⎟⎟⎟⎠ (8.4)

where the element (RQ)56 describes the fact that a particle with an
energy deviation δ with respect to the energy of the reference particle,
arrives with a delay τ = L

β2γ2 . In some cases, the length of the field can
be neglected and in such case, called thin lens approximation, under the
assumption that L → 0, the transfer matrix in the transverse plane is

R
(thin)
Q =

(
1 0

∓ 1
f 1

)
(8.5)

where f is the focal length and the sign ∓ corresponds to the focusing
and defocusing plane, respectively.

The transfer matrix of a portion of beam line which contains differ-
ent elements, is derived by multiplying the transfer matrices of all such
elements in the order seen by the beam. As an example, we derive here
the transfer matrix of a lattice consisting of a thin focusing quadrupole,
a drift space and a thin defocusing quadrupole. This configuration is
called FODO lattice and it is shown in Fig. 8.2. Its transfer matrix R is

R = RD(L2 ) ·R(thin)
FQ ·RD(L) ·R(thin)

DQ ·RD(L2 ) (8.6)

where RD(L) denotes the transfer matrix of a drift space of length L.
The way a transfer matrix is defined ensures that it is symplectic,

and has therefore unit determinant. Hence, a two-by-two transfer ma-
trix can be parametrised by three coefficients, which in this context are
commonly known as Twiss parameters [60] or Courant-Snyder parame-
ters [61]. Their values are a function of the curvilinear abscissa, i.e. they

Figure 8.2: FODO lattice.
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assume different values along the beam line. Moreover, they are related
to the semi-axes of the ellipse spanned by a particle in the phase space.

Now that we have recalled the basics of the description of the motion
of a charged particle between two points in the beam lattice, we extend it
to the more realistic case of an ensemble of particles, whose trajectories
are close to that of the reference particle. Each particle of such ensemble
is described by a point in the phase space and altogether such points
occupy a volume that is called emittance of the beam, which is invariant
during the motion of the particles in the beam lattice. In the phase space
of a couple of conjugate variables, the emittance is proportional to the
area of an ellipse, whose shape is described by the Twiss parameters.

The macroscopic characteristics of an ensemble of particles, the beam,
are conveniently described in terms of its statistical properties. These are
the statistical moments of the distributions of the six canonical variables.
The first order moments are the three mean positions and momenta of
the beam. The first three describes the barycentre of the beam and their
motion lies in the proximity of the reference trajectory. The second or-
der moments are the standard deviations of the distributions of positions
and momenta, i.e. the beam sizes and divergences, and their correlations.
These 21 parameters are commonly represented with the covariance ma-
trix, which in this context is called beam matrix σ and characterises the
beam at any point along the beam line. In the horizontal plane, it is

σ =

(
〈x2〉 〈x′〉
〈x′〉 〈x′2〉

)
. (8.7)

The beam matrix is mapped to any point in the beam line in the same
way described for the case of a single particle, through

σ = Rσ0R
T (8.8)

where σ0 is the initial beam matrix and R is the transfer matrix between
any two points of the beam lattice. If we take the determinant of both
members of Eq. 8.8 and we use the fact that the transfer matrix R is
symplectic and that therefore it has unit determinant, we find that the
determinant of the beam matrix is conserved. That is proportional to
the beam emittance. Similarly to the case of a transfer matrix, the beam
matrix can also be parametrised in terms of the Twiss parameters α, β
and γ, as follows:

σ = ε

(
β −α

−α γ

)
(8.9)

where ε is the beam emittance.
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Luminosity
The ultimate goal in a particle collider is to actually collide particles so
that the physics of the collisions and of their outcome can be studied.
Because such physics is described by quantum mechanics, the number
of actual collisions at the point where particles interact depends on a
certain probability, specific for any given process, called cross-section.
The proportionality factor L between the cross-section σ and the number
N of interactions per second in a collider is called luminosity :

dN

dt
= Lσp (8.10)

and is traditionally expressed in cm−2 s−1 in the CGS system of units.
A beam of particles impinges on a target at the interaction point.

In the case of a collider the target is represented by another beam and
the luminosity is defined as the 4-dimensional overlap integral of the
two colliding charge distributions ρ± in space and time travelling with
velocity �v± [62, chap. 4.1]:

Lsc =
1

c

∫
d3xdtρ+(�x, t)ρ−(�x, t)

√
c2(�v+ − �v−)2 − (�v+ × �v−)2 (8.11)

where the factor under the square root symbol is the kinematic factor K
which becomes K = 2c2 in case of ultra-relativistic beams that collide
head-on. In that case the luminosity is

Lsc = 2c

∫
d3xdtρ+(�x, t)ρ−(�x, t) (8.12)

whereas in case of a fixed target experiment where a relativistic beam
impinges on a target at rest, the kinematic factor is K = c2 and the
luminosity is only half of the luminosity of two colliding beams.

The luminosity defined so far is called single-collision luminosity. In a
storage ring collider, with bunch spacing sB, bunches collide periodically
with a frequency fc = βc/sB. In a linear collider, the collision frequency
is the product of the repetition rate and the number of bunches per
bunch-train. The product of the single-collision luminosity and the col-
lision frequency is called peak luminosity.

