
PH.D. IN INFORMATION TECHNOLOGY AND ELECTRICAL ENGINEERING

The thesis focuses on the study of two phenomena, both connected to transverse
electromagnetic forces, affecting the particles inside an accelerator.

The first study regards the undesired transverse kick given to the particles by the so-
called wakefields, electromagnetic fields generated by the interaction of the particles
themselves with the surrounding environment (e.g., the vacuum beam pipe of an
accelerator, or the inner copper surface of an accelerating structure).
In the thesis, a novel method for assessing the transverse kick induced by wakefields
is proposed. This method is used to study the wakefields excited by the beam in the
latest prototype of the high gradient accelerating structure developed for future
compact accelerators, in the framework of the CLIC study at CERN.
The experimental results have been compared with simulations, and the comparison
shows a good agreement.
The results clearly indicate that the dominant effect in this case is given by the short-
range part of the wakefield. The investigation explored also the often neglected
dependence of the wakefield kick on the length of the particle bunch.

The second study also regards the interaction of a particle bunch with a transverse
electromagnetic field, but in this case the field is intentionally applied in order to
perform a measurement of the bunch length.
Firstly, an overview of the standard measurement technique is presented.
In this layout two novel measurement methods that allows to obtain additional
information on the bunch properties are presented.
Such extension allows in particular to estimate the energy chirp and energy spread
and to obtain information about the correlations between particle position, angular
divergences, and energy.
Later, an improved layout for performing the measurement is presented. Such layout
does not alter the conventional measurement properties and, at the same time, gives
the flexibility to directly measure the correlations between particle position,
divergences, and energy.
Besides, using the improved layout it is possible to enhance the method's
metrological performance improving the resolution and the uncertainty.
A detailed study of these two topics is presented, comparing the result obtained with
the two layouts.
All derived theoretical models were benchmarked with simulation and experimental
measures performed on the CLEAR linear electron accelerator at CERN. A satisfying
agreement was found in all cases.
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istics, never accepting a substandard beam and often working long shifts during
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Nevertheless, his dedication to CLEAR never made him forget the subject of his
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setup. I can say that Antonio has become an expert in beam preparation and di-
agnostics conception.

Among these beam diagnostics, Antonio has greatly improved the measurement
of bunch length using a deflecting cavity. Firstly, developing two measurement
models for investigating additional bunch parameters; later, he rigorously demon-
strated the measurement method’s validity in association with a quadrupole. His
extensive computations provide guidance to set the parameters of the magnets
and diagnostics in order to obtain the best possible resolution and uncertainty.

Despite the time and energy requested to achieve his PhD studies, Antonio al-
ways found time to propose machine developments and to participate to their
deployment, even in their hardware construction.
In addition to a solid knowledge of accelerator physics, his competencies and pas-
sion for new technologies opened new exciting fields to us. Antonio also took an
essential part in promoting the science of accelerators towards young students,
giving many talks in high-prestige institutions and contributing to the Joint Uni-
versities Accelerator School (JUAS) accelerator school, a school he had himself
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Abstract

The thesis focuses on the study of two phenomena, both connected to transverse
electromagnetic forces, affecting the particles inside an accelerator.

The first study regards the undesired transverse kick given to the particles
by the so-called wakefields, electromagnetic fields generated by the interaction
of the particles themselves with the surrounding environment (e.g., the vacuum
beam pipe of an accelerator, or the inner copper surface of an accelerating struc-
ture). In the thesis, a novel method for assessing the transverse kick induced by
wakefields is proposed. This method is used to study the wakefields excited by
the beam in the latest prototype of the high gradient accelerating structure de-
veloped for future compact accelerators, in the framework of the CLIC study at
CERN. The experimental results are compared with simulations, and the com-
parison shows a good agreement. The results clearly indicate that the dominant
effect in this case is given by the short-range part of the wakefield. The investi-
gation explored also the often neglected dependence of the wakefield kick on the
length of the particle bunch.

The second study also regards the interaction of a particle bunch with a trans-
verse electromagnetic field, but in this case the field is intentionally applied in
order to perform a measurement of the bunch length. Firstly, an overview of the
standard measurement technique is presented. In this layout two novel measure-
ment methods that allows to obtain additional information on the bunch proper-
ties are presented. Such extension allows in particular to estimate the energy
chirp and energy spread and to obtain information about the correlations be-
tween particle position, angular divergences, and energy. Later, an improved lay-
out for performing the measurement is presented. Such layout does not alter the
conventional measurement properties and, at the same time, gives the flexibility
to directly measure the correlations between particle position, divergences, and
energy. Besides, using the improved layout it is possible to enhance the method’s
metrological performance improving the resolution and the uncertainty. A de-
tailed study of these two topics is presented, by comparing the result obtained
with the two layouts. All derived theoretical models were benchmarked with
simulation and experimental measures performed on the CLEAR linear electron
accelerator at CERN. A satisfying agreement was found in all cases.

Keywords: Particle accelerators, wakefield measurements, accelerating struc-
tures, bunch length measurements, Radio Frequency Deflector.

Cover Image: An artistic view of the two main experimental areas described
in the dissertation, the deflecting cavity and the accelerating structure, including
some of the instrumentation and beam devices around them.
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Sommario

La tesi si focalizza sullo studio di due fenomeni, entrambi connessi alle forze
elettromagnetiche che influenzano le particelle all’interno di un acceleratore.

Il primo studio riguarda i kick trasversi indesiderati dati alle particelle dai
cosiddetti wakefields, campi elettromagnetici generati dall’interazione delle par-
ticelle con l’ambiente circostante (ad esempio, la camera a vuoto dell’acceleratore,
o la superficie interna in rame di una struttura accelerante). Nella tesi, viene
proposto un nuovo metodo per valutare il calcio trasversale indotto dai wake-
fields. Questo metodo viene utilizzato per studiare i wakefields eccitati dal fascio
nell’ultimo prototipo di struttura accelerante ad alto gradiente sviluppata per fu-
turi acceleratori compatti, nell’ambito dello studio CLIC al CERN. I risultati sper-
imentali sono stati confrontati con le simulazioni, e il confronto mostra un buon
accordo. I risultati indicano chiaramente che l’effetto dominante in questo caso
è dato dalla parte a corto raggio del wakefield. L’indagine ha esplorato anche la
dipendenza spesso trascurata del wakefield kick dalla lunghezza del pacchetto
di particelle.

Il secondo studio riguarda l’interazione di un fascio di particelle con un campo
elettromagnetico trasversale, ma in questo caso il campo è intenzionalmente ap-
plicato per effettuare una misura della lunghezza del pacchetto di particelle. In
primo luogo viene presentata una panoramica della tecnica di misurazione stan-
dard, ma estendendo i metodi di misurazione al fine di ottenere ulteriori infor-
mazioni sulle proprietà del pacchetto di particelle. Tale estensione consente, in
particolare, di stimare il chirp e lo spread energetico e di ottenere informazioni
sulle correlazioni tra posizione delle particelle, divergenze angolari ed energia.
Successivamente, viene presentato un layout migliorato per eseguire la misurazione.
Tale layout non altera le proprietà di misurazione convenzionali e allo stesso
tempo, offre la flessibilità per misurare direttamente le correlazioni tra posizione
delle particelle, divergenze ed energia. Inoltre, utilizzando il layout migliorato è
possibile migliorare le prestazioni metrologiche del metodo migliorando la risoluzione
e l’incertezza. Viene presentato uno studio dettagliato di questi due argomenti,
confrontando il risultato ottenuto con i due layout. Tutti i modelli teorici derivati
sono stati confrontati con simulazioni e misure sperimentali eseguite sull’acceleratore
di elettroni lineare CLEAR al CERN. In tutti i casi è stato trovato un accordo sod-
disfacente.

Keywords: Accelleratori di particelle , misure di wakefield, strutture acceller-
anti, misure di lunghezza di bunch , Deflettore a Radio Frequenza.

Cover Image: Una visione artistica delle due principali aree sperimentali de-
scritte nella dissertazione, la cavità deflettrice e la struttura accelerante, comprese
alcune delle strumentazioni e dispositivi attorno ad esse.
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Introduction

In the field of particle accelerators, and in particular for high-brightness electron
LINear ACcelerators (LINACs), two topics appear nowadays as fundamental and
are thoroughly investigated. The first is naturally how the particles can be accel-
erated efficiently and rapidly, and the second one is the advanced beam diagnos-
tics required to assess the beam characteristics and control the beam itself during
acceleration.

During the years, many research activities have been carried out to compare,
study, and develop advanced technologies to accelerate particles [1]. Examples
of such an effort are: the fascinating idea of using a plasma-based method to
realize compact accelerators [2], the use of superconducting accelerating cavi-
ties [3], and the high-gradient and high-frequency normal conducting structures
prototyped and tested in the framework of future compact accelerators [4]. Un-
fortunately, to reach high accelerating gradients, in the order of 100 MV/m, (i.e.,
several times larger than the ones used nowadays to accelerate particles, e.g., in
standard electron LINACs [5]), the use of narrow apertures in the accelerating
structures is required [6]. Such a requirement is driving a non-negligible draw-
back, the unwanted effects of wakefields [7]. The strong Electro-Magnetic (EM)
field produced by high-energy charged particles can remain trapped inside the
beam pipe and affect the subsequent particles passing through it. A beam that
experiences an external force by such EM fields is going to be perturbed from
its reference motion. Both the transverse and longitudinal motion, with respect
to the direction of acceleration, of the particles are affected. This (especially in
the transverse plane) can be one of the main limitations for reaching the targeted
beam/accelerator characteristics. With some approximation, the transverse effect
is linear with the beam transverse offset while passing through the accelerating
cells.

Such an effect was already well known at the design stage of the accelerat-
ing structure [8]. For this reason, different strategies were foreseen to study and
mitigate the wakefield impact on the beam in the modern accelerating structures.

One of the main ingredient in such strategies is active re-alignment of the ac-
celerating structures, obtained using pickup antennas and movers. In detail, the
accelerating structures are manufactured with ad-hoc antennas, named Wake-
Field Monitors (WFMs), installed at the Higher Order Mode (HOM) coupler
waveguides of an accelerating cell to directly detect the wakefield [9] excited by
the beam passage. Based on the signal read from the WFM, the whole accelerat-
ing structure’s position can be modified (in both horizontal and vertical plane),
to recenter the accelerating structure’s iris position with respect to the beam (i.e.,
minimizing the WFM signals).
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The structure position can be changed actively thanks to a complex and ac-
curate system of movers installed between the structure and the supporting pil-
lars [10, 11]. At the first order, such an alignment process is equivalent if per-
formed moving the accelerating structure or the beam (with horizontal and ver-
tical corrector magnets), but moving the beam can be rather tricky if the beam
has to pass through many accelerating structures. Such strategies have two main
drawbacks: (i) the WFMs may give rather local information, i.e. only relative
to the reference cell were they are installed, and (ii) the noise coming from the
beam at higher frequency. In this thesis a beam-based measurement strategy to
investigate the wakefields and their impact on the beam is proposed, in order to
quantify better the effect of wakefields and to assess the above mentioned limita-
tions of WFMs.

The second topic, advanced beam diagnostics, embraces several studies that
are strongly growing since the measurement and the control of the beam char-
acteristics are becoming drastically important in modern accelerators, as the re-
quired performances increase. In the thesis, novel studies on the measure of the
bunch length, one of the beam’s main characteristics, are reported. There are dif-
ferent possible ways to assess the bunch length. In the thesis, the methodology
that uses the Radio Frequency Deflector (RFD) is pursued [12]. The RFD provides
a transverse kick to the incoming electron bunch, introducing a relationship be-
tween its longitudinal dimension (i.e., its length) and its vertical dimension (i.e.,
spot size), which can be measured at a screen placed after the RFD [13, 14]. Af-
ter a proper calibration (performed varying the RFD phase and measuring the
bunch centroid variation), the bunch length can be assessed through the vertical
spot size measurements at the screen. This type of measurement is destructive
since the beam must be intercepted by a device to perform the measurement.
After the calibration, which requires multiple acquisitions, the measurement can
be performed as a single-shot acquisition. In the thesis, both an improvement
of the standard measurement method and an improvement of the standard lay-
out for performing the measurement are presented [15]. The improved layout
uses quadrupole focusing magnets that are often already installed but usually
not powered during the measurement [16]. Thus, no beamline modifications are
in general required.

The transverse kicks induced by the RFD are conceptually similar to what is
caused by the transverse wakefield. The main difference is that in the case of the
RFD, the transverse kick is desired and can be controlled. Naturally, when the
measurement is not being performed, the RFD can be switched off and the kick
can be removed. Different case studies are presented to validate the proposed
measurement methods. The derived theory is validated against simulations and
measurement.

An interesting experimental case study for both research activities is the CERN
(Conseil Européen pour la Recherche Nucléaire) Linear Electron Accelerator for
Research (CLEAR) facility [17].

The proposed method for wakefield investigation is tested on the latest pro-
totype of the Compact LInear Collider (CLIC) accelerating structure is installed
in the CLEAR beamline [18]. Simultaneously, for bunch length studies, several
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different methods are used at CLEAR, including an RFD. Moreover, thanks to the
hardware installed in the CLEAR beamline, the proposed improved layout could
be easily tested [19].

This thesis is divided into two parts: part I, Background, and part II, Proposal.
In part I the context and the basic knowledge on particle accelerators needed to
fully understand both studies is presented, together with their state of the art. In
part II, the proposed methodology, the simulation, and the experimental results
are reported separately for the two studies.

The structure of the Chapters is as follows:

• Chapter 1: Linear particle accelerators. An overview of the particle acceler-
ators concept and history is presented, then one of the most advanced and
ready proposal as a future accelerator, CLIC, and its last Test Facility (CTF3)
are described. Finally, the CLEAR accelerator is presented, describing its
characteristics, its experimental program and the main activities performed
there.

• Chapter 2: State of the Art. First, a basic introduction to the most used
mathematical treatment in beam dynamics is presented. After that, the cen-
tral concept for the two studies is separately reported. Finally, an overview
of the state of the art of the two central studies discussed is presented.

• Chapter 3: Wakefield and Kick. The methodology used to measure the
wakefield and its effects is presented. Then, the equipment and the devices
used are presented. Finally, the simulations and the experiments, with the
relative results, are reported.

• Chapter 4: Bunch length measurements. The two layouts, standard and
improved, are studied in detail. The mathematical derivation of the mea-
surement method is derived and presented for both layouts. Following the
case, studies are presented. Finally, the derived theories are carefully vali-
dated using simulations and measurement.
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Part I

Background
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Chapter 1

Linear particle accelerators

In this chapter, an overview of the reasons to accelerate particles is presented.
Later, one of the most mature and ready future accelerators is presented, high-
lighting its latest test facility. Finally, the accelerator on which all the experimental
studies are performed during the thesis is introduced, detailing the main research
areas.

1.1 Overview of the Standard Model

The use of particles to study the structure of matter started at the beginning of
the 20th century with the experiments of J.J.Thomson [20] and E. Rutherford [21]
where the atomic structures were for the first time under investigation. The ex-
periments were performed using the precursors of the contemporary accelerators
(cathode ray tubes and alpha/beta particle sources), and the results revealed that
atoms are composed of smaller particles. From that time onwards, the scientific
community started to see particle physics and accelerator technology as a funda-
mental tool for future studies.

In the following centuries, a zoo made of many different elementary and com-
posite particles were discovered. Throughout this period, several theories were
proposed and nowadays are collectively known as the Standard Model (SM) [22].

This global theory is perhaps the most abstract description of the universe
and indisputably represents one of the greatest achievements of 20th century. The
SM attempts to describe all subatomic particles and their interactions through a
few fundamental particles in a simple way (using a loose definition of the word
“simple”). In detail, the SM describes three of the four fundamental forces: elec-
tromagnetism, the weak interaction, and the strong interaction. The fourth force,
unfortunately not described, is gravity. The SM theorized 17 different elementary
particles (Fig. 1.1), organized into matter (fermions) and force carriers (bosons).
After the discovery of the Higgs Boson [24], the existence of all fundamental par-
ticles predicted by the SM of particle physics was confirmed.

Unfortunately, there are still multiple physical phenomena that cannot be ex-
plained or described within the framework of the SM, such as gravity, dark mat-
ter, dark energy, neutrino masses, and matter-antimatter symmetry. One candi-
date theory, or more properly a family of multiple theories, that may solve these
problems are the SUperSYmmetric theories (SUSY) [25].
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FIGURE 1.1: The 17 particles of the Standard Model, all experimen-
tally verified. Two types of matter particles (fermions): quarks and
leptons. Force carriers (bosons), mediating electromagnetism (pho-
ton), the weak interaction (W and Z), and the strong interaction
(gluon). Lastly, the Higgs boson is responsible for giving particles

mass [23].

1.2 Accelerated particles

The reason why accelerated particles are used to probe matter and to prove/disprove
theories about ultimate constituents of the universe and their interactions can be
explained using a simple parallel. The visible light is characterized by a wave-
length (λ) approximately of 10µm, and this determines its spatial resolution limit.
On the other hand, the Bohr radius [26], the approximate distance between the
proton and the electron in a hydrogen atom, is much smaller (in the order of
10 pm), and for this reason the atomic structure cannot be studied with visible
light. However to a particle with a certain momentum p can be associate an equiv-
alent "de Broglie wavelength" [27], λeq = h/p, where h is the Planck constant [28].
As a consequence, increasing the momentum p by means of acceleration, the
equivalent wavelength λeq can be decreased. This results in an enhancement in
its spatial resolution limit.

From a particle physics point of view, when two accelerated particles collide,
their combined energy is then converted randomly into any and all available par-
ticles, as long as it conserves energy-momentum and various quantum numbers.
Repeating these collisions between particles with higher and higher momentum a
large number of times, increasingly rare processes and particles can thus be stud-
ied. Unfortunately, the higher the energy scale the bigger and/or more complex
particle accelerators become.
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In the years, as they were developed more and more in order to improve per-
formances, particle accelerator technologies have found a variety of uses, from
consumer products (e.g., microwave ovens) [29, 30] and industrial applications
(e.g., semiconductor implantation) [31], to medical applications (e.g., cancer treat-
ment) [32], and maybe in future for power production (e.g., accelerator-driven
nuclear reactors) [33]. However, these are mostly spin-offs of machines that were
initially made for fundamental physics research [34]. The largest and most pow-
erful existing accelerator to date is the Large Hadron Collider (LHC) [35] at CERN,
which is a 27 km long storage ring, where protons and heavy ions are stored and
accelerated up to 7 TeV. The LHC will continue to run until at least 2035. After
it, many different projects are on the table, such as the Future Circular Collider
(FCC) [36], the Compact Linear Collider (CLIC) [37], and the International Linear
Collider (ILC) [38]. While considering plans for future machines and which kind
of particles should be accelerated by them, one needs to take into account the fact
that protons are composite particles. This means that the collisions take place be-
tween their constituent (quarks and gluons), but there is no a-priori knowledge of
which particles collide and at which energy, which adds complexity to the detec-
tor design and data reconstruction and enhance the so-called background signal
(i.e., uninteresting events). In this sense, building a lepton collider (using elec-
trons and positrons, which are elementary particles) gives much more control of
the interaction because the energy of the collision is very well defined and can
be controlled and varied at convenience. According to the European Strategy for
Particle Physics (ESPP), one of the main priorities is to undertake design stud-
ies for the post-LHC era, a strong interest in electron-positron collider designs is
expressed [39]. Furthermore, at high-energy LINear ACceleratos (LINACs) are
the only viable solution for electron-positron collides, due to the energy loss from
synchrotron radiation [40]. During the past years, many different studies (simu-
lations and experimental) were performed on the CLIC scheme, which is indeed
one of the most mature projects [37].

1.3 The Compact Linear Collider (CLIC)

CLIC is a multi-TeV high-luminosity linear e+ e− collider under studyt [37, 41,
42]. CLIC uses a novel two-beam acceleration technique [43], and to reach high
beam energy while keeping the length of the accelerator “compact”, normal con-
ducting accelerating structures with an accelerating gradient in the range of
100 MV/m were chosen,since superconducting cavities are not able to support
such high gradients. The optimization of cost and power consumption, taking
also into account the limitations due to geometric tolerances and Radio Frequency
(RF) breakdown phenomena, resulted in the choice of 12 GHz RF (X-Band) and a
beam pulse length of 240 ns [44]. Using such a high gradient accelerating struc-
tures makes it possible to reach very high energies with a reasonable machine
length. The accelerator length scales from 11.4 to 50.1 km, depending on the colli-
sion energy, and it’s meant to be built in three stages, extending its center of mass
collision energy from 380 GeV to 3 TeV [37]. An overview of the CLIC installa-
tion project and the three relative stages is illustrated in Fig. 1.2. The two-beam
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FIGURE 1.2: The CLIC main LINAC footprint near CERN, showing
the three implementation stages [37].

acceleration scheme has been chosen since using the conventional RF powering
scheme for each accelerating structure (i.e., using high-performance klystrons
and other related RF components) would be very challenging. The two main rea-
sons: (i) the number of needed active components is extremely high, taking into
account the final stage of CLIC it would require about 30 km of RF components
(i.e., 587 klystrons), and (ii) high-performance klystrons have a non-negligible
failure rate. These drawbacks make the klystron-based full-energy CLIC very
hard to run reliably. A cost analysis has also shown a slightly lower cost for the
Two-Beam solution already at 380 GeV c.m. energy and a clearly unfavorable cost
scaling of the conventional RF powering scheme with energy. The two-beam ac-
celeration scheme is illustrated in Figs 1.3. The idea is based on a second beamline
that runs in the same tunnel of the main beam accelerator and parallel to it, carry-
ing a second electron beam. Such beam, characterized by high intensity (approxi-
mately 100 A) and lower energy (approximately 2.4 GeV), is named “drive beam”
and is decelerated using Power Extraction and Transfer Structures (PETS) [45],
generating the RF pulse needed to power the accelerating structures of the main
beam. Thanks to this system, up to 90% of the energy of the drive beam is ex-
tracted in the decelerator and efficiently transferred to the main beam [46]. This
scheme reduces the amount and complexity of the equipment which needs to be
located in the underground tunnel and is much easier to scale to higher collision
energies than a Klystron-based accelerator (such as the ILC [38]). However, an
alternative CLIC scenario for the first energy stage, where the accelerating struc-
tures are powered by X-band klystrons, is also under study [48, 49]. The drive
beam requires a large number of beam manipulation before being usable. The
temporal structure of the beam needs to be tuned such to match the accelerating
requirement of the probe beam.

A schematic layout of the final stage of CLIC is reported in Fig. 1.4. The CLIC
Conceptual Design Report (CDR) was published in the past years [44] with the
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(A) (B)

FIGURE 1.3: The principle of the two-beam scheme. The beam
power in the Drive Beam is converted to RF power in PETS. The
conceptual schematic and a 3D rendering in (A) and (B), respec-

tively [44, 47].

scope of demonstrating the feasibility of the CLIC accelerator at high energy and
to confirm that high-precision physics measurements can be performed. CLIC
indeed will push forward the threshold of physic knowledge, as summarized
in [50]. An overview of the main observable process predicted by the SM observ-
able in the CLIC machine is reported in Fig. 1.5. Figure 1.5 shows the cross-section
(i.e., the probability that two particles will collide and react in a certain way [51])
as a function of the center of mass energy up to 3 TeV. The construction of the
first CLIC energy stage could start by 2026 (the estimated cost is at the level of 6
billion CHF/5.5 billion €/6.5 billion $) and the first beams would be available by
2035, marking the beginning of a broad CLIC physics program spanning 25–30
years.

1.4 CLIC Test Facility 3 (CTF3)

Many aspects of the CLIC project are very challenging, and several issues were
addressed experimentally in different test accelerators built for this purpose in
the recent past. The CLIC Test Facilities 1,2, and 3 [52] and the X-box facil-
ity [53], based at CERN, were built and operated to develop, test, and validate
the needed technologies [54]. In particular, the latest accelerator test facility,
CTF3, provided a full demonstration of the feasibility of the generation, control
and use of a high-charge drive beam for high gradient X-band acceleration in a
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FIGURE 1.4: The latest schematic layout of the CLIC complex at
3 TeV [37].

Two-Beam scheme [55, 56, 57, 58]. At the end of 2016, having fulfilled its ex-
perimental program, CTF3 was stopped and decommissioned. However a part
of the accelerating complex, shown in Fig. 1.6, the CALIFES beamline, was re-
born as the CERN Linear Electron Accelerator for Research (CLEAR) facility.
Nowadays, the CLEAR represents certainly a vanguard to the Research & De-
velopment (R&D) efforts committed to improving/upgrading components and
increase knowledge in the accelerator field. Research and development related to
the CLIC technology is still a relevant part of the scientific program of CLEAR.

1.5 CERN Linear Electron Accelerator for Research
(CLEAR)

The CLEAR facility at CERN started its operation in fall 2017 [19].After about
three years of operation, CLEAR has demonstrated to be a competitive R&D fa-
cility to explore novel accelerator concepts, and it has shown its flexibility and
reliability. CLEAR results from the conversion of the so-called probe beamline
of the former CLIC Test Facility, CTF3 into a new test-bed for general accelerator
R&D and component studies for existing and possible future accelerator applica-
tions. As the acronyms describes, it is a linear accelerator, accelerating electrons
(generated by photoemission from a cathode), that operates independently from
CERN’s main accelerator complex allowing significant flexibility in terms of op-
eration.
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FIGURE 1.5: The cross-section versus the center of mass energy for
the main SM processes at a high-energy for a e+e− collider [37].

FIGURE 1.6: The sketch of the CLIC Test Facility 3 (CTF3) layout.
The CALIFES line (at the bottom) was later reborn into the CLEAR

facility.

The main field covered are: the test of high-gradient X-band structures, plasma
focusing technology, THz emission studies, novel beam instrumentation R&D,
and so on. Another important research field consists of investigating the possible
use of electron beams for medical purposes and radiation hardness irradiation
tests for electronic components. Thanks to the continuous technology develop-
ment compact linear high energy electron accelerators are becoming more and
more attractive for many different fields.

The CLEAR facility consists of a 20-meter-long accelerator (with 3 accelerating
structures) followed by a 21-meter-long experimental beamline which can host
several experiments. A photo of the experimental line is shown in Fig. 1.7. The
facility is conveniently located in a shielded building on the surface of the CERN
site. The easy access to the accelerator hall and the possibility to quickly adapt
the experimental beamline to the user’s needs make CLEAR a unique facility for
fast and efficient beam-based research.

CLEAR is well equipped with diagnostics for measuring and optimizing the
beam parameters such as bunch/train charge, bunch/train length, energy, energy-
spread, and Twiss parameters [59], as well as combinations thereof. The layout
of the machine is shown in Fig. 1.8.
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FIGURE 1.7: A photo of the experimental beamline of the CLEAR
test facility.

TABLE 1.1: Range of beam main beam parameters in CLEAR.

Parameter Range

Beam energy 60 – 220 MeV
Bunch charge 0.01 – 2.0 nC
Bunch length 0.2 – 4 ps

Bunch frequency 1.5 GHz
RF frequency 3.0 GHz

Number of bunches 1 – 200
Beam repetition rate 0.83 – 10 Hz
RMS energy spread < 0.2 %

RMS εN 1 – 20 µm
β 1 – 40 m
α -10 – 10

CLEAR inherited not only part of the equipment but also the operational ex-
perience acquired in the previous CTF3 facility: the first beam was set up in Au-
gust and after only a few weeks-long commissioning the first users could take
the beam to perform experiments, during September 2017 [60]. Supported by a
broad community of internal and external users and experts, the CLEAR group is
inquiring issues on the leading edge of research in several fields. A group photo
of most of the main actors in the CLEAR team is shown in Fig. 1.9.

In CLEAR it possible to quickly set up a wide variety of beams with widely
different range of beams parameters; the operational ranges of the main parame-
ters are listed in Table 1.1.

Moreover, CLEAR plays a strategic role in maintaining at CERN direct and
practical expertise in generating, accelerating, and manipulating electron beams,
a crucial subject given the priority allocated by the last European Strategy Up-
date [61] to a future e+/e- collider project, be it linear or circular. For all these rea-
sons, the CLEAR facility was set up at CERN to expand the local testing capabil-
ities of new ideas and technologies and to provide possibilities to perform direct
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FIGURE 1.8: The CLEAR layout and the location of the main exper-
imental stations [17].

beam-based measurements of future accelerator components. Finally, CLEAR of-
fers also a unique learning opportunity for young accelerator physics. Several
PhD thesis so far were centred on experimental work done in CLEAR, by stu-
dents both based at CERN or visiting from collaboration institutes. Moreover,
during March in the past years the students from the Joint Universities Acceler-
ator School (JUAS) [62] had the opportunity of spending one day at the facility
performing hands-on experiments. More information on the CLEAR activities
and plans are available on the official CLEAR web page [63].

Three macro-categories of experiments performed in CLEAR can be identi-
fied: (i) CLIC-related experiments, (ii) irradiation experiments, and (iii) innova-
tive beam technology.

1.5.1 CLIC-related tests

CLEAR is continuing the R&D effort devoted to the CLIC technology, which was
at the center of the experimental program of the previous facility, CTF3. Presently
the CLEAR beamline hosts a prototype of the latest versions of the CLIC accel-
erating structure and three prototypes of CLIC cavity Beam Position Monitors
(BPMs). The CLIC BPMs are monitoring devices which measure the beam charge
and position while it passes into the accelerator pipe. Similar devices are needed
and used in all accelerators but in CLIC, due to the high resolution required, the
design of such a device represents a very ambitious challenge. The tests on the
CLIC accelerating structure represent a key topic for the whole accelerator com-
munity, since if on one side it is a fundamental component of the CLIC project,
on the other it is a keystone for extending the energy reach of small accelerators,
with many potential applications [53, 64]. In the CLIC project, it is required to
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FIGURE 1.9: The CLEAR group photo (Wilfrid Farabolini is a big
piece missing).

actively align such structure to the beam trajectory, with an accuracy of 3.5 um, a
key point in order to achieve the nominal performances of the accelerator.

The reason behind this requirement are wakefields, whose effect on the ex-
tremely small CLIC beams is dramatic, and to which a deeper discussion will be
dedicated in Ch. 3. In order to determine the relative position of the beam and
the structures, the installation of WakeField Monitors (WFMs) in the structures
was foreseen already in the design phase. Such devices are still under devel-
opment, and for this reason it is of strong interest to compare their results with
independent measurements. Of particular interest is to measure the transverse
kicks received by the beam from the dipole modes in the CLIC structure, which
should also allow to precisely locate the electrical center of the accelerating struc-
ture and compare it to the one ideentified by using the WFMs [18]. A final stage
of the test foresees to connect the CLIC structure to a 12 GHz klystron, extending
previous tests done in CTF3 using a two-beam scheme. This studies will repre-
sent a further big step forward in the field of high-gradient accelerator research.
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1.5.2 Irradiation Experiments

Once speaking of irradiation experiments, two main branches can be distinguished:
tests of electronic components (i.e., radiation hardness test) and medical-related
irradiation. The scope of both tests is to investigate the effects of radiation deliv-
ered from direct/indirect exposure to the CLEAR electron beam.

Electronic irradiation

The very first use of the CLEAR beam in 2017 was the continuation of the irra-
diation tests performed in the VESPER (Very energetic Electron facility for Space
Planetary Exploration missions in harsh Radiative environments) test station, lo-
cated in the CLEAR experimental beam line, which was set-up and qualified al-
ready during the CTF3 era. VESPER was initially set up to characterize electronic
components meant for on-board operation for a space mission in a Jovian envi-
ronment, as foreseen in the JUpiter Icy Moon Explorer mission (JUICE) [65] of
the European Space Agency (ESA). In fact, in the vicinity of Jupiter it is expected
that trapped electrons with energies of up to several hundred MeV, in the range
that can be covered by the CLEAR accelerator, are present with very large fluxes.
The CLEAR energy flexibility is therefore a key feature to continue the study [66].
Initial measurements indeed showed the first experimental evidence of electron-
induced Single Event Upsets (SEU) on electronic components, pointing to the ne-
cessity of extending such an investigation to different electron energies [67, 68].

Many different devices realized with different technologies have been tested
in CLEAR since then, and many experiments with several different aims are
presently ongoing.

Medical irradiation

A few months after the commissioning, the scope of the VESPER area was ex-
tended to dosimetry for medical applications [69]. The advances in compact high-
gradient accelerator technology, largely prompted by the CLIC study, renewed
the interest in using Very-High Energy Electrons (VHEE) in the 50-250 MeV en-
ergy range for radiotherapy of deep-seated tumors [70]. Understanding the
dosimetry of such beams is essential to assess their viability for treatment, and
several studies have been carried out on energy deposition using a set of Electron
Beam Therapy 3 (EBT3) Gafchromic [71] films submerged in water to emulate
the condition of the human body. The dose deposition profile was evaluated by
Monte Carlo tracking simulations and compared with the measured one. Differ-
ences between measured and simulated dose profiles and beam spread curves
were less than 5% [72, 73]. The obtained results indicated that VHEE has the po-
tential to be a reliable mode of radiotherapy for treating tumors also in highly
inhomogeneous and mobile regions such as the lung [74]. Further studies on
the dose distribution of a converging beam as opposed to a parallel wide beam,
have also been performed showing really promising results [75]. Several experi-
mental campaigns are nowadays ongoing supported by many different institutes
also investigating the so-called FLASH effects [76]. This innovative irradiation
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method has the potentiality of delivering the same amount of required dose in
a much shorter time. Moreover, thanks to the short exposure time this seems
deeply promising because looks to don’t damage the close by cells.

1.5.3 Innovative beam technology

CLEAR opens up the possibility of exploring several new innovative beam tech-
nologies. An example of this is the active plasma lens, which is a promising
technology to strongly focus particle beams [77, 78]. The compact size and the ex-
treme focusing gradient is a key feature for novel accelerators. The correspondent
experimental set-up was installed in the CLEAR beamline in September 2017 and
after a short commissioning it was possible to show that this type of device can be
operated without the previously observed nonlinearities in the magnetic focusing
field, and therefore preserve the beam emittance [79]. Further measurements are
planned to validate and extend the studies done so far. Another technology being
explored at CLEAR is the possibility of producing terahertz radiation [80]. This
technology has a strong impact in many areas of research, spanning from quan-
tum control of materials, plasmonics, and tunable optical devices based on Dirac-
electron systems to technological applications such as medical imaging and secu-
rity. The aim at CLEAR is to characterize a LINAC-based THz source, exploiting
relativistic electron bunches that emit coherent radiation in the THz domain [81].
For such a source sub-picosecond electron bunches are needed. This triggered a
study and optimization of the CLEAR injector in collaboration with the Labora-
toire de l’Accélérateur Linéaire (LAL), thanks to which, bunches with Gaussian
longitudinal distribution from sub-ps bunches down to 200 fs Root Mean Square
(RMS) were demonstrated in the machine, paving the way to the THz radiation
generation [82]. Note that, in particle accelerator physics, it is common to de-
scribe quantities like bunch size or length as the square root of the variance of the
distribution.

The current studies at CLEAR are focused on the production of (sub-)THz ra-
diation by Coherent Transition Radiation (CTR) [83], Coherent Smith-Purcell Ra-
diation (CSPR) [84], and Coherent Cherenkov Radiation (CCR) [85] mechanism.
CLEAR serves also as an available testbed for new beam instrumentation to be
used in other machines. For example, at CLEAR it was possible to perform a
first calibration of the scintillator screen used in the electron spectrometer of the
Advanced proton driven plasma WAKefield Experiment acceleration (AWAKE)
experiment [86]. In a similar form, collaboration with the beam impedance team
at CERN was set up to measure impedance and beam-induced heating of equip-
ment before being installed in other CERN machine.



19

Chapter 2

State of the Art

In this chapter, a recall of the formalism used in beam dynamics is presented
first, which will be largely used in the thesis. Later the topic the wakefield and
the bunch length measurement are presented. In the thesis, a particular focus
is devoted to the transverse wakefield and on the bunch length measurement
method performed using the Radio Frequency Deflector (RFD). These two topics
are strongly related, as both are linked with an external field that is perturbing
the nominal particle trajectory. The differences are that in the case of the bunch
length studies the perturbation source is external driven (i.e., a klystron) and is a
wanted effect, while in the case of transverse wakefield the source is internal (i.e.,
the beam itself) and it an unwanted effect.

2.1 Introduction to the Matrix Formalism in Linear
Beam Dynamics

In this section, a brief introduction to the matrix formalism in linear beam dy-
namics is treated, which is necessary for the understanding of the next sections.

2.1.1 Single Particle Dynamics

A particle in an accelerator can be characterized from a vector of six quanti-
ties [59]:

uT =
[
x x′ y y′ t δ

]
, (2.1)

where x and x’ are the position and divergence in the horizontal plane, respec-
tively, y and y’ are the position and divergence in the vertical plane, respectively,
t is the longitudinal position in seconds of the reference particle in the laboratory
frame, δ = (E−〈E〉)/〈E〉, E is the beam energy, and 〈E〉 is the average of the par-
ticle energy of the bunch. The transverse (vertical and horizontal) divergences
describe how the particle transverse position change while the particle moves
along the longitudinal accelerator axis.