Now let’s have a look at the charge density distributions ρ±. One
example is the case of no coupling between transverse and longitudinal
coordinates, in which case the charge density distribution can be written
as

ρ±(x, y, s, t) = ρ±(x)ρ±(x)ρ±(s∓ s0) (8.13)

where s is the longitudinal coordinate and s0 = ct is the distance of a
relativistic bunch from the interaction point s = 0 at the time t. The
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luminosity is therefore:

L = fcLsc = 2fc

∫
d3xds0ρ±(x)ρ±(x)ρ±(s∓ s0) (8.14)

The analytic solution of the latter integral depends on the explicit form of
the charge density distributions ρ±. In the case of Gaussian distributions
with standard deviations σx, σy and σs in the horizontal, vertical and
longitudinal plane, respectively, Eq. 8.14 has the solution

L =
N+N−fc
4πσxσy

(8.15)

where we assumed identical charge density distribution for the two col-
liding beams.
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Appendix B. Fundamentals of rf technology

In this appendix we briefly describe the rf components, waveguides and
resonant structures, that are used in an accelerator to transport power
and accelerate charged particles. This topics is thoroughly discussed in
many books, both from a purely physical point of view as in Ref. [58], and
with a more technical approach applied to microwave engineering [63] or
linear particle accelerators [64]. Therefore this digression is limited to a
general description of the concepts used in this thesis.

The dynamics and properties of electromagnetic fields are described
by Maxwell’s equations. These are a set of partial differential equations
which, in absence of charges and currents assume the form of a hyper-
bolic partial differential equation known as d’Alembert equation or wave
equation. Its specific solution depends on the particular choice of bound-
ary conditions which, in the case at hand, are defined by the geometry
of a waveguide or of an accelerator structure.

The solution of the wave equation can be written as a superposition of
Fourier components, each one corresponding to a specific pattern of elec-
tric magnetic fields which is called propagation mode. If the longitudinal
component of the magnetic field is zero the mode is called transverse
magnetic (TM), whereas if the longitudinal component of the electric
field is zero the mode is called transverse electric (TE). Transverse modes
are labelled with two indices, according the number of half-wavelengths
across the dimensions of the waveguide. Moreover, to each propagation
mode corresponds a cutoff frequency, i.e. the minimum frequency with
which that mode can propagate without attenuation. The mode with
the lowest cutoff frequency is called dominant or fundamental mode.

When the boundary conditions are defined by the geometry of a rect-
angular waveguide, the lowest cutoff frequency occurs for the TE10 mode.
When the boundary conditions are defined by the geometry of a cylin-
drical waveguide, the lowest cutoff frequency occurs for the TE11 mode.

While a waveguide is a very convenient way of transporting power,
it is not as convenient when it comes to transferring such power to a
charged particle. For that, two conditions must be met: first, the field
must have an electric component along the direction of motion of the
particle. Second, the particle must match the velocity at which the field
propagates, so-called phase velocity, in order to be continuously accel-
erated. The first condition can be satisfied, for instance, by transverse
magnetic propagation modes in a waveguide, whereas the second con-
dition is never satisfied in a waveguide since the phase velocity there
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is bigger than the speed of light. A way to get around it is to confine
the field in a section of waveguide by terminating both its ends with
conductive surfaces. This way the field bounces back and forth between
the two end walls creating a stationary pattern or standing wave, hence
this device is called standing-wave cavity. If the length of the cavity is
a multiple integer of the field wavelength it is said to resonate and the
amplitude of the stationary field pattern is maximised.

A second approach is to propagate an electromagnetic field in a wave-
guide-like structure where “obstacles” are placed in order to slow down
the field. This geometry, sketched in Fig. 8.3, is basically a periodic array
of coupled standing-wave cavities or cells. The “obstacles”, or loads, are
typically disks with a small aperture that lets the field leak through and
propagate to the next cell. This device is called travelling-wave disk-
loaded cavity because the field propagates through it until it reaches
the output port where it is generally dumped in a load. In this type
of cavities, the field has a different phase in each cell, and the phase
difference between two adjacent cells is called phase advance.

Figure 8.3: Cross-sectional view of a disk-loaded waveguide.

In a resonant cavity the propagation modes of the field are labelled
similarly to the case of waveguides, with the addition of a third index
that takes into account the length of the cavity. A standard acceleration
mode in a circular cavity is the TM010, that has a longitudinal electric
field on the axis of the cavity which accelerates the particles.

So far we have neglected the fact that both waveguides and resonant
cavities are made of conductive materials, whose finite conductivity is
the source of power dissipation by Joule effect. In other words, the
electromagnetic field gradually looses energy while it propagates and
therefore the strength of the field along the structure decreases. The
ratio between the power delivered to the beam and the power dissipated
in the structure is called beam-loading ratio [64, see chap. 2.5]. In case a
constant gradient has to be maintained, the aperture of the disks can be
tapered along the structure in such a way that the velocity at which the
energy propagates in the structure, i.e. the group velocity of the field,
decreases and the gradient remains constant. That is the choice for the
CLIC accelerator structures design.
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