An element of the particle accelerator lattice is characterized from a matrix R
according to its working principle. An incoming particle with parameters u0 will
have the parameters u1 at the exit of the lattice element [59]:

u1 = Ru0, (2.2)
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where R is the transfer matrix of the lattice element.

2.1.2 Lattice Elements

Many different elements can be designed to act, in a controlled and well-known
manner, on one or more specific quantities reported in Eq. 2.2. For example, a par-
ticle that passes through a drift space will see altered transverse and longitudinal
positions but not the transverse divergence or the energy. For these reasons, an
L–long drift space is characterized with the transfer matrix [59, 87]

Rdrift =


1 L 0 0 0 0
0 1 0 0 0 0
0 0 1 L 0 0
0 0 0 1 0 0
0 0 0 0 1 0
0 0 0 0 0 1

 . (2.3)

This formalism works for all the linear elements (i.e., not for sextupole, octupole,
and so on). The terms off from the diagonal are the correlations between the
plane. Each plane can be analyzed separately, neglecting the effects of the ele-
ments on the correlation terms, thanks to a 2× 2 matrix. The 6× 6 matrix can be
decomposed by three 2 × 2 matrix, one for each plane: horizontal, vertical, and
longitudinal in red, blue, and green respectively in Eq. 2.3.

A collection of N particles they compose a bunch. Each particle of the bunch is
characterized with ui, and, therefore, the bunch can be described using the bunch
matrix [59, 88]

Σ =
〈

(u− 〈u〉) (u− 〈u〉)T
〉

=


σ2
x σxx′ σxy σxy′ σxt σxδ

σxx′ σ2
x′ σx′y σx′y′ σx′t σx′δ

σxy σx′y σ2
y σyy′ σyt σyδ

σxy′ σx′y′ σyy′ σ2
y′ σy′t σy′δ

σxt σx′t σyt σy′t σ2
t σtδ

σxδ σx′δ σyδ σy′δ σtδ σ2
δ

 , (2.4)

where

σ2
i = 〈(i− 〈i〉)2〉, with i = x, x′, y, y′, t, δ,

σij = 〈(i− 〈i〉) (j − 〈j〉)〉, with i 6= j = x, x′, y, y′, t, δ,
(2.5)

where σ2
i is the variance of bunch parameter i and σij is the covariance between

the bunch parameters i and j. The physical meanings of the main matrix elements
are: σx and σy are the RMS horizontal and vertical bunch dimension, respectively;
σt is the longitudinal bunch dimension (also called bunch length); σδ is the RMS
of energy the distribution (also called energy spread); σxx′ and σyy′ express how
much the bunch is focused or defocused in the horizontal and vertical plane,



2.1. Introduction to the Matrix Formalism in Linear Beam Dynamics 21

respectively; σtδ is the energy chirp, which expresses the correlation in the longi-
tudinal plane. The correlation coefficients can be defined as

rij =
σij
σiσk

, with i 6= j = x, x′, y, y′, t, δ. (2.6)

The correlation coefficient is an useful index to understand how much two bunch
parameters are correlated. If rij = 0 the bunch parameters i and j are not cor-
related at all, while rij = |1| they are perfectly correlated [89] and knowing one
parameters allows to identify the other.

The Eq. 2.4, is not the only way to represent the bunch, other useful repre-
sentations can be introduced. The most common, is the one that uses the Twiss
parameters [59]

Σi = εi

[
βi −αi
−αi γi

]
, with i = x, y, (2.7)

where εi is the transverse emittance (a measure to quantify the average spread of
particle coordinates in position and momentum), αi, βi, and γi are the transverse
Twiss parameters. They are linked as follows

α(S) = −1

2
β
′
(S),

γ(S) =
1 + α2(S)

β(S)
.

(2.8)

The β(S), also named betatron function, represents the envelope of all particle
trajectories at a given position S, α(S) represent the beam tilt at a given position
S, and the γ(S) depends from the two above parameters. Thanks to the Twiss
parameters the phase space of the system can be written as

γ(S)x2(S) + 2α(S)x(S)x′(S) + β(S) = ε. (2.9)

In Eq. 2.9, ε (the beam emittance) is the area of the ellipse. It is a motion constant,
does not depends on the longitudinal position S. A graphical representation is
reported in Fig. 2.1. In this formalism a bunch, with an associated matrix Σ0,
passing through an element characterized with a transfer matrix R gets modified.
The bunch matrix becomes Σ1, in accordance with the relation [59]

Σ1 = u1u
T
1 = Ru0 (Ru0)T = RΣ0R

T . (2.10)
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FIGURE 2.1: The phase space representation. The position on the
horizontal axis and momentum on the vertical axis.

Two different presented representation of the bunch (Eqs. 2.4 and 2.7) can be
linked using the formulas

εi =
√
σ2
i σ

2
i′ − σ2

ii′ = σiσi′
√

1− r2
ii′ , (2.11)

βi =
σ2
i

εi
=

σ2
i√

σ2
i σ

2
i′ − σ2

ii′

=
σi

σi′
√

1− r2
ii′

, (2.12)

αi =
σii′

εi
=

σii′√
σ2
i σ

2
i′ − σ2

ii′

=
σii′

σiσi′
√

1− r2
ii′

, (2.13)

γi =
σ2
i′

εi
=

σ2
i′√

σ2
i σ

2
i′ − σ2

ii′

=
σi′

σi
√

1− r2
ii′

. (2.14)

2.2 Wakefield

In this section, the wakefield phenomenon is introduced. Moreover, two very
useful concepts: wake functions and wake potentials are presented. Later, the
concept of dipole kick is introduced and an overview of the state of the art is
presented.

2.2.1 Wake potentials

It is useful, in order to understand the wakefields, to consider two point-like
charges one after the other that are on the same or on a parallel path moving in
free space at a velocity close to the velocity of light. In such a scenario, the electric
and magnetic fields of such relativistic particles are perpendicular to the particle
path (if observed from an outside frame). In reality, the fields are perpendicular
but emitted in a region defined by the speed of the particle, expressed by the
inverse of the Lorenz factor

γ =
1√

1− (v
c
)2

=
1√

1− β2
. (2.15)
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FIGURE 2.2: The three different field distributions of a charged par-
ticle: not in movement (left), at certain speed v (center), and at the

speed of light (right).

A schematic example of three different field distribution of a charged particle are
reported in Fig. 2.2. As a consequence, if the particle is moving at the speed of
light, the second charge moving behind the first charge, will not be subjected
to any forces from the fields produced by the leading charge at a distance s =
ct − z.The situation already changes if the two point-like charges move in the
proximity of a boundary. In this scenario, the trailing witness charge still will
not experience the direct fields from the lead charge. However, the field emitted
from the lead charge can scatter from the boundary, and this scattered radiation
can reach the trailing charge and exert forces on it, perturbing its motion. These
scattered waves are termed wakefields, and the integrated effects of these wake-
fields over a given path length of the trailing charge q, give rise to longitudinal
and transverse wake potentials that can be defined as

Wz(~r, ~r
′, s) = −1

q

z2∫
z1

Ez(~r, z, ttest)dz,

W⊥(~r, ~r ′, s) =
1

q

z2∫
z1

[
~E⊥(~r, z, ttest) + c(ẑ × ~B(~r, z, ttest))

]
dz.

(2.16)

Here, ttest = z+s
c

is the temporal position of the test charge where both the charges
are assumed to travel at the speed of light and z is the position of the driving
charges. In general, the wake potentials are functions of both ~r and ~r ′ that are
the transverse offsets of the driving and test charges from the z-axis, respectively.
Moreover, ẑ is a unit vector in the direction of motion of both the driving and test
charges, which are taken to be parallel to the z-axis [90]. The dimensions of the
wake functions are voltage per witness charge. These functions are strictly related
to the characteristic properties of the geometric perturbation and they can be seen
as a Greens functions of the system. A representation of the wakefield effects
between two particles is reported in Fig. 2.3. In Eq. 2.16, the driving charge is
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assumed to enter the cavity structure at z = z1 and t = 0 and to exit at z = L = z2.
Such expression is valid only for a point-like charge. Following the concept will
be extended for a charge distribution. The wake functions can be normalized to
the charge Q of the driving bunch, and sometimes (as in the case for a periodic
structure) it is convenient to also normalize them to the period L. The wake
potentials, Eqs. 2.16, correctly represent the integrated force on the charges in
the assumption that the witness charge travels in a straight path (i.e., that its
trajectory is not affected by this force). The advantage of using the wake potential
instead of directly using the fields, is that it represents the cumulative effect on
the witness particle, only depending on the relative position of the source and
witness particles, which are assumed to travel along parallel trajectories [91].

If the point-like charges move on the axis of a perfectly conducting round
pipe, the fields in the pipe are identical to the free space fields and hence there
are no wakefields. Already in the scenario that the point charges move in the
same perfectly conducting round pipe but following a trajectory which is parallel
to the axis but offset from it, the fields in the interior of the pipe are perturbed
from their free space values. However, no wakefields are left behind the moving
charge thanks to the ideal boundary conditions (the charge induced on the sur-
face can follow perfectly the real charge). Unfortunately, the situation drastically
changes if the pipe is not perfectly conducting. In such a scenario, a small orbit
variation or a small boundary discontinuity generates a perturbation on the fol-
lowing charge due to the radiation left beyond the lead charge, from causality
the field of the lead particle can interact with the trailing and not vice versa. An
overview of the phenomena is reported in Fig. 2.4, where the wakefields gener-
ated by a Gaussian bunch traversing a cavity are shown.

2.2.2 Bunch potentials

The wake potentials, derived in Eqs. 2.16 can be used as Green’s functions to com-
pute the potentials in and behind an arbitrary charge distribution [93]. Normally,
except in some simplified cases, the wake potentials (i.e., W⊥ and Wz in Eq. 2.16)
are obtained using 3D electromagnetic solvers (e.g., Gitter drüber, fertig ist die
Laube (GdfidL) [94] Computer Simulation Technology (CST) [95], or Advanced

FIGURE 2.3: The wakefield scheme for the two-particles model into
a cavity.
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FIGURE 2.4: The wakefields generated by a Gaussian bunch travel-
ling through a cavity [92].

Computational Electromagnetics 3D Parallel (ACE3P) [96]). If the line density of
the charge distribution is λ(s) per unit length, the longitudinal and transverse
potentials are

Vz(s) =

∞∫
0

λ(s− s′)Wz(s
′)ds′,

~V⊥(s) =

∞∫
0

λ(s− s′) ~W⊥(s′)ds′.

(2.17)

The potentials in Eqs. 2.17 are called bunch potentials.
A bunch passing thought the accelerator experience both longitudinal and

transverse fields. The longitudinal wakefield changes the energy of the charges.
On the other hand, the transverse wakefield tends to deform the shape of the
bunch. An example of a longitudinal wake-potential for different Gaussian beam
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FIGURE 2.5: The first part of the longitudinal bunch-potential gener-
ated by three different Gaussian beams with different bunch lengths

in a pillbox cavity [97].

with bunch lengths for a pillbox cavity is shown in Fig. 2.5. For the case of a short
bunch, the wake potential is positive over the bunch length (i.e., the particles lose
energy). For the longest bunch, the wake potential changes sign (i.e., the particles
in the bunch tail gain energy).

2.2.3 Beam impedance

The Fourier transform of the wake potential is called the impedance or coupling-
impedance, naming i as the imaginary unit, can be written as

Zz[r, r
′, ω] =

1

c

∞∫
−∞

Wz(r, r
′, s)e−

jωs
v ds

Z⊥[r, r′, ω] =
−i
c

∞∫
−∞

W⊥(r, r′, s)e−
jωs
v ds.

(2.18)

The wake potential and impedance are two descriptions of the same thing, the
coupling between the beam and its environment. The wake potential is the time
domain description while the impedance is in the frequency domain description.
From Eq. 2.18, the dimensions of the impedance is Ω. The reason for the use-
fulness of the impedance is that it often contains a number of sharply defined
frequencies corresponding to the modes of the cavity or the long-range part of
the wake potential. In Fig. 2.6 shows the real part of a typical impedance for a
cavity. Below the cut-off frequency of the beam pipe there is a sharp peak for
each cavity mode. Above the cut-off frequency a continuous spectrum of beam
pipe modes contribute to the impedance. These are important for the short-range
wake-field effects over the bunch, especially for very short bunches.

Observing Eq. 2.17, the bunch potential is obtained convolving the wake func-
tion with the bunch charge distribution. Using the convolution theorem in the
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FIGURE 2.6: The real part of the impedance for a cavity with side
pipes. The sharp peaks correspond to cavity modes, while above
the cut-off frequency, the continuous spectrum of beam pipe modes

contributes to the impedance [7].

frequency domain, the complex bunch potential in frequency domain can be as-
sessed

Vz(ω) = Zz(ω)I(ω),

V⊥(ω) = −Z⊥(ω)I(ω)
(2.19)

where I(ω) is the Fourier transformation of the bunch charge distribution.

2.2.4 Multipoles

In geometries with cylindrical symmetry (most of the accelerating structures and
many accelerator components), the wake potential can be written as a multipole
expansion [98, 99, 100]. As a consequence, it can be written as

Wy + iWx =
∞∑
n=0

Cn(x+ iy)n. (2.20)

The coefficientsCn characterize the strength and the orientation of each multipole
component. Explicitly writing the first multipoles we have

Wy + iWx = C0︸︷︷︸
Monopolar

+

Dipole︷ ︸︸ ︷
C1(x+ iy) +C2(x2 − y2 + 2ixy)︸ ︷︷ ︸

Quadrupole

+

+
︷ ︸︸ ︷
C3(x3 − 3xy2 + i(3x2y − y3))

Sextupole
+C4(x4 − 6x2y2 + y4 + i4(x3y − xy3))︸ ︷︷ ︸

Octupole

+ ...

(2.21)

These are the most common types of component in a particle accelerator. It is
sometimes more convenient to express the field using polar coordinates instead
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of the Cartesian one. Writing x = r cos (θ) and y = r sin (θ), the Eq. 2.20 becomes

Wy + iWx =
∞∑
n=0

Cnr
neinθ. (2.22)

By convention multipoles with =(Cn) = 0 are called normal and multipoles with
<(Cn) = 0 are called skew. From Eq. 2.21 it can be seen that monopolar compo-
nents have no dependence on the transverse position, while the dipole compo-
nent has a linear dependence. Then there are all the other field components such
as sextupoles and octupoles where the strength depends nonlinearly on the trans-
verse position. Not all of the components are always present, for example for the
longitudinal wake potential the first component is monopolar while for the trans-
verse wake potential the first component the dipole component [99]. Moreover,
the geometry of the structure can also be a discriminant for the components of
the field.

If the beam radial displacement is small compared to the aperture radius of
the beam pipe, then the decomposition can be stopped at the first term. As a
consequence, the transverse dipole wake potential is often the most interesting
part of the transverse wake to study [87]. At the first order, the amplitude of the
dipole wake induced by a particle traveling at an offset ∆x (or ∆y) is proportional
to the offset ∆x (or ∆y), respectively.

2.2.5 Trajectory perturbation

Because of the wakefields, the test particle receives a longitudinal force that changes
its energy and a transverse force which deflects its trajectory. A particle with
charge q and velocity v in the presence of electric and magnetic fields (i.e., ~E and
~B) is subjected to the Lorentz force

~F = q( ~E + ~v × ~B). (2.23)

The longitudinal electric field component of the RF fields accelerates and the
transverse components of the magnetic field steer and focus the beam.

As a consequence, to observe a change of trajectory of the beam, it is needed
that a transverse component of the Lorentz force is affecting the beam while is
passing. The so-called transverse voltage, that has the dimension of voltage, can
be defined as

~V
′

⊥ =

L∫
0

~F⊥
q
dz

L∫
0

~E + cẑ × ~Bdz. (2.24)

In Eq. 2.24, the particle is assumed to travel at the speed of light in the direction
of the z-axis (i.e., ~v = cẑ). From Eq. 2.24 changing the coordinates from length to
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time, using the relationship z = ct (assuming s = 0), it can be written that

q~V
′

⊥ =

L∫
0

~F⊥dz = c

L/c∫
0

~F⊥dt = c

L/c∫
0

d~p⊥
dt

dt = c∆~p⊥. (2.25)

Therefore, the change in angle can be written as

~∆′⊥ =
∆~p⊥
ps

=
q~V

′

⊥
cps

, (2.26)

where ps is the particle momenta along the beam axis (e.g., the beam reference
momentum), and the ~∆′⊥ can be decomposed in the two planes (∆′x and ∆′y) [101].

2.2.6 Long and short range wakefields

Conventionally it useful to distinguish between two types of wakefield effects,
this phenomena effects can occur: (i) between two different charged distribu-
tion (i.e., between two bunches) and it is named bunch-by-bunch interaction, or
(ii) inside the charged distribution (i.e, inside the bunch) where the head of the
distribution may excite electromagnetic fields that interact the tail of the distri-
bution, and it is named intra-bunch. This kind of classification can be referenced
in the type of wakefield that is generated. In the first case, they are called long-
range-wake, while in the second case they are called short-range-wake. The two
main beam configuration that can drive wakefield issues in an accelerator: (i)
the beam travels with an offset or with an angle relatively with the accelerator
axis, or (ii) offsets of elements in the beamline. Both effects can yield a limit for
the acceptable strength of the wakefields [102]. In a ring the perturbed bunches
come back to the same locations, for this reason, long-range wakefields are fun-
damental to be damped before the beam comes back in the same position. On the
other hand, for the LINAC machine, where a high gradient (often obtained with
narrow aperture) and high beam quality are required, both effects need to be con-
sidered. Even if the same bunch does not travel more than once inside a device,
the long term wakefield can perturb the following one. In CLIC, the long-range
wakefield contributions were studied and strongly damped thanks to installing
dumping material inside the structure. On the other hand, it is not easy to deal
with the short-range one, for which the main solution found was to mitigate their
effects.

The long-range wakefields are dominated by high Q-factor, while the short-
range-wakefields are dominated by the immediate response of the field following
the driver. Both these effects in the transverse plane, that can be seen as a trans-
verse deflection, can cause Beam BreakUp (BBU) instabilities and lead to emit-
tance growth or, in the worse case, beam losses on the walls. Many machines can
be identified as a wakefield dominated accelerator [47, 103, 104, 105], thus several
studies have been devoted to investigating such effects. Often simulation tools
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FIGURE 2.7: The experimental layout for the long-range wakefield
measurements [110].

are essential to study such effects [106, 107], both based on a semi-analytical ap-
proach or purely based on electromagnetic simulations. Following, an overview
of the previous measurements performed on both short and long-range wake.

Long-range wake measurements

One of the first time this effect was observed was at the ISR [108] and at the
Stanford Linear Accelerator Center (SLAC) LINAC [109]. One of the most re-
cent and accurate measurements performed was on X-band normal conducting
accelerating structures with an operating frequency of 12 GHz [47]. A schematic
of the measurement scheme is shown in Fig. 2.7 In the performed experiment,
the positron beam (driver bunch) passes through the structure under test with a
tunable transverse offset, thus generating a transverse wakefield. The following
electron bunch (witness bunch) is then deflected by this wakefield. Downstream
of the structure, a dipole magnet splits the trajectories of the driver and witness
bunches. The positron bunch is damped, and the deflection of the electron orbit
is measured by the BPMs [111]. The wakefield is then deduced from the pertur-
bation of the electron orbit. This study was performed to assess the possibility of
maintaining the targeted beam stability in multi-bunch operation and the results
demonstrated that the beam dynamics specifications could be met.

A similar experiment was performed before at Stanford Linear Collider (SLC),
where a train consisting of one positron bunch followed by two electron bunches
were used [112]. Long-range transverse wakefields from the leading bunch were
found to cause up to a factor three increase in beam jitter for the trailing bunches.

Another example where the study of the long-range wakefields is critical is
in SuperConducting RF (SCRF) cavities for Free Electron Laser (FEL) beamlines.
Even if couplers with loads are installed to damp the Higher Order Mode (HOM),
they can persist for long periods in superconducting structures, which leads to
long-range wakefields. Several numerical tools for simulating long-range wake-
fields are being developed, in order to solve such issues [113].

Short-range wake measurements

Intra-bunch effects are of particular concern where the catch-up distance is small,
such as in collimators, or apertures with particularly small iris. Here the bunch
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passes extremely close to the surface and the frequency domain, modal summa-
tion approach is not appropriate. A big effort has been devoted to finding nu-
merical approaches for studying such effects [114]. At the same time, practical
solutions for achieving the best possible performance are investigating. An exam-
ple of this effort is the so-called Wakefield-Free Steering (WFS) applied in many
different facilities [115, 116, 117]. Tests of WFS are already performed at the Ac-
celerator Test Facility 2 (ATF2) [118] during the past years [115]. Moreover, on
the same accelerators, different studies were carried out for evaluating the effects
of short-range wakefield on the beam size on the Interaction Point (IP) [119, 120,
121].

Another family of components for which several studies were carried out in
the field of short-range wakefield are the collimators. Due to the type of materials
they are made and the proximity with the beam path a strong impact in terms of
wakefields is expected. In this particular case, the transverse short-range wake-
fields that arise due to a change in dimensions of the vacuum chamber at the
collimator are collectively referred to as the geometric wakefields [122]. And the
component of the wakefield, due to the resistance of the beam pipe walls used in
such structures, is called the Resistive Wall (RW) wakefield. The measurements
setup is based on the test of different structures for collimating the beam and us-
ing a BPMs series to establish the angular deflection of the beam [123, 124, 125,
126, 127].

Other more exotic experiments carried out with the short-range wakefields
are the so-called passive dechirper. In these applications, the wakefields are gen-
erated in a controlled way using a geometrical discontinuity to mitigate the beam
longitudinal distortion, which is often created by the acceleration process. [128,
129, 130, 131].

2.3 Bunch length

In this section, firstly, a recall of the beam structure is presented, highlighting why
most accelerators deal with a bunched beam. Later, an overview of the bunch
length measurement methods is presented, focusing on the Radio Frequency De-
flector (RFD) method.

2.3.1 Bunched beam

The fundamental reason why most of the accelerators work with a bunched beam
is driven from the RF field used to accelerate them. As a consequence, the bunch
spacing and the maximum bunch length is a direct consequence of the frequency
of the RF accelerating field (e.g., an accelerating structure working at 1.5 GHz
impose a bunch spacing and a maximum bunch length of 666 ps).

To enhance the luminosity in a collider [132] or the brightness in a radiation
source [133]; different schemes are designed to work at high operational fre-
quency [134].

Often proton machines use RF accelerating structures at lower accelerating
gradients thanks to the possibility of multiple passages through the cavity. This
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FIGURE 2.8: An overview of the CLEAR bunch spacing.

consideration is completely different in LINACs, where it is needed to maximize
the energy gain due to the single passages in the accelerating structure. Often
the frequency of an accelerating structure is strictly related to the accelerating
gradients. Accelerating structures operating at the frequency results in having
higher accelerating gradients [135]. For this reason, the LINACs are usually char-
acterized by shorter bunches compared to a circular machine. Moreover, mod-
ern accelerators are finding increasing interest in the investigation of ultra-short
bunches.

It is important to mention that even if the RF imposes a maximum threshold
on the bunch length, the actual quantity that characterizes an accelerator is strictly
correlated with the way of generating it and with the type of particle. For ex-
ample, in a CLEAR-like configuration, the electrons are generated from photo
emissions by a pulsed laser. In this case, the bunch result much shorter than the
maximum length imposed from the RF used to accelerate them. In Fig. 2.8, an
overview of the CLEAR bunch spacing is shown.

Due to the growing interest in past years, many studies have been devoted to
shortening the bunch length. For example, in accelerators where the charge den-
sity is a crucial feature (i.e., plasma-based accelerators), the bunch length needs
to be kept as small as possible [86, 136]. Another driving reason is the hope of us-
ing the accelerators as a reliable source of high frequencies electromagnetic fields.
The shorter the bunch, the more the emitted field has a high frequency [82].

Two of the main ways of shortening a bunch, both based on the chirp in the
bunch (obtainable sitting on the rising or falling edge of the accelerating wave),
are the velocity bunching and the magnetic chicane. In the velocity bunching,
the accelerating field is not used on crest but on the zero-crossing; such to ac-
celerate less the head and more the tail, resulting in an overall shortening of the
bunch [137]. Such a method is more effective for non-ultrarelativistic particles.
For this reason, the accelerating structure for performing this task, commonly
named buncher, is often installed as an early stage in the accelerators. In the
magnetic chicane, the beam passes through a magnetic path meant to induce a
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FIGURE 2.9: The two operating principles for shortening a bunch.
In (A), using the velocity bunching and in (B), using the magnetic

chicane.

different path length for the different energy that compose the beam. This method
has the advantage of being effective also for ultra-relativistic beams. A schematic
overview of the two presented methods is reported in Fig 2.9 (A) and (B), respec-
tively.

2.3.2 Bunch length measurement methods

As introduced in Sec. 2.3.1, one of the main beam parameters to be precisely mea-
sured in all the accelerators is the bunch length. Given the strong interest in
knowing such quantities, many different methods have been developed for mea-
suring it [138]. At the first order, to distinguish between two different macro-
categories of diagnostics can be identified. One gives information on the whole
longitudinal profile, while the other one can estimate the bunch length. Another
difference to be stressed is related to the number of acquisition to perform the
measurement (single-shot acquisition or multiple acquisitions) Moreover, it is im-
portant to distinguish between diagnostics that intercept or not the beam (i.e., if
the beam is intercepted, it is destroyed to perform the measurements). The most
used and well-known techniques to perform bunch length measurements are all
used in CLEAR. Following, they will be explained and described.

Streak camera

The streak camera is a high-speed detector that in a single frame captures the time
evolution of light emission phenomena by effectively sweeping the light across
the frame. One examples is the light produced from a specific screen (e.g., an Op-
tical Transition Radiation (OTR)) once the bunch hits such screen [139]). The light
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FIGURE 2.10: The schematic layout for assessing the bunch length
using a streak camera [140].

pulse generated is characterized by the same length as the electron bunch. There-
fore, by measuring the length and structure of the light pulse, the particle bunch
length and structure can be obtained. The schematic layout of the measurement
is reported in Fig. 2.10. Usually, only a fraction of the light emitted by the screen
impinged by the beam is investigated. A slit is placed at the input of the sys-
tem, in order to reduce the light impacting the photocathode. The photons that
pass the slit will hit a photocathode producing an electron beam with a temporal
structure proportional to the light pulse. After an accelerating mash, these elec-
trons are swept by a deflecting electric field generated by a fast ramped voltage
applied to two metallic plates. In this way, the temporal variation of intensity is
transformed into spatial information when hitting a phosphorescent screen. The
phosphor screen’s light intensity is usually recorded by a Charge Coupled Device
(CCD) camera [141].

This measurement method gives information on the whole longitudinal pro-
file potentially in a single shot but has the drawback of being a destructive method.
The resolution of the streak camera depends on several factors, mainly: (i) the
electron energy spread generated from the photocathode (this will also depend
on the chromaticity of the light pulse), (ii) the size of the slit, and (iii) the de-
flection ramp speed. Time resolutions of a few hundred femtoseconds can be
achieved by measuring monochromatic laser pulses [142].

Electro-Optical Sampling (EOS)

When a relativistic bunch passes close to an electro-optic crystal, its transient
electric field is equivalent to a half-cycle RF pulse impacting on the crystal (the
frequency depends on the bunch-length). The temporal profile of the RF pulse
provides a faithful image of the longitudinal charge distribution inside the bunch
if the particles are highly relativistic. The transient electric field induces bire-
fringence in the electro-optic crystal, and as the electric field propagates through
the crystal, the birefringent properties of the crystal also propagate. This bire-
fringence can be probed by a copropagating optical laser pulse and later, analyz-
ing the polarization modulation on the laser pulse the information on the bunch
can be retrieved [143, 144, 145]; This measurement method gives information on
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the whole longitudinal profile potentially in a single shot and is not a destruc-
tive method. The drawback of this method is hidden in the complexity of the
setup. In this study, a time resolution of a few hundred femtoseconds can be
achieved [146].

Analysis of the bunch frequency content

Generally speaking, once a beam passes through the accelerators, many differ-
ent types of electromagnetic interaction might occur, and as a consequence, they
generate many different types of electromagnetic radiation. The main are: (i) the
Bremsstrahlung radiation [147] emitted when the beam interacts with the atomic
nuclei of a target element, an important subclass of this interaction is the transi-
tion radiation[148] (i.e., the beam passes between two media with different refrac-
tion index) or even the diffraction radiation [149] (i.e., the beam passes close to
a boundary and the induced charge produce the radiation), (ii) the synchrotron
radiation [150] emitted when the beam under the effects of an external electro-
magnetic field change its trajectory, and (iii) Cerenkov radiation [151] emitted
when the speed of a particle traveling in a medium is larger than the speed of
light in the medium (i.e., the phase velocity). A subclass of this emission is the
so-called Cerenkov-like radiation [152] that, equivalently to the diffraction radia-
tion (i.e., the field of the beam travels in a medium with a velocity larger than the
phase velocity in the medium; meanwhile, the beam particles are out of it).

The temporal distribution of the radiation is directly related to the beam of
charged particles that emitted it. Moreover, the bunches’ electromagnetic radia-
tion is coherently enhanced at wavelengths of the order or longer of the bunch
length. Thus, the frequency spectrum of the coherent radiation carries informa-
tion of the bunch distribution. Such information can be used to assess the bunch
length thanks to autocorrelation technique or spectral analysis techniques [153].
The main limitation is that the signal is usually measured at a few fixed frequen-
cies, so only a few frequency spectrum points can be obtained. Thus for the re-
construction of the spectrum, only a few points are usually available.

The main advantages are that these techniques are a very fast way of mon-
itoring the bunch length. Any change in the bunch length can be immediately
detected, and often, it results in not a destructive technique[82, 154, 155]. On the
other hand, the big drawback is that the measurements can require measuring
relatively high-frequency (in the THz range), and thus the measurement becomes
complicated. Moreover, the calibration is difficult and usually requires alterna-
tive cross-checking methods.

Energy spread

This technique is based on the relationship between the energy spread and the
phase of the accelerating RF. [156]. The relative phase between two consecutive
accelerating structures is varied, while the energy spectra are monitored down-
stream in a spectrometer [157]. The properties of the longitudinal distribution are
then extracted from the energy spectra [158]. The main contribution to the energy
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FIGURE 2.11: An overview of the CLEAR test facility layout cur-
rently installed.

spread for a given bunch length should depend on the relative position between
the bunch and the RF.

The advantage of such a technique is that it is a direct method for observing
the whole longitudinal distribution. However, its result is a qualitative evalu-
ation due to the strong dependence on the RF stability. Moreover, the beam-
loading contributions need to negligible (i.e., the measurement is more reliable
with low charge).

2.3.3 RFD method

The most common and exploits methods to measure the bunch length, uses a
transverse deflecting structure [13, 159], namely RFD [160, 161, 162].

The combination of an RFD and a dispersive element (i.e., a dipole) can be
exploited to measure the longitudinal phase space distribution of the beam [163,
164]. An overview of the layout currently installed in the CLEAR test facility is
shown in Fig. 2.11. The RFDs are widely used in LINACs around the world, ow-
ing to their very high resolutions. For example, RFDs are used at SLAC [12, 165],
Deutsches Elektronen SYnchrotron (DESY) [166], Massachusetts Institute of Tech-
nology (MIT) Plasma Science and Fusion Center (PSFC) [167], Sources for Plasma
Accelerators and Radiation Compton with Lasers And Beams (SPARC LAB) [168,
169], the ultraviolet and soft x-ray FEL facility Free-electron LASer in Hamburg
(FLASH) [170], the Accelerator Test Facility (ATF) in Brookhaven National Lab
(BNL) [171], and so on.

The method allows to measure ultra-short electron beam bunches down to
few fs [13, 160, 172, 173] and can be performed as a single-shot measurement,
after a proper calibration. The only drawback of the measurement methods is
that the measurement is a destructive process.
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(A) (B)

FIGURE 2.12: The longitudinal behavior of a bunch traveling from
left to the right with the RFD off and on in (A) and (B), respectively.
Where σy0 is the bunch vertical dimension at RFD center, Lt is the
distance between RFD centre and screen, Vt is the deflecting voltage
amplitude, σt0 is the bunch length, σys,off and σys,on are the vertical
spot sizes at the screen once the RFD is off and on, respectively [174].

FIGURE 2.13: A time snap-shot of the field distribution of the TM11

mode with a 2π/3 cell length [176].

Measurement concept

The basic concept beyond the bunch length measurement by means of the RFD,
sometimes called Transverse Deflecting Structures (TDS) [13], involves the de-
flecting structure and a screen. The bunch parameters at the RFD entrance are
indicated with the subscript e, at the RFD center are indicated with the subscript
0, and at the screen location with the subscript s. Initially, the RFD is switched
off (Fig. 2.12, (A)), and the spot size is measured on the screen. For the measure-
ment, the RFD is switched on (Fig. 2.12, (B)) and, as a consequence, a Transverse
Magnetic (TM)-like deflecting modes (shown in Fig. 2.13) propagates in the cavity
giving a time-dependent transverse kick to the electron bunch passing through
the RFD [175]. The vertical kick produces a sudden change of the vertical particle
divergence ∆y′0.

The change of the vertical divergence depends on the deflecting voltage that
can be written as

V (z0) = Vt sin (kz0 + ϕ) = Vt [sin(kz0) cos(ϕ) + cos(kz0) sin(ϕ)] , (2.27)

where z0 is the position of the particles along the beam axis with the origin in the
RFD center, k = 2πfRF/c is the wavenumber, fRF , Vt, and ϕ are the deflecting volt-
age frequency, amplitude, and phase, respectively. A summary of the quantities,
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FIGURE 2.14: An overview of the RFD main parameters, λRF , Vt,
and ϕ are the deflecting voltage wavelength, amplitude, and phase,

respectively.

FIGURE 2.15: The measurement layout of bunch length using the
RFD; where LRFD is the RFD length, Ldrift is the distance between
the RFD exit and the screen, and Lt is the longitudinal position of

the screen with the origin in the RFD center.

highlighting their physical meaning, is reported in Fig. 2.14. Thanks to the usual
dimension of the bunch length (i.e., few of µm) and the characteristic wavelength
of the deflector (i.e., larger than tens of mm), using the linear approximation of
the sine and cosine, Eq. 2.27 can be rewritten as

V (z0) ≈ Vt [kz0 cos(ϕ) + sin(ϕ)] . (2.28)

Therefore, the vertical kick gives the vertical divergence change to the i-th particle

∆y′0i (z0i) =
q

p0ic
V (z0i) = CRFD0i [kz0i cos(ϕ) + sin(ϕ)] , (2.29)

where CRFD0i = qVt/(p0ic) is the RFD coefficient, q is the electron charge, and
p0i is the particle momentum at RFD centre [176, 177]. In the ultra–relativistic
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regime, the RFD coefficient is

CRFD0i ≈ Vt/E0i , (2.30)

where E0i is the particle energy at RFD center expressed in eV.
In the measurement method, the longitudinal and transverse bunch dimen-

sions of the beam on the screen are correlated. Thanks to this, the bunch length
can be assessed from the measurement of the spot size, in the direction of the
deflection, after a calibration of the beam position displacement driven from the
deflecting voltage RF phase [163].

The conventional model of the RFD and the screen is shown in Fig. 2.15.
Where LRFD is the RFD length, Ldrift is the distance between the RFD exit and
the screen, and Lt is the longitudinal position of the screen with the origin of the
beam axis in the RFD center (i.e., Lt = LRFD/2 + Ldrift). The RFD can be treated
as a LRFD/2 long drift space, a vertical kicker, and another LRFD/2 long drift
space [13, 178]. The kick is applied at the center of the RFD instead of consid-
ering it as a distributed effect inside the whole deflector length. However, this
model neglects the possibility of inducing energy chirp and energy spread on the
bunch. The deflecting voltage is directly related to the longitudinal electric field
gradient, through the Panofsky-Wenzel theorem [99], which can induce such ef-
fects to the bunch [163].
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Chapter 3

Wakefield and Kick

The interest in a more compact and efficient solution to accelerate particles is
growing. The new technology, developed within the CLIC accelerator frame-
work, represents a promising solution for new compact accelerators. However,
due to their geometry and the high-gradients, such structures are strongly suffer-
ing from the wakefield.

In this chapter, the wakefield studies and the measurement results obtained
are presented. In particular, two different methodologies of measuring the wake-
field are presented. The first one relies on the measurement of the effect that the
wakefield has on the beam. Thus the measurement of a transverse kick of the
beam thanks to a beam screen is performed. The second one uses the Wake Field
Monitors (WFMs) to detect the accelerating structure’s electromagnetic field.

The whole study is carried out using the CLIC baseline accelerating structure.
In CLEAR it is installed as a superstructure composed of two accelerating struc-
tures, which is currently not connected to any power source. Firstly the proposed
simulation and measurement methodology are presented. Following the acceler-
ating structure and the devices used in the measurement are shown. Later, the
simulation and the experiments are reported, followed by their results.

3.1 Methods

In this sections, the simulation and the experimental campaign’s methods are
presented, respectively.

3.1.1 Simulation method

The simulations are performed with the assumption of being dominated by the
short-range wakefield, particularly by its dipolar component. The long-range
wakefield is assumed to be damped by the HOM installed in the structure. The
basis of the simulations are the Karl-Bane model for short range wake [179], in
which the wake potential per unit structure length, beam offset, and bunch charge
is given as

WT =
4Z0cs0

πa4
φ(s)

(
1−

(
1 +

√
s

s0

)
e
−
√

s
s0

)
, (3.1)

where Z0 is the characteristic impedance (in case of vacuum Z0 = cµ0, where µ0

is the magnetic permeability of the vacuum), φ(s) is a step function (φ(s) = 1 for
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FIGURE 3.1: The schematic layout of the experimental area, the red
arrow points the beam path and direction.

s > 0 and φ(s) = 0 for s ≤ 0), s is position on the accelerator axis, and s0 is defined
as:

s0 = 0.169
a1.79g0.38

l′1.17
. (3.2)

In Eqs. 3.1 and 3.2 the quantities a, g, and l′ are the geometrical characteristics of
the cell, which is described in Sec. 3.2.1.

Two main quantities that can be derived from the simulations are: (i) the wake
potential, and (ii) the beam distribution on a later screen.

3.1.2 Experimental method

The measurement methods foresee different displacements between the structure
and the beam. The displacement will lead to an increase of the wakefield that, as
discussed in Sec. 2.2.4 and 2.2.5, will induce growth in the wakefield. In the ap-
proximation of being dominated by the dipole mode, the wakefield is linearly
dependent on the distance between the beam and the structure center. This effect
can be measured by directly sensing the field thanks to the pickup antennas in-
tegrated into the structure or the effect that the transverse field has on the beam
position (i.e., a transverse kick), that can be monitored in the downstream beam-
line.

Several beam instrumentation devices were used, in order to perform the mea-
surements. A schematic layout of the experimental area is reported in Fig. 3.1. In
particular, the layout is composed of: two horizontal/vertical correctors (in dark
blue in Fig. 3.1), two inductive BPMs (in dark yellow in Fig. 3.1), three CLIC
cavity BPMs (in light yellow in Fig. 3.1), three beam screens (in green in Fig. 3.1),
three radiation monitors (in light blue in Fig. 3.1), the girder for supporting the ac-
celerating structure (in grey in Fig. 3.1), the CLIC accelerating structure (in orange
in Fig. 3.1), and the WFMs installed in the middle of the accelerating superstruc-
ture i.e., two accelerating structure brased together (in purple in Fig. 3.1).

Each device installed on the beamline performs a specific task in order to carry
out the wakefield and kick measurements. The inductive BPMs, the CLIC BPMs,
and the screens were installed to monitor the beam position and trajectory. BPMs
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using two different technologies were installed because the incredibly challeng-
ing CLIC parameters range and the required resolution [180] require the develop-
ment of specialized devices. Unfortunately, both of these devices are not designed
for a single bunch/short train operation, commonly used in CLEAR. The induc-
tive BPMs are in the process of becoming operational, and are soon expected to
support the measurements. The CLIC BPMs are currently only operated as a sep-
arate experiment in order to develop suitable electronics and characterize their
performance. The measurement methods propose to monitor the position and
the trajectory use the beam screens, particularly the one located after the CLIC
structure, made of Yttrium Aluminum Garnet (YAG) [181].

The correctors and the girder, which is installed on movers, were installed
to change the relative displacement between the accelerating structure and the
beam. Such degrees of freedom was needed to study the effect of different dis-
placement on the wakefield. The radiation monitors were installed to monitor
the beam losses along the beam line. Such monitors are intentionally installed in
proximity of the accelerating structure because it represent a bottleneck for the
beam passage. An additional one is installed later in the beam line to monitor
losses in the CLIC BPMs, typically driven by large angle. The first method for
measuring wakefield relies on the use of WFMs. This device is composed of eight
pickup antennas for sensing the filed in the accelerating structure at two different
beam harmonic frequencies, the first at 18 GHz, and the second at 24 GHz. The
WFMs are installed in the first regular cell of the second accelerating structure
in the superstructure, which is close to the middle of it. The signal obtained is
mainly dependent on the beam characteristics (i.e., charge, and bunch length)
and on the relative displacement between the structure and the beam. During
an experiment, the beam characteristics can be realistically assumed almost con-
stant. Thus the signal obtained from the WFMs will depend only on the relative
displacement. However, since the WFMs are designed to work with the CLIC
beam (larger charge and longer trains), they cannot provide the specified accu-
racy of 3.5 µm in a single bunch or short train operating mode, widely used in
CLEAR. More information on this device are reported in Sec. 3.2.2

The second method assesses the wakefield from the transverse kick, using the
beam screen after the structure was used. In particular, to assess the strength
of the transverse wakefield, the change of the beam position on the screen was
monitored while inducing a different displacement between the structure and
the beam. The operating principle is reported in Fig. 3.2. Taking into account the
small-angle approximation, the change of angle ∆′x can be written as

∆′x =
∆x

l
, (3.3)

where ∆x is the displacement on the screen, and l is the distance between the
screen and the middle of the accelerating structure. Combining Eq. 2.26 with
Eq. 3.3 and isolating the transverse bunch voltage

V ′x =
∆x

l

cps
e−
, (3.4)
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FIGURE 3.2: The operating principle to investigate the strength of
the transverse wakefield.

where q is the witness charge typically equal to the negatice electron charge (i.e.,
−1e). Under the assumptions that: the dipolar wakefield component dominates
the kick, short excitation, linear dependence with the length of the accelerating
structure, and linear dependence of the charge the quantity V ′x can be rewritten
as

Vx =
V ′x
Lx0q

, (3.5)

where Vx is the transverse bunch potential, L is the length of the accelerator struc-
ture, x0 is the displacement between the electrical center of the structure and the
beam trajectory, and q is the charge of the bunch. Combining Eq. 3.4 and 3.5 yields

Vx =
∆x

x0

psc

lLqe−
. (3.6)

The units of the transverse bunch voltage are V
m mm pC

. While varying the dis-
placement between the beam and the accelerating structure, and monitoring the
variation of the beam centroid on the screen, the ratio ∆x

x0
is equal to the derivative

of the variation of the centroid position of the beam while performing the scan.
From Eq. 3.6, taking the bunch length into account (i.e., removing the assumption
of short excitation) can be written as

V⊥ =
∆x

x0

psc

lLqe−
F (σt0), (3.7)

here F (σt0) is the form factor, which is the ratio of the average voltage seen by a
bunch with the given bunch length and a bunch with a reference bunch length.
For the case of the short range wake, the voltage seen by a zero-length bunch is
zero, so the typical bunch length σt0 = 4 ps is chosen as the reference. Note that
if the beam is moved relative to the structure, as will be discussed in Sec. 3.4.2,
Eqs. 3.6 and 3.7 are modified by replacing ∆x → ∆x−x0. On the other hand, if the
structure is moved, as discussed in Sec. 3.4.1, Eqs. 3.6 and 3.7 are not modified.

As for the methods that use the WFMs, each experiment in the kick study is
characterized by a specific beam condition (in terms of energy, charge, and bunch
length) that can be reasonably assumed to be constant over the whole experiment.
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FIGURE 3.3: The model of the measurement production to assesses
the transverse kick.

A schematic representation of the measurement method is reported in Fig. 3.3.
Each experiment, also referred as scan, is composed of M -points (one for each
relative displacement), and the acquisition of the signals is repeated N -times.

Before analysis, all the acquired beam images are background subtracted, first
using a reference image of the screen without beam in order to reduce inhomo-
geneity. A second uniform background subtract is then performed, in order to re-
move possible illumination discrepancies; this uses an area of the screen without
beam as the reference. Moreover, for practical reason, the Area Of Interest (AOI)
is manually selected in order to avoid including screen artifacts (e.g., screen bor-
der and screen imperfections) which were disturbing the attempted automatic
selection of the AOI. Such a procedure has the aim of making the post-processing
more robust. It is needed for each acquisition to assess the beam’s centroid Cx,y.
Such quantity can be defined in two different ways. The first way assesses Cx,y
directly by the weighted average on the beam distribution projection on the ver-
tical and horizontal axes. The second way is based on a Gaussian function to fit
the beam distribution on the vertical and horizontal axes. The first processing
was used to handle also non-Gaussian beam distribution impacting the screen.

Besides, for each method, the Cx,y assessment is performed in two ways. For
the first one, perform the assessment directly on the beam profile average. In
contrast, the second one performs the assessment individually for each beam
profile, and then the results are averaged. The results are usually very close (i.e.,
discrepancy less than 2%); however, atypical beam profiles can be individually
identified thanks to this technique In case the results are close, the one assessing
Cx,y individually for each image is taken into account. As described presenting
Fig. 3.3, each point that compose the scan represent on offset between the beam
a the structure. For each point, N -acquisitions are repeated to identify the beam
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FIGURE 3.4: The acquisition procedure from right to left; the
two methodology to assessment of the beam centroids from N-
acquisitions repeated for each of the M-points that compose the

scan.

centroid using two different procedure beam in order to take into account Gaus-
sian beam and non-Gaussian beam. An overview of the acquisition procedure is
reported in Fig. 3.4. A sketch of the result post-processing script is reported in
Figs. 3.5

The scan can be performed in the two planes (horizontal and vertical), mov-
ing the CLIC accelerating structure and keeping the beam position constant or
the other way around. Depending on the beam distribution, the most suitable
processing is used; moreover, all for comparison convenience, all the results refer
to vertical scans.

3.2 Equipment and devices

In this section, the accelerating structure principle adopted in CLIC is presented,
investigating the characteristic of the accelerating structure and the parameters
of the CLIC geometry. Later the WFMs operating principle and their acquisition
system are presented.

3.2.1 CLIC accelerating structure

The force used for accelerating electrically charged particles is the electric field.
The electric field is varying with time and is synchronized to the particle motion,
using the principle of resonance or RF acceleration [182, 183].

A significant effort in studying new accelerating structures has been performed
for the CLIC accelerator, where many different structures, even exploiting differ-
ent technology, have been developed and tested [1]. One of the main critical phe-
nomena that must be avoided to reach high gradients reliably is the vacuum arcs.
It was proven that the targeted average accelerating gradient of 100 MeV/m can
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FIGURE 3.5: On the top, the beam image with a zoom on the iden-
tified centroids on both planes with both methods. On the bottom,
the projections and the fits used to estimate the centroid positions

are highlighted using vertical lines.

be reached by carefully designing the structure geometry such that high surface
fields and large local power flows are avoided [101, 184].

The baseline reference structure for CLIC study is represented by the so-called
TD26CC [4], the latest prototype of the CLIC accelerating structure developed.
Such structure is Travelling Wave (TW) one. It is made of several accelerating
cells, which are coupled such that an oscillating field in one cell will drive an
oscillation in the next cell and so on. This effect generates an accelerating field
which has the peak position is moving with a phase velocity, vp , synchronous to
the particle velocity. The phase advance between two cells spaced by a distance
l′ needs to be

∆φ =
l′

λ
2π, (3.8)

where λ is the wavelength.
This structure operates in the X-band regime, with the acceleration mode at

12 GHz; thus, it is powered from an X-band source. Such source, as foreseen in
the CLIC project [47]) can be or a drive beam or an X-band klystron (as described
in Sec. 1.3).

In addition to the accelerating mode, there will be numerous HOMs present
in the accelerating structures, which can either be excited by the beam or pos-
sibly transferred from the drive beam. These modes, which often degrade the
beam quality, can be monopole, dipole, quadrupole modes, and so on. The struc-
ture is Tapered and Damped Coupling Cells, composed of 26 cells (i.e., TDCC26),
and two of these structures are usually brazed together into a so-called super-
structure. The adjective tapered means that the iris radius decrease along with
the accelerating structure and, damped means that to minimize the impact of the
HOM, the accelerating cells are equipped with damping waveguides designed to
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FIGURE 3.6: The 3D-cad drawing of a superstructure composed of
two TD26CC accelerating structures, where longitudinal and trans-
verse cuts highlight the tapering and the damping of the struc-

ture [37].

couple with the HOMs and damp them [185]. A 3D-cad drawing with one quar-
ter removed is reported in Fig. 3.6. With a maximum iris radius of about 4 mm
in CLIC X-band accelerating structures, allows to reach a high gradient up to a
100 MV

m
. As comparison, the Lepton Injector LINAC (LIL) cavities with an aper-

ture of 25 mm, working at 2.9985 GHz currently used in CLEAR can only reach
a gradient up to a 20 MV

m
[186]. Unfortunately, due to the narrow apertures, the

wakefields are much more intense in CLIC structures. Such a wakefield problem
was known during the design phase of the structure. For this reason, the WFMs,
a method for assessing the wakefield strength, were designed [187].

In the second structure of the superstructure, the damping waveguides of the
first cell are extended with the WFMs [188, 189] A photo of the TD26CC CLIC
accelerating superstructure is shown in Fig. 3.7.

This type of accelerating structures has the advantage of short fill time, al-
lowing to tolerate extensive beam loading and allow more extended structures
and shorter filling times compared to the other possible type, the Standing Wave
(SW) structures [101]. The SW structures can be considered the superposition of
two TW to obtain a wave that oscillates in time but whose peaks does not move
in space. The peak amplitude of the wave oscillations at any point in space si-
multaneously and the oscillations at different points throughout the wave are in
phase [190].

It is quite comfortable in a cavity to describe the field patterns as eigenmodes,
which are solutions to Maxwell’s equations obtained by factorizing out the time
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FIGURE 3.7: The prototype of the CLIC accelerating superstructure;
currently installed in CLEAR.

dependency. Different parameters are particularly useful for describing a partic-
ular structure. One of the most famous is the so-called Q-factor

Q =
ωU

P
. (3.9)

The ratio of the stored energy U to the power lost P in one RF cycle. It represents
how fast the amplitude and stored energy of the mode oscillating at is damped.
Another significant quantity is the effective shunt impedance

R =
V 2

P
, (3.10)

which relates the accelerating voltage V to the power loss. Such quantities can be
normalized with the length of the structure R′ = R/L. Sometimes it is useful to
write the ratio between Eq. 3.9 and 3.10

R

Q
=
V 2

ωU
. (3.11)

This quantity is describing how quickly the voltage rises with stored energy, it
is independent of the power loss and thus independent of the cavity’s material,
determined only by the field pattern determined by the geometry. Another useful
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FIGURE 3.8: The cell geometry of the accelerating structure with
strong waveguide HOM damping, a 3D model (left) and a copper

piece (right) [6].

quantity is the filling time that in the TW is defined as

tf =

L∫
0

1

vg
dz, (3.12)

where vg is the group velocity. It represents the time needed for the electromag-
netic energy to fill the cavity of length L.

Cell geometry

The geometry of the accelerating cells for these TW structures were carefully op-
timized, in order to maximize the gradient capability of the accelerating structure
designs for CLIC, .

An example of the cell geometry is shown in Figs. 3.8. It consists of a cen-
tral volume that traps the accelerating mode, and four narrow waveguides allow
higher frequency modes excited by the beam to radiate out of the central volume.
The design avoids radiation of the fundamental mode, as its frequency is below
the cutoff frequency of the four damping waveguides. The structure was tuned
such that the phase velocity of the principle wave is synchronized with the elec-
trons, which should be accelerated. Such tuning is obtained by changing the iris
apertures a, cell thicknesses d, cell radius b, and cell length l′ over the length of the
structure [6]. A graphical representation of the geometry cell’s main parameters
is shown in Fig. 3.9. In Tab. 3.1 the main parameters, and the relative ranges are
reported.

The TD26CC is a tapered disc-loaded waveguide structure; each cell is equipped
with four damping waveguides (terminated with a silicon carbide load), designed
to strongly suppress the long-range wakefield [6].
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l′

a

b

d/2

FIGURE 3.9: A quarter of a single accelerating cell geometry [101].

TABLE 3.1: The CLIC TD26CC main parameters.

Parameter Range

Accelerating gradient 100 MV/m
Frequency (f ) 11.9942 GHz

RF phase advance per cell (∆φ) 2π/3 rad
Cell length (l′) 8.3333 mm

Structure length (L) 230 mm
Number of cells 26

Iris radii (a) 3.15− 2.35 mm
Iris thickness (d) 1.67− 1.00 mm

Q-factor (Q) 5536− 5738
Shunt impedance (R

Q
) 81− 103 MΩ/m

Filling time (tf ) 67 ns

3.2.2 Wake Field Monitors (WFMs)

As explained in Sec. 2.2, it is essential to avoid as much as possible the misalign-
ment between the beam and the accelerating structure to minimize the wakes.
The wakes themselves are measured by the WFMs. Such a device can measure
the dipole modes, and from them, the beam position in the structure can be esti-
mated, which is used as input information for the alignment strategy.

In CLIC, the accelerating structures are placed on girders that can be moved
using high precision movers. The wakes from individual structures cannot be
canceled, but the strategy is to align the girder such that the net wake effect is
close to zero over the whole girder. The WFMs are pickup antennas used for
measuring the beam position. Each waveguide is equipped with two antennas
for measuring two different dipole modes. The TM-like mode is around 16.9 GHz,
while the Transverse Electric (TE)-like (transverse electric) mode is around 27.3 GHz.
The real part of the transverse impedance of the TD26 structure at three different
cells (the first, the middle, and the last) is shown in Fig. 3.10. The blue line rep-
resents the cell where the WFMs are installed. This result was obtained with the
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FIGURE 3.10: The real part of the transverse impedance simulated
in GdfidL for different cell types [6].

simulation tool GdfidL [94]. The peaks at 16.9 GHz and 27.3 GHz represent the
TM-like and TE-like modes, respectively [191].

A simplified drawing of the field patterns of the electric fields inside the CLIC
accelerating structure equipped with WFM is shown in Fig. 3.11. A vertical offset
is present between the beam and the cell, and such offset induces the two dipole
modes. The TE-like field lines are shown in blue in Fig. 3.11, and they are stronger
in the horizontal plane outside the center. The magnitude of this field is linearly
dependent on the vertical beam offset. An important feature of the TE-like mode
is that it is symmetric in the horizontal plane with respect to the cell axis. There-
fore, the modes couples to both the horizontal waveguides with symmetric fields
without coupling with the vertical waveguides. In this configuration (beam off-
set only in vertical), the pickup antennas on the horizontal waveguides will give
the same signal on both sides.

The TM-like mode lines are shown in orange in Fig. 3.11. This electric field has
two nodes in the vertical plane inside the cell, where it enters the plane on one
side and comes out of the plane on the other side. The TM-like field is therefore
asymmetric and couples with opposite polarities to the two vertical waveguides.
Consequently, the pickup antennas placed at a similar distance on the vertical
waveguides will therefore give similar signals with a 180 deg phase difference.
Note that Fig. 3.11 shows a simplified example where the fields are given only
from the vertically displaced bunch.

In case of a horizontal beam displacement, the field patterns will be rotated
by 90 deg. Therefore, there are also TE antennae on the vertical waveguides and
TM antennae on the horizontal waveguides. Moreover, such antennas were in-
stalled in different positions on the same waveguide due to the TE-like and TM-
like modes’ directions.

The pickups are then connected to 180 deg hybrids with suitable coaxial cables
(with K-type connectors) to remove possible monopole mode. Pairs of phase
shifters are installed between between the antennas and the input of the hybrid
to correct possible cable length mismatch. In particular, on the TM horizontal
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FIGURE 3.11: The field map of TE and TM like mode in the CLIC
accelerating structure.

channel, a remotely controllable movable phase shift was added to check while
the beam passed through a possible difference in the center identification.

The desired information is in the sum or in the delta signals depending on
the offset and mode. In particular, in the case of vertical or horizontal offset, the
displacement information is in the vertical or horizontal delta signals of the TM-
like mode, or horizontal or vertical sum signals of the TE-like mode. Later, the
hybrid outputs are transported to the readout area (above the experimental hall)
in waveguides to minimize losses.

The signals pass through a band-pass filter (waveguide filters) to remove fre-
quencies different from the desired mode at the waveguides’ exit. Downstream,
the signals are limited using limiters before entering they enter into the logarith-
mic detectors, which were chosen due to the extended dynamic range (around
30 dB). It was chosen to investigate both small signals (obtained when the beam
passes close to the structure center) and large signals (obtained when the beam
passes close to the pipe’s edge). Finally, the signals are digitized using Analog to
Digital Converters (ADCs) with a sampling rate of 1 GS/s.

A schematic of the whole WFM acquisition system from the accelerating struc-
ture cell to the sampler is shown in Fig. 3.12.

Ideally, the two modes should show the same linear dependence on the beam
position, which provides redundancy. For reducing the number of needed read-
out devices, one of the two dipole modes should be elected as the one used to
determine the beam position. One of the current WFM study goals is to decide
on which mode needs to be selected as the one to be used.
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FIGURE 3.12: The WFM acquisition system.

(A) (B)

FIGURE 3.13: In (A) the wake potential for the two different evalu-
ation methods. In (B) the percentage relative error between the two

wake potential.

3.3 Simulation

In this section, an overview of the simulations performed is presented. Firstly,
the simulations of the wake potential are performed using two different simula-
tion methods. Later, thanks to the simulations, another interesting quantity (the
beam distribution) that can be monitored while studying the wakefield effects is
investigated. Also in this study, two different procedures are tested.

3.3.1 Wake potential simulation

From Eqs. 3.1 and 3.2, to simulate the wake potential it is evident the critical role
that the geometry parameters are playing. For understanding the impact of these
parameters, two different types of simulations were performed. The first one uses
an average value for the cell parameters, while the second one uses cell by cell
defined parameters equal to the technical specifications reported in Tab. 3.1. In
Fig. 3.13 (A), the result of the two different simulation methods for estimating the
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(A) (B)

FIGURE 3.14: In (A), the beam distribution without (dashed black)
and with (dashed magenta and cyan) the kicks, for the two different
cell parameters distribution. In (B), the absolute error between the

beam kicked distributions obtained with the two cell parameters.

wake potential are shown; while in (B), the percentage relative error,

EWT
= 100

|WTAverage −WTCellByCell|

WTCellByCell

, (3.13)

between them is reported. Figure 3.13 (B) shows that the percentage relative error
is below 7% and that as S increases, it tends to 3%.

The result obtained using the cell by cell parameters are a more reliable repre-
sentation of the structure’s real geometry; thus, its results can be expected to be
more reliable. Moreover, as will be shown in the next Sec. 3.3.2, the discrepancy
in the calculation of the wake potential can drive a wrong assessment in the beam
distribution.

3.3.2 Beam distribution simulation

Computing the transverse voltage, given the wake potential and the longitudinal
profile of the bunch, the expected transverse beam distribution on the measure-
ment screen can be reconstructed. As a consequence, for the beam distribution
simulations on the screen, it is needed to distinguish between two different sim-
ulation procedures. The expected beam distribution obtained on the screen after
the accelerating structure can be simulated using either the average parameters
or the cell by cell parameters. In the simulations, a bunch with a Gaussian charge
distribution in all three planes with a total charge of 500 pC, a RMS bunch length
of 4 ps, and a transverse sigma of 1 mm. A initial transverse beam displacement
of 2 mm, and the energy of 200 MeV was used.

In Fig. 3.14 (A), the beam distribution obtained without (dashed black) and
with (dashed magenta and cyan) the kicks using the two different approaches for
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(A) (B)

FIGURE 3.15: In (A), the beam distribution without (dashed black)
and with (dashed red and blue) the kicks, for the two different sim-
ulation procedures. In (B), the absolute error between the kicked

beam distributions obtained with the two simulation procedures.

describing the cell parameters are shown. In Fig. 3.14 (B), the absolute error,

EProjection = |ProjCellByCell − ProjAverage|, (3.14)

between them is reported. The methods that use the integrated value for the cell
parameter are not in agreement with the one that specifies each cell’s parameters.
As anticipated in Sec. 3.3.1, the discrepancy of the wake potential drives a dis-
crepancy in the beam distribution assessment as highlighted from the absolute
error in Fig. 3.14 (B). This discrepancy drives an error in the identification of the
beam centroid larger than 3%.

While analyzing the wakefield effect on the bunch (i.e., the transverse kick), it
is interesting to distinguish between two other possible simulation approaches.
The transverse kick can be applied as an integrated quantity to the bunch at one
point in the structure, or it can be applied for each cell. In the first simulation
procedure, the beam displacement induced from the structure while traveling is
neglected. In contrast, in the second case, the offset variation induced from the
wakefield is taken into account for each cell, and it influences the wakefield gen-
erated from the following one. For the first simulation procedure, the integrated
kick is applied in the longitudinal center of the accelerating structure. After, the
bunch is assumed to propagate in a drift space. In Fig. 3.15 (A), the beam dis-
tribution obtained without (dashed black) and with (dashed red and blue) the
kicks for the two different approaches integrated and distributed are shown. In
Fig. 3.15 (B), the absolute relative error,

EProjection = |ProjDistributed − ProjIntegrated|, (3.15)

between them is reported. From the simulation results in Fig. 3.15 (A), the ap-
proximation of applying an integrated kick in the middle of the structure is in
good agreement with the result obtained using distributed kicks. The absolute
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FIGURE 3.16: The simulation results of the beam distributions with-
out (dashed black) and with (dashed blue) the kicks, for a bunch
with the double of the charge compared to the once previously used.

errors between the beam distribution, in Fig. 3.15 (B), is well below the one ob-
tained by comparing the different type of cell parameters, in Fig. 3.14 (B). This
error drives an error in the assessment of the beam centroid that is less than 1%.
For this reason, both methods can be used to determine the beam distribution.
From the results obtained in Figs. 3.13, 3.14, and 3.15; the method that uses the
integrated kick and describing each cell using the design parameters is used for
all the future simulations.

Repeating the simulations with the same parameters but increasing the bunch
charge to 1 nC; the transverse kick grow with the charge and how the tail of the
bunch suffer from this effect. In Fig. 3.16 the transverse beam distribution is re-
ported without (dashed black) and with (dashed blue) the kick, showing that the
transverse beam profile on the screen has no longer a Gaussian shape.

It is interesting to simulate the effects of kick for bunches with non-Gaussian
longitudinal distribution since Gaussian bunches are an approximation of the
real longitudinal distribution of the bunch. In particular, bunches with skew-
Gaussian distribution where simulated. The skew-Gaussian charge density dis-
tribution is

ξ(x) = q
2

σt∗
φ

(
x− µ
σt∗

)
Φ

(
Γ · x− µ

σt∗

)
, (3.16)

where φ(x) if the Probability Density Function (PDF) of a standard Gaussian
distribution, Φ(x) is the Cumulative Distribution Function (CDF) of a standard
Gaussian distribution, and Γ is the so-called skew parameter. The distribution is
front-heavy skew-Gaussian if Γ > 0 and is tail-heavy skew-Gaussian if Γ < 0. If
Γ = 0, the distribution becomes a normal Gaussian. While modifying the longitu-
dinal distribution, it is needed to take into account the variation of bunch length
as

σt∗ =
σt0√

1− 2Γ2

π(1+Γ2)

(3.17)

where, σt0 is the RMS bunch length, and σt∗ is the bunch length parameter for
the skew-Gaussian distribution. In Figs. 3.17, the simulations performed hold-
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(A) (B)

FIGURE 3.17: In (A), the transverse beam distributions on the screen
without (black dashed) and with (dashed blue, red, and grey) the
kicks, for the front-heavy skew-Gaussian (Γ = 10), tail-heavy skew-
Gaussian (Γ = −10), and Gaussian (Γ = 0) longitudinal distribution.

In (B), the three respective charge density distributions.

ing the initial bunch parameters (i.e., charge of 500 pC) but using three different
type of longitudinal distribution (i.e., front-heavy skew-Gaussian (Γ = 10), tail-
heavy skew-Gaussian (Γ = −10), and Gaussian (Γ = 0)) are shown. The skew
parameters adopted were chosen to mimic the profile observed in the accelerator
while performing measurements on the longitudinal plane. In Fig. 3.17 (A) the
beam distribution without (black dashed) and with (dashed blue, red, and grey)
the kick for the three above listed distributions are shown. In Fig. 3.17 (B), the
respective longitudinal distributions are reported. The results show that the lon-
gitudinal distribution impacts the centroid’s evaluation, about 1% in the consid-
ered case. However, its effect is strongly related to the wakefield impact on the
bunch (e.g., for five times the charge, the centroid discrepancy achieve around
6%). A larger kick is experienced from the tail-heavy skew-Gaussian distribution
because, in Fig. 3.13 (A), the wakefield is excited from the head and, once it has
reached a larger value strongly impacts the high-charged tail. Thus, it needs to
be taken into account once comparing the measurements and the simulations.

3.4 Experiments

In this section, the experiments are presented. Firstly, the ways to scan the rela-
tive displacement between the accelerating structure and the beam are presented.
Two possible methodologies were tested, the first one is CLIC-like and does not
require any adjustment on the beam, while the second one requires to modify di-
rectly on the beam trajectory. Later the experimental calibration of the WFMs is
presented.
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FIGURE 3.18: The schematic overview of the system designed to
move the accelerating structure.

3.4.1 Structure movers

In the case the beam is kept constant, the transverse kick is given directly from
the structure position. All the perturbations observed on the beam screen are
given by the transverse wakefield inside the CLIC accelerating structure. For this
reason, movers are installed on the girder supporting the CLIC accelerating struc-
ture to allows all the freedom for moving the structure. Two capacitive sensors
with a metallic stretched wire inserted in the middle are attached on each side of
the girder for relative position measurements. In addition, absolute position mea-
surements are possible thanks to a static reference sensor. A schematic overview
of the system is reported in Fig. 3.18. The beam path and direction are represented
by a red arrow, the accelerating structure in orange, the girder in gray, the movers
in blue, the magnetic sensor in light blue, and the starched wire in purple.

From Fig. 3.18, it can be noted the presence of articulation points, and the
motors are installed before such articulation. This configuration was designed to
be suitable for the CLIC requirements. For this reason, to minimize the number
of movers needed for aligning the different structures, a snake-like system was
chosen. It is crucial once dealing with many kilometers of beamline to reduce the
number of devices that can induce features and increase the cost.

A measurement campaign was carried out on both axes (vertical and horizon-
tal), in order to calibrate and better understand the movement system. While per-
forming the calibration campaign for the horizontal plane, as expected, imposing
a specific horizontal movement correspond to the expected relative movement in
the horizontal plane without affecting the vertical one. On the other hand, while
performing the calibration campaign for the vertical plane, a coupling between
the planes was observed.

The scan was performed between±1 mm with steps of 200 µm. From Figs. 3.19
the measured displacement of the structure, on both front and back sensors, ver-
sus the imposed displacement is shown. In From Fig. 3.19 (B), as expected, a
linear trend is obtained (i.e., while moving the system in vertical, a vertical cor-
respondent shift was detected). While in Fig. 3.19 (A) a clear coupling effect is
observed. From−1 mm to 0 mm an acceptable behaviour is presented while mov-
ing from 0 mm to 1 mm a large correlation is observed.
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FIGURE 3.19: The measurement results for an imposed vertical
movement. In (A), the sensor’s measurement results on the hori-
zontal plane. In (B), the sensor’s measurement results on the vertical

plane.
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FIGURE 3.20: The layout of the beamline in front of the CLIC struc-
ture, using a thin elements representation for the elements.

Due to this issue and by the cumbersome controller setup, another system
for scanning the relative displacement between the structure and the beam was
developed; it is described in the following section.

3.4.2 Orbit bumps

In order to avoid the issues relented to physically move the structure (as dis-
cussed in Sec. 3.4.1), a method to shift the beam trajectory transversely using twp
corrector magnets was developed. The physical targeted result is indicated in
Fig. 3.20. Assuming that the two magnets are identical, such an effects is ob-
tained imposing the same magnitude but opposite in sign magnetic field in both
magnets.

Thanks to magnets installed in CLEAR, which are DJ-type correctors [192], a
trajectory change in both planes can be imposed. Following the formalism pro-
posed in Eq. 2.26, the change of angle, for example in the horizontal axis, can be
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written as
∆x′ =

∆px
ps

=
−By Lkick κ

ps
, (3.18)

where Lkick = 248 mm is the magnetic length of the corrector, and By is the mag-
netic field produced from the magnet in the vertical plane. Substituting in Eq. 3.18
By = −Iκ where I is the current powering the magnet, and κ is the calibration
factor of the magnet, the change of angle can be written as

∆x′ =
LkickκIc

ps
. (3.19)

Assuming that the incoming beam is parallel to the accelerator axis (x′0 = 0), the
shift is simply given as

∆x = Lc1∆x′ . (3.20)

The derived formula assumes that the CLIC accelerating superstructure is per-
fectly aligned to the reference accelerator axis (defined by the quadrupoles posi-
tion in the beamline). If a position offset xoffset is present, the only effect is that
the current needed to pass through on the reference axis (i.e., in the center of the
structure) would be non-zero. As a consequence, it will drive an offset in the cur-
rent applied for scanning the relative displacement between the structure and the
beam.

Such a procedure allows scanning the aperture in a much more convenient
way than the one that implies moving the structure itself. The movement of the
structure can thus be used as a cross-check only, as well as for aligning if its posi-
tion is found to be far off. A suitable procedure for performing the displacement
scan is to first align the beam on the center of the upstream quadrupole triplet to
avoid unwanted feed-down effects [193] (using the screen before the accelerating
structure) and then use correctors to pass through the structure without losses.
Only after, use the bump to scan the relative displacement between the CLIC
structure and the beam by changing the magnet currents as described above.

It is important to underline that, to correctly use the presented method, a good
characterization of the beam energy (as underlined in Eq. 3.19) is needed. In
CLEAR, such information results from multiple measurements performed in the
spectrometer line before the experiment, and it is checked before and after each
experiment.

The value κ was computed thanks to a calibration of the magnet performed
scanning over the whole range of available powering current (i.e., scanning over
the magnetic field), ±10 A, and observing on the screen before the structure the
displacement of the beam. Each scan was executed by following the same pow-
ering cycle to avoid possible mismatch driven from a residual magnetic field.

In Figs. 3.21 the position of centroids versus the imposed displacement after
the calibration of the corrector is reported. In Figs. 3.21 (A) and (B) the results ob-
tained on the screen upstream the CLIC accelerating structure, while in Figs. 3.21
(C) and (D) the results obtained on the screen downstream the CLIC accelerating
structure.

The scans were performed with a probe-like beam to excite as little wakefield
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FIGURE 3.21: The scans of the centroid position versus the imposed
displacement, after calibrating the correctors. In (A) and (B), the
scans were performed on the screen installed upstream the acceler-
ating structure for the horizontal and vertical planes, respectively.
In (C) and (D), the scans were performed on the screen installed
downstream the accelerating structure for the horizontal and ver-

tical planes, respectively.

as possible while traveling through the structure. In particular, the beam energy
was 200 MeV, the bunch length was 2.71 ps, the charge per bunch was around
10 pC, and the number of bunches was twenty. The four ways for identifying
the beam centroid position (i.e., Cx,y) in all the cases are in agreement with a
discrepancy less than 2%. Such discrepancy can be an issue while operating with
extremely low charge. However, in the range of charge of our interest, it results in
a negligible impact, especially considering the dominant source of errors driven
by beam and charge jitter.

These results are obtained repeatedly over time (different years) and different
beam conditions (a different charge, a different charge upstream trajectories, a
different bunch length, and so on). The results in Figs. 3.21 shows a good agree-
ment between all the screens in all the planes, indicating that the beam is shifted
parallel to the original beam axis without imposing an additional angle.
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TABLE 3.2: Measured calibration factors for both correctors in both
planes.

Calibration factors Value
[

mT
A

]
κ1stH 1.74
κ1stV 1.68
κ2ndH 1.74
κ2ndV 1.65

The values of the calibration factors used (one for each plane) of both the cor-
rectors are reported in Tab. 3.2. As expected, the correctors have similar behav-
ior and act similarly in both planes. However, thanks to the characterization, a
small discrepancy between the two in the vertical plane was found as well as a
discrepancy between the horizontal and vertical plane. Moreover, the obtained
results in terms of calibration factors are in reasonable agreement with the ref-
erence value for this magnet (i.e., 1.8 mT/A [192]). This agreement gives confi-
dence in how the scan is performed and how the beam energy is measured. In
the CLEAR layout, the distance are Lc1 = 737 mm and Lc2 = 123 mm.

An uncertainty of Lc1 and/or Lc2 will generate a parallelism error in the tra-
jectory that will affect the calibration. Therefore, the discrepancy obtained in the
centroid position (the quantity of interest) reported in Fig. 3.21 includes any mea-
surement error in the length.

3.4.3 Calibration of WFMs

As reported in 3.2.2, the signals detected from the pickup antennas before ar-
rive at the log detector are passing through band-pass filters and, to be sure that
the signals are not distorted and/or accidentally attenuate it is needed to ver-
ify the S12 response of such devices. In Figs. 3.22, the measurement of the |S12|
parameters of four (out of eight) filters, obtained using the frequency generator
HP 83640A [194] and the power meter Keysight E4413A [195], controlled by HP
E4418B [196] through a GPIB driver, scanning around the interested frequency, is
reported. For the TM-like mode (centered at 16.9 GHz), the flat top region goes ap-
proximately, from 17.8 GHz to 18.3 GHz. Instead, for the TE-like mode (centered
at 27.3 GHz), the flat top region goes approximately, from 23.7 GHz to 24.3 GHz. In
the flat top region, the two filters’ response is pretty similar, with a discrepancy
less than 1%. The similarity of the measurements indicated that in the region
of interest, the filters can be assumed identical; since 1% variation will imply a
negligible difference in the power response measured compared with beam and
charge jitter (approximately 10%). After checking the first four filter, it was de-
cided, in order to avoid fully dismantling all the fragile experimental setups, that
it was reasonable to assume that the other filters have the same frequency re-
sponse, and all are suitable for the filtering of the WFMs signals.

The frequency of the filters must be centered on beam harmonic (i.e., in CLEAR
multiple of 1.5 GHz), and should also be in a frequency region where the signal
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(A) (B)

FIGURE 3.22: The |S12| parameters of four different filters, two
around 18 GHz and two around 24 GHz in (A) and (B), respectively.

from dipole wakefield is expected. Unfortunately, the filters are offset from res-
onance frequency of the two modes. However, as can be seen from Fig. 3.10, the
frequency spectrum is quite broad. Thus, even if some reduction of the signals
are foreseen, such filters can still be used to detect the two modes. Later, the
two modes are referred as located in the central frequency of the two filters (i.e.,
18 GHz and 24 GHz).

It is needed to calibrate the response of the log detector in order to perform
the measurement correctly, . The same frequency generator (i.e., HP 83640A [194])
and power-meter (i.e., Keysight E4413A [195]) presented in Sec. 3.4.3 were used.
Firstly, each channel at both frequencies was tested to very the possible cross-talk
inside the devices. In Figs. 3.23, the output voltage versus the input power is
reported for each signal. The output from each channel is obtained by sweep-
ing the input power at 18 GHz and 24 GHz, the results are shown in Figs. 3.23 in
the first and second row, respectively. A comparative visualization of the chan-
nels where the power is injected is reported in Fig. 3.24, at 18 GHz and 24 GHz
in (A) and (B), respectively. From Figs. 3.24, it is evident that for each channel,
between −40 dBm and −10 dBm a linear response is obtained. Consequently, the
calibration is performed fitting the response in such region for a known input. In
Tab. 3.3, the fitted parameters, slope and intercept (p and q, respectively), for each
channels at both frequency are reported. The cross-talk between the channels was
assessed, powering one channel at the time with an input power of 0 dBm, and
measuring the output voltage from all the channels. The results are resumed in
Fig. 3.25, where it can be seen that all the terms not on the diagonal (i.e., the one
representing the cross-talk) show a very low power ratio in the order of −30 dB
or lower, which is around the noise level, therefore negligible.
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FIGURE 3.23: The output power from the eight channels of the log
detector, versus the input power. Each channel is tested individually

at 18 GHz and 24 GHz first and second row, respectively.

3.5 Results

In this section, the results obtained from the kick and the WFM studies are pre-
sented. For the kick studies, a comparison between the simulations and the mea-
surements data is performed, also analyzing the often neglected dependence of
the wakefield kick on the particle bunch’s length. While from the WFM studies,
the experimental data are analyzed, and the main limitations are presented.

3.5.1 Kick results

The results obtained with the kick studies are divided into three sub-cases, from
the one with more constrain to the one more general. In particular, as described
in Sec. 3.4, each displacement scan is performed using the bump scan methods
and considering the projected image of the beam to assess the centroid position.
Furthermore, each scan is characterized by N = 10 measurements performed at



68 Chapter 3. Wakefield and Kick

0.8 1.0 1.2 1.4 1.6 1.8

Output Signal [V]

-70

-60

-50

-40

-30

-20

-10

0

10

In
p
u
t 
P

o
w

e
r 

[d
B

m
]

Channel 1

Channel 2

Channel 3

Channel 4

Channel 5

Channel 6

Channel 7

Channel 8

(A)

0.8 1.0 1.2 1.4 1.6 1.8

Output Signal [V]

-70

-60

-50

-40

-30

-20

-10

0

10

In
p
u
t 
P

o
w

e
r 

[d
B

m
]

Channel 1

Channel 2

Channel 3

Channel 4

Channel 5

Channel 6

Channel 7

Channel 8

(B)

FIGURE 3.24: The output power from the log detector, versus input
power for each channel at 18 GHz and 24 GHz in (A) and (B), respec-

tively.
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FIGURE 3.25: The power ratio matrix for each channel combination.
All the combination are tested individually at 18 GHz and 24 GHz in

(A) and (B), respectively.

the same displacement, and M = 16 different displacements. For each beam con-
figuration, a full displacement scan was performed, and the relative derivative
of the centroid variation was assessed by means of a linear fit that takes into ac-
count the different uncertainties for each displacement, in order to measure the
Kick = V⊥q, where V⊥ is defined in Eq. 3.7. The uncertainty of the measurement
is obtained thanks to the propagation of uncertainty from the slope, energy, and
beam displacement from the orbit bump. The uncertainties distances were not
considered, as their small value (below 1%) made their impact negligible com-
pared to the other uncertainty sources.

In a conservative estimation, the energy’s uncertainty was assumed 2.5 MeV
and the uncertainty on the calibration factor of the bump was assumed 1%. The
energy uncertainty is expected to grow with train charge because the energy
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TABLE 3.3: Fitted parameters from the linear fit needed for calibrate
the log detector for each channel at both frequency.

Frequency Channel Slope [ V
dBm

] (p) Intercept [V] (q)
18 GHz 1 71.09 −117.47
18 GHz 2 73.08 −123.61
18 GHz 3 76.82 −126.60
18 GHz 4 69.36 −116.04
18 GHz 5 70.36 −116.94
18 GHz 6 86.10 −136.79
18 GHz 7 75.65 −125.61
18 GHz 8 74.36 −122.54
24 GHz 1 71.64 −117.58
24 GHz 2 73.00 −123.12
24 GHz 3 77.41 −126.65
24 GHz 4 69.48 −116.26
24 GHz 5 70.69 −117.02
24 GHz 6 86.08 −136.59
24 GHz 7 75.93 −125.18
24 GHz 8 74.77 −122.89

spread increases due to beam loading effects, and the camera for the beam screen
in the spectrometer line is saturated. Moreover, the assumed uncertainty of the
calibration factor includes the uncertainty of the energy. The charge stability was
also evaluated, taking into account both the jitter (i.e., shot by shot fluctuation)
and the drift (i.e., the long term variation). The standard deviation of the charge
measured N times at each displacement at the beginning of the accelerator line is
reported in the experimental results.

The charge error in 3.25 is the std of the charge measurement over the scans
for the used shots, the jitter was discussed on the charge section.

The first experiment was in a single bunch configuration for excluding pos-
sible long-range effects. Moreover, the bunch length was kept constant between
the different displacement scans performed. Thus only the charge was varying.
The second experiment was performed in a multi bunch regime to analyze the
influence of the long-range wakefield. In this case, the bunch length was not con-
stant, however the range of range of variation was limited by the deterioration
of the beam quality. In the last experiment, all the possible variables (i.e., charge,
number of bunches, and bunch length) were varying between the scans. In each
experiment, the linear fit performed is imposing the condition that at 0 pC, the
obtained kick is equal to 0 V

mmm
. This condition is justified since a particle with an

ideally zero charge does not rise any wakefield. Also, it was verified that, no ap-
preciable offset is present in the charge monitoring system at CLEAR. Each fit was
performed using a weighted least square method, taking into account the uncer-
tainty of the Kick described above, and the reported uncertainty corresponds to
a 1-sigma interval. It is also important to mention that the results are affected by
considerable uncertainty, driven by the complexity of the measurements. In this
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FIGURE 3.26: The kick measurement results for a single bunch setup
versus the charge per bunch.

indirect measurement, many key parameters (e.g., charge, beam profile, energy)
are difficult to stabilize and assess, especially at high beam charge.

Single bunch

In the first experiment, with the aim of excluding the possible contribution from
long-range wakefield, a single bunch configuration was used.

In particular, five different charges were investigated (10 pC, 69 pC, 123 pC,
167 pC, 254 pC) holding the bunch length constant around 4 ps with a maximum
variation of 2.5%. Later, using Eq. 3.6, the transverse kick in terms of V

mm m

(i.e., without normalizing on the charge) was calculated. The result is shown
in Fig. 3.26, where a linear trend, as expected, is found. This result is pointing
out that method used shows consistent result in the single bunch configuration.
Fitting the results, a slope of 163.3 ± 8.7 V/(mm m pC) is obtained. Moreover, in
Fig. 3.27, the centroid assessment in the single bunch configuration for the case
of highest charge (i.e., 256 pC) is shown. In the regime of single bunch, the as-
sumption of being dominate from dipole mode wakefield is solid. In case such
assumption was not correct, the linearity with the displacement should not be so
clear.

Multi bunch

Similar to the study with the single bunch configuration, a multi bunch study
was performed. This study has four different aims: (i) validate the consistency of
the study for the multi bunch configuration, (ii) investigate the validity of the as-
sumption of being dominated by dipole mode wakefield is reasonable also bunch
operating in a multi bunch scenario, (iii) use the simulation to correct the possible
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FIGURE 3.27: The centroid assessment between±1.5 mm, with steps
of 0.2 mm for the highest charge (i.e., 256 pC) in the single bunch

configuration.

difference of bunch length between the experiment, and (iv) check the repeatabil-
ity of the measurement.

For this reasons, in this study, the number of bunches was kept constant
(i.e., twenty bunches), the bunch length varying between each scan (i.e., 2.91 ps,
3.01 ps, 3.33 ps, 3.03 ps, 3.28 ps, and 3.90 ps), and each scan was repeated three
times.

In Fig. 3.28, the kick in units of V
m mm

(i.e., without normalizing on the charge)
versus the charge per pulse is shown. From Fig. 3.28, many different interesting
results to address the different aims of the experiment can be deduced. Firstly, the
results show that the methods produce consistent results also for trains. Further-
more, the estimated errors increase at a high charge. Such an effect is typical for
particle accelerators, as increasing the charge drives an increase of charge jitter,
beam instabilities, and emittance growth. In the CLEAR accelerator, these effects
make, as a consequence, more difficult to achieved and maintain a wanted set of
beam parameters over a long time. Besides, at high charge, a large spread in the
charge measurements (both in relative and absolute) is present. This effect was
always appreciated beyond these measures.

Fitting the results, normalizing the charge over the number of bunches, a slope
of 163.7± 2.9 V/(mm m pC) is obtained.

However, there are points (e.g., the one at 3.33 ps and the one at 3.28 ps) that
are not fully in agreement with the overall trend. Several simulations at several
different bunch lengths are performed, in order to understand if this disagree-
ment is driven by the bunch length. Fitting the result, a model for correcting the
difference in bunch length is derived.

The fitting model, Eq. 3.21, is inspired by Eq. 3.1 where s0 and the scaling
factor are made as free parameters, K1 and K2, respectively.

ffit(x) = K2

(
1−

(√
σt
K1

)
+ 1

)
e
σt
K1 , (3.21)
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FIGURE 3.28: The kick measurement results for multiple bunches
setup versus the charge per pulse.

where K1 = 0.5134 ps and K2 = 179.3769 V/(mm m pC) are obtained by equal-
weighted least-squares fitting to the analytical model, which was evaluated at
every bunch length between 1 ps and 5 ps.

The results of the simulations (i.e., the expected kick normalized with the
pulse charge versus as a function of the bunch length) as well as the fitted model
are reported in Fig 3.29, where the dots highlight the simulation performed with
the same bunch length of the experimental data. Moreover, in Fig 3.29 on the
right vertical axis the form factor scale at 4 ps is reported. Thanks to these results,
dividing the experimental result obtained in Fig. 3.28 with F (σt0) = f(σt0)/f(4 ps)
in Fig 3.29, the data scaled as they where produced from bunch having the same
bunch length (chosen equal to 4 ps, in order to have results compatible with the
previous study). In Fig. 3.30, the kick versus the charge is reported, once correct-
ing for the different bunch length.

From Fig. 3.29, the difference of the correction by including the form factor,
is smaller than the residual seen in Fig. 3.28, due to the small range of bunch
lengths. Including these corrections, dose not reduce the residuals significantly
in Fig. 3.30. In order to appreciate such effect, an experimental campaign using a
broader range of bunch length is needed.

As before, normalizing the charge over the number of bunches, a slope of
168.4 ± 2.9 V/(mm m pC) is obtained, which is comparable to the number found
for the single bunch. It is a first indication that the short-range wakefields are
dominating the long-range ones. Moreover, in Fig. 3.31, the centroid assessment
for the multiple bunches setup for the highest charge (i.e., 10 nC) is shown. From
this result, a quite linear trend is argued and this support the assumption of being
dominate from dipole mode wakefield.
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FIGURE 3.29: On the left axis, the simulated kicks, normalized with
charge, for the analytical (dotted line) and fitted (solid line) models
versus the bunch length. On the right axis, the scale for the form
factor, derived from the fitted model, to normalize the bunch length

at 4 ps.

FIGURE 3.30: The kick measurement results, corrected with the form
factor for multiple bunches setup versus the charge per pulse.

General study

Once assessed the consistency of the methods and the validity of the assump-
tion of being dominated from the dipole mode wakefield in a single multi bunch
regime and correcting for different bunch length, the effects of long-range wake-
field can be investigated. For this purpose, experiments with a different number
of bunches were performed.

In Figs. 3.32, the kick calculated from each scan not normalized on the charge
is reported versus the charge per pulse and versus the charge per bunch in (A)
and (B), respectively. Comparing Fig. 3.32 (A) and (B), the evidence of linearity
in one of the two plots can be found. Plotting the data as a function of the charge
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FIGURE 3.31: The centroid assessment between ±1 mm, with steps
of 0.2 mm for the highest charge (i.e., 10 nC) in the multiple bunches

setup.

ch

   1 bunch     - 1.57 ps
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 17 bunches - 4.50 ps

 37 bunches - 5.16 ps

 51 bunches - 5.26 ps
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(B)

FIGURE 3.32: The kick measurements versus the charge per pulse
and versus the charge per bunch in (A) and (B), respectively.

per bunch (i.e., Fig. 3.32 (B)), a linear trend is obtained while reporting the data
as a function of the charge per pulse, it is impossible to identify a linear trend. By
applying a linear fit to the data of Fig. 3.32 (B) a slope of 174.5± 5.4 V/(mm m pC)
is obtained. This is in agreement with the case multi bunch presented before.
This result shows that the short-range wakefields are the dominant source in the
structure.

So far, a Gaussian longitudinal distribution was assumed. However, this in-
formation is not easy to assess. For this reason, two longitudinal bunch distribu-
tions are tested to understand if this can be the source of the errors. The tested
distributions are the same used in Sec. 3.3.2, with the same charge and σt0 as for
the Gaussian bunch, and Γ = −10. The case of tail-heavy Gaussian was chosen as
a limit case, since it is the one that during the simulations reported in Fig. 3.17 was
more impacted by the wakefield. A direct comparison between the experimental
results (dots), the simulation results using Gaussian distribution (crosses), and
the simulation results using tail-heavy skew-Gaussian distribution (plus signs)
versus the bunch per charge is reported in Fig. 3.33. Comparing the results of
in Fig. 3.33, the experiments and the simulations are showing the same behavior
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   1 bunch     - 1.57 ps
   1 bunch     - 3.92 ps
   1 bunch     - 4.05 ps
   1 bunch     - 3.88 ps
   1 bunch     - 5.04 ps
   1 bunch     - 3.48 ps
 17 bunches - 4.50 ps
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 51 bunches - 5.26 ps
Gaussian
Tail-heavy Gaussian

FIGURE 3.33: The kick measurement results (dots), the simulation
results using bunch with Gaussian distribution (crosses), and the
simulation results using bunch with tail-heavy skew-Gaussian dis-

tribution (plus) versus the charge per bunch.

and the same scaling. However, the simulations are predicting a kick consistently
smaller.

Unfortunately, the different simulations are not approaching closer to the ex-
perimental results. However, by comparing the two simulations, a change in the
simulated kick is obtained, changing the longitudinal distribution of the bunch
(on average, a discrepancy about 3% is found). This result, as already mentioned
in Sec. 3.3.2, highlights a hitherto neglected so far aspect. For this reason, a more
detailed study is warranted, which would require an investigation on the longi-
tudinal profile, vary systematically the number of bunches, and measure over a
broader bunch length range.

3.5.2 WFM results

While scanning the relative displacement between the beam and the structure,
using either the structure movers or the orbit bump, the log-detector receives
signals coming from the WFM depending on the relative displacement between
the structure and the beam. An example of these signals, particularly the TE-
like sum and the TM-like delta signal (i.e., the one used to identify the structure
center) while performing a vertical scan, is reported in Figs. 3.34. From such
signals, the information on the position can be retrieved. Firstly to the response
shown in Figs. 3.34 it needed to apply for each channel, depending on the relative
operating frequency, the inverse calibration factor (Tab. 3.3) assessed for establish
the input power of the log detector . Later, to convert the power into RMS voltage
the following equation was used

Vrms =
√
P · Z, (3.22)
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(A) (B)

FIGURE 3.34: The power measured at the output of the log detectors
versus time, while performing a vertical scan between ±1 mm with
steps of 0.2 mm. The TE-like (at 24 GHz) sum and the TM-like (at

18 GHz) delta in (A) and (B), respectively.

(A) (B)

FIGURE 3.35: The voltage measured at the output of the log detec-
tors versus time, while performing a vertical scan between ±1 mm
with steps of 0.2 mm. The TE-like (at 24 GHz) sum and the TM-like

(at 18 GHz) delta in (A) and (B), respectively.

where the impedance Z is equal to 50 Ω, the characteristic impedance of the coax-
ial cable used. This is done to obtain a signal that is proportional to the field
strength excited by the beam. The WFMs signals in units of volts is reported in
Figs. 3.35.

Finally, the information on the position is assessed by averaging the signal into
the windows reported in Figs. 3.35. By repeating the acquisition procedure for
each displacement, by averaging the results obtained at the same displacement,
the displacement that induces the smallest signals is assessed. Under the assump-
tion of a dominating dipole mode, the displacement that induces the smallest
signals allows the beam to pass at the center of the cell where the WFMs are in-
stalled.

By applying the above described treatment a result like the one in Figs. 3.36
can be obtained. The linear fit applied to the results reported in Figs. 3.36 helps
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(A) (B)

FIGURE 3.36: The final results for the scan reported in Figs. 3.35
from the TE-like (at 24 GHz) sum signals and TM-like (at 18 GHz)

delta signals in (A) and (B), respectively.

(A) (B)

FIGURE 3.37: The final results for three scans performed with a
bunch charge of 354 pC, 225 pC, and 35 pC from the TE-like (at
24 GHz) sum signals and TM-like (at 18 GHz) delta signals in (A)

and (B), respectively.

in the identification of the displacement that gives the lower WFMs signals, high-
lighted also with a vertical dashed line. The two horizontal dashed-dotted lines
represent the cross-talk and the noise floor of the measurement.

Performing such measurement, for different scans at different beam condi-
tions, the response of the WFMs in different configurations can be studied.

In Figs. 3.37, three different scans with the same number of bunches (i.e.,
twenty bunches), the same energy (i.e., 211 MeV), the same bunch length (i.e.,
3 ps), but with a different charge per bunch (i.e., 354 pC, 225 pC, and 35 pC) is
reported.

From Figs. 3.37 already a qualitative evaluation of the agreement between the
two modes at different charges can be achieved. Each scan was repeated three
times, in order to have some more detailed information on the reproducibility of
the WFMs results. In Fig. 3.38, the center identified by each mode at at each scan
are shown. From Fig. 3.38, two main conclusion can be taken: (i) at a low charge,
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FIGURE 3.38: The vertical center position versus the charge per
bunch for each scan performed (i.e., three times for each charge)
from both frequencies, 24 GHz (blue squares) and 18 GHz (red cir-

cles).

the results are compatible, showing that the center can be identified systemati-
cally within ±25 µm, and (ii) accuracy in the identification of the center degrades
while increasing the charge. At the highest charge the center is identified within
±75 µm. However, such an effects it is probably not driven by the nature of the ex-
citation and of the WFMs response, but most likely, is driven by the beam quality
that gets more tricky to hold while increasing the charge per bunch.

3.6 Discussion and outlook

This chapter presented the results from experimental and simulation campaigns
on two different methodologies for identifying the region less affected by trans-
verse wakefield in the CLIC accelerating structure’s latest prototype.

The results obtained with the kick study are promising. Thanks to this study,
different milestones were achieved to understand the wakefield effects in such
type of device. It was proved the validity of the measurement method and that
the assumption of being dominant by dipole mode wakefield is correct in single
and multi bunch regime. Moreover, thanks to the study, the type of wakefield
affecting the beam while passing through the accelerating structure was charac-
terized. For each measurement campaign, a determination of the normalized kick
in units of V/(m mm pC) is reported. These quantities are derived from a linear
fit applied on the measured kick versus the charge. Comparing the results, it
can be understood that all the measured kicks are overall compatible. However,
there are discrepancies between the obtained slopes. This discrepancy can indi-
cate that the long-range wakefields are adding a contribution to the measured
kick. Further studies to better understand this topic are required. In the near
future, this knowledge will allow the development of a methodology for better
damp the parasitic effect of wakefield. Also, a full study on the often neglected
dependence on the bunch length was carried out. The comparison between the
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model and the experiment has shown that both have the same behavior. How-
ever, the bunch longitudinal profile is playing an important role, and so far, it
was neglected in the CLIC framework. In the near future, a more detailed study,
taking into account the longitudinal bunch distribution is foreseen.

On the WFMs side, a full calibration of the system was performed. A discrep-
ancy between the frequency of the mode and the flat top region of the filters was
found. However, the signals were still measurable. The obtained results, even
if preliminary, are promising. The effective capacity of the WFMs to coherently
assess the displacement of the beam.

Both experiments still require to optimize the beam quality once achieving a
high value of charge per bunch. The presented results were obtained by modify-
ing the beam trajectory while keeping the structure in a fixed position, all in the
vertical plane. Such an operating method was chosen because of the difficulties
found in controlling the structure movers. In the spring of 2021, a new system for
acting on the structure position will be ready. Thanks to the new system, firstly,
all the performed measurement will be bench marked. And later, the new system
will allow to perform finer scans around the presumed center. In addition, during
the spring of 2021, inductive BPMs to better monitor the beam charge and trajec-
tory while performing the scan (i.e., not intercepting the beam) will be installed.
Another fascinating idea of installing a deflector right after the CLIC accelerating
structure is under study. A set of preliminary simulations have shown the poten-
tiality of investigate the effect of the kick as a function of the coordinate along the
bunch.
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Chapter 4

Bunch length measurements

In this chapter, the bunch length measurement studies are presented. Initially, the
theoretical treatment of the conventional layout, normally used for bunch length
measurements using a Radio-Frequency transverse deflector (RFD), is reported.
Improvements to the standard measurement production model are presented.
Later, the theory to include in the model a generic linear beam transport ele-
ment between the RFD and the screen is presented. The results obtained show
the promising possibility of using the latter layout to perform the measurement
and improve the system performances. The focus is on the comparison, in terms
of resolution and uncertainty, between the conventional and non-conventional
layout. In the chapter, the term "conventional layout" points to the configura-
tion only with a drift space between the RFD and the screen (Fig. 4.1 top), while
the term "non-conventional" points to the presence of a generic linear element
between the RFD and the screen (Fig. 4.1 bottom). The quantities of the con-

RFD
SCREEN

M

0 𝑠𝑒
𝐵𝑒𝑎𝑚	𝑎𝑥𝑖𝑠

FIGURE 4.1: On the top, the conventional layout without ele-
ments between the RFD and the screen. On the bottom, the non-
conventional layout, with a generic linear element between the RFD

and the screen described by the matrix M .

ventional layout are reported using lowercase subscripts "on"/"off"/"cal"; while
the ones for the non-conventional layout are reported using uppercase subscript
"ON"/"OFF"/"CAL".

The theoretical derivation is presented, and the theory’s predictions are shown
to be supported by experiments and simulations. The simulations are performed
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FIGURE 4.2: The particle vertical trajectory and parameters from the
RFD entrance until the screen once the RFD is switched off.

using the ELEctron Generation ANd Tracking (ELEGANT) code. In the theoreti-
cal derivations, the confident assumption of relativistic particles was assumed.

The conventional layout study is based on simulations performed for many
novel accelerators, with a particular focus on the Gamma Beam Source (GBS). The
non-conventional layout experimental study is based on the CLEAR accelerator,
where the RFD is installed at the end of the accelerating section (Fig. 1.8), and
a triplet of quadrupoles is installed between the RFD and the screen. In each
comparison, the relative beam and RFD characteristics are reported.

4.1 Measurement methods for conventional layout

In this section, the equations describing the measurement process in the conven-
tional layout are derived initially. Later, the standard and the improved models
for the measurement production are reported.

4.1.1 Theoretical treatment

For the sake of simplicity, the theoretical derivation is split into two physical sce-
narios. In the first one, the deflector is turned off and thus, it is not affecting the
beam. In the second one, the deflector is turned on, allowing to extract informa-
tion about the longitudinal plane.

RFD off

Assuming the RFD is turned off, the experimental layout is reported in Fig. 4.2.
The equations of the vertical particle motion from the RFD center to the screen
are {

ys,off = y0 + Lty
′
0

y′s,off = y′0
, (4.1)
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where Lt is the length of the drift space between RFD center and screen (i.e.,
Lt = LRFD/2 + Ldrift), y0 and y′0 are the particle vertical position and divergence
at RFD center, respectively; ys,off and y′s,off are the particle vertical position and
angle at the screen with RFD turned off, respectively. For a bunch, the vertical
position average and the vertical divergence average can be defined on the screen
as

Cys,off ≡ 〈ys,off〉 = 〈y0 + Lty
′
0〉 = 〈y0〉+ Lt 〈y′0〉 = Cy0 + LtCy′0 ,

Cy′s,off = Cy′0 .
(4.2)

There are no devices that change the divergence of the bunch in this layout, and
if the bunch is traveling with an angle with respect to the accelerator axis, it will
be preserved. In the same way, if the incoming bunch travels parallel to the ac-
celerator axis (Cy′0 ≈ 0 rad) at the screen, the bunch will arrive with the same
offset.

A bunch can be described using its first and second-order statistical moments
(i.e., average and variance). The RMS vertical spot size at the screen, starting from
the RFD center, can be calculated as

σ2
ys,off =

〈
(ys,off − 〈ys,off〉)2〉 =

〈
y2
s,off

〉
− 〈ys,off〉2 =

=
〈

(y0 + Lty
′
0)

2
〉
− (〈y0〉+ Lt 〈y′0〉)

2
=

=
〈
y2

0

〉
+ 2Lt 〈y0y

′
0〉+ L2

t

〈
y′20
〉
− 〈y0〉2 − 2Lt 〈y0〉 〈y′0〉 − L2

t 〈y′0〉
2

=

= σ2
y0

+ 2Ltσy0y′0 + L2
tσ

2
y′0
,

(4.3)

where σy0y′0 = 〈(y0 − 〈y0〉) (y′0 − 〈y′0〉)〉 = 〈y0y
′
0〉−〈y0〉〈y′0〉 is the covariance between

vertical particle positions and divergences at RFD center, σy0 = 〈y2
0〉 − 〈y0〉2 is

the RMS bunch vertical dimension at RFD center, and σy′0 = 〈y′20 〉 − 〈y′0〉2 is the
variance of the particle vertical divergences at RFD center. Between the RFD
center and the screen, there is only a drift space. As a consequence, the variance
of the vertical particle divergences at the screen is equal to the one at the RFD
center, from Eq. 4.1,

σy′s,off = σy′0 . (4.4)

Due to the absence of perturbation in beam angle, the correlation between
the vertical particle divergences and the other longitudinal quantities (i.e., the
position and the energy) are preserved. Moreover, the longitudinal plane is also
unaffected; thus, the correlation between the particle longitudinal position and
energy is preserved. In particular, this is true since, as mentioned before, the
particles are assumed to be relativistic.

RFD on

If the RFD is switched on, when the bunch goes through the RFD it sees a deflect-
ing voltage, modeled as a vertical kick at the RFD center (Eq. 2.29). The schematic
representation is shown in Fig. 4.3. The equations of the vertical particle motion
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FIGURE 4.3: The particle vertical trajectory and parameters from the
RFD entrance until the screen when the RFD is switched on.

from the RFD center to the screen are{
ys,on = y0 + Lt (y′0 + ∆y′0)
y′s,on = y′0 + ∆y′0

, (4.5)

where ys,on and y′s,on are the particle vertical position and divergence at screen
with RFD on.

Centroid assessment The vertical bunch centroid at screen can be assessed from
Eqs. 2.29, 4.2, and 4.5

Cys,on = 〈ys,on〉 = 〈y0 + Lt (y′0 + ∆y′0)〉 = 〈y0 + Lty
′
0 + LtCRFD0 [kz0 cos (ϕ) + sin (ϕ)]〉 =

= 〈y0〉+ Lt〈y′0〉+ Ltk cos(ϕ)〈CRFD0z0〉+ Lt sin(ϕ)〈CRFD0〉 =

= Cys,off + Ltk cos(ϕ)〈CRFD0z0〉+ Lt sin(ϕ)〈CRFD0〉.
(4.6)

Considering 〈CRFD0z0〉 = 〈CRFD0ct0〉 = cσt0CRFD0
, because 〈ct0〉 = 〈z0〉 = 0 (i.e.,

the reference system is imposed to have the zero at the center of the RFD), the
vertical bunch centroid at the screen from Eq. 4.6 can be written as

Cys,on = Cys,off + Lt2πfRFσt0CRFD0
cos(ϕ) + Lt〈CRFD0〉 sin(ϕ). (4.7)

As in Eq. 2.30, CRFD0 can be approximated using the Taylor series stopped at first
order around the particle energy average 〈E0〉

CRFD0 =
Vt
E0

= Vt

{[
1

E0

]
〈E0〉

+

[
− 1

E2
0

]
〈E0〉

(E0 − 〈E0〉) + ...

}
=

≈ Vt
〈E0〉

(1− δ0) = CRFD0a (1− δ0) ,

(4.8)
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(A) (B)

FIGURE 4.4: In (A), the RFD coefficient in red dotted line (Eq. 2.30)
and its Taylor approximation in blue dashed line (Eq. 4.8) versus the
particle energy in the CLEAR accelerator. In (B), the percentage rela-
tive error using the Taylor approximation versus the particle energy,

below 1%.

where δ0 is the energy spread (element [6, 6] of Eq. 2.4).
In the case of the CLEAR accelerator (Vt >1 MV, 〈E0〉 = 200 MeV, and σδ0 <

5%) the RFD coefficient in Eq. 2.30 is well approximated by means of the Taylor
series stopped at first order (Eq. 4.8), as shown in Fig. 4.4 (A). The RFD coefficient
reletive error between theCRFD0 and its Taylor approximation stopped at the first
order (i.e., ECRF0 = 100 · |CRFD0−CRFD0a(1−δ0)|/CRFD0) is less than 1% (from Fig. 4.4
(B)).

The average of CRFD0 and σt0CRFD0
(in Eq. 4.7) can be calculated, using Eq. 4.8

〈CRFD0〉 ≈
〈

Vt
〈E0〉

(1− δ0)

〉
=

Vt
〈E0〉

= CRFD0a, (4.9)

σt0CRFD0
= 〈t0CRFD0〉 − 〈t0〉〈CRFD0〉 ≈ 〈t0CRFD0a (1− δ0)〉 − 〈t0〉CRFD0a =

= CRFD0a〈t0〉 − CRFD0a〈t0δ0〉 − CRFD0a〈t0〉 = −CRFD0a〈t0δ0〉.
(4.10)

Adding a null term in Eq. 4.10 (〈δ0〉 = 0, for the definition of δ0), it can be written

σt0CRFD0
= −CRFD0a〈t0δ0〉+ CRFD0a〈t0〉〈δ0〉 = −CRFD0aσt0δ0 . (4.11)

Finally, substituting Eqs. 4.9 and 4.11 in Eq. 4.7

Cys,on = Cys,off + LtCRFD0a sin(ϕ)− LtCRFD0a2πfRFσt0δ0 cos(ϕ). (4.12)

The first two terms of Eq. 4.12 are the vertical centroids at the screen after the
RFD of the literature [176, 177]. The last term depends on the energy chirp (ele-
ment [5, 6] of Eq. 2.4) and, therefore, the correlation between particle longitudinal
positions and energies could affect the vertical centroid.
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Spot size assessment At this stage, the vertical spot size at screen from Eqs. 2.29,
4.5, and 4.6 can be assessed

σ2
ys,on = 〈(ys,on − 〈ys,on〉)2〉 = 〈y2

s,on〉 − 〈ys,on〉2 = 〈(y0 + Lty
′
0 + Lt∆y

′
0)

2〉 − C2
ys,on =

= 〈y2
0〉+ L2

t 〈y′20 〉+ L2
t 〈C2

RFD0 [kz0 cos(ϕ) + sin(ϕ)]2〉+2Lt〈y0y
′
0〉

+ 2Lt〈y0CRFD0 [kz0 cos(ϕ) + sin(ϕ)]〉+ 2L2
t 〈y′0CRFD0 [kz0 cos(ϕ) + sin(ϕ)]〉+

−〈y0〉2 − L2
t 〈y′0〉2 − L2

tk
2 cos2(ϕ)〈CRFD0z0〉2 − L2

t sin2(ϕ)〈CRFD0〉2−2Lt〈y0〉〈y′0〉+
− 2Ltk cos(ϕ)〈y0〉〈CRFD0z0〉 − 2Lt sin(ϕ)〈y0〉〈CRFD0〉+
− 2L2

tk cos(ϕ)〈y′0〉〈CRFD0z0〉 − 2L2
t sin(ϕ)〈y′0〉〈CRFD0〉+

− 2L2
tk cos(ϕ) sin(ϕ)〈CRFD0〉〈CRFD0z0〉.

(4.13)

The underlined terms in Eq. 4.13 are the vertical spot size at the screen with RFD
off, in Eq. 4.3, as a consequence, it can be rewritten as

σ2
ys,on = σ2

ys,off + L2
tk

2 cos2(ϕ) 〈(CRFD0z0)2〉 + 2L2
tk cos(ϕ) sin(ϕ) 〈C2

RFD0z0〉 +

+ L2
t sin2(ϕ) 〈C2

RFD0〉 + 2Ltk cos(ϕ) 〈y0z0CRFD0〉 + 2Lt sin(ϕ) 〈y0CRFD0〉 +

+ 2L2
tk cos(ϕ) 〈y′0z0CRFD0〉 + 2L2

t sin(ϕ) 〈y′0CRFD0〉 − L2
tk

2 cos(ϕ) 〈CRFD0z0〉2 +

− L2
t sin2(ϕ) 〈CRFD0〉2 − 2Ltk cos(ϕ) 〈y0〉〈CRFD0z0〉 − 2Lt sin(ϕ) 〈y0〉〈CRFD0〉 +

− 2L2
tk cos(ϕ) 〈y′0〉〈CRFD0z0〉 − 2L2

t sin(ϕ) 〈y′0〉〈CRFD0〉 +

− 2L2
tk cos(ϕ) sin(ϕ)〈CRFD0〉 〈CRFD0z0〉 .

(4.14)

The highlighted terms are the variances

σ2
CRFD0t0

= 〈(CRFD0ct0 − 〈CRFD0ct0〉)2〉 = c2
(
〈(CRFD0t0)2〉 − 〈CRFD0t0〉2

)
,

(4.15)
and

σ2
CRFD0

= 〈(CRFD0 − 〈CRFD0〉)2〉 =
(
〈(CRFD0)2〉 − 〈CRFD0〉2

)
; (4.16)

and the covariances

σCRFD0CRFD0·t0 = 〈(CRFD0 − 〈CRFD0〉) (CRFD0ct0 − 〈CRFD0ct0〉)〉 =

= c
(
〈C2

RFD0t0〉 − 〈CRFD0〉〈CRFD0t0〉
)
,

(4.17)

σy0CRFD0·t0 = 〈(y0 − 〈y0〉) (CRFD0ct0 − 〈CRFD0ct0〉)〉 =

= c (〈y0CRFD0t0〉 − 〈y0〉〈CRFD0t0〉 ),
(4.18)

σy0CRFD0
= 〈(y0 − 〈y0〉) (CRFD0 − 〈CRFD0〉)〉 = 〈y0CRFD0〉 − 〈y0〉〈CRFD0〉 , (4.19)
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σy′0CRFD0·t0 = 〈(y′0 − 〈y′0〉) (CRFD0ct0 − 〈CRFD0ct0〉)〉 =

= c (〈y′0CRFD0t0〉 − 〈y′0〉〈CRFD0t0〉) ,
(4.20)

and

σy′0CRFD0
= 〈(y′0 − 〈y′0〉) (CRFD0 − 〈CRFD0〉)〉 = 〈y′0CRFD0〉 − 〈y′0〉〈CRFD0〉 . (4.21)

Using Eqs 4.15, 4.16, 4.17, 4.18, 4.19, 4.20, and 4.21 Eq. 4.14 can be rewritten as

σ2
ys,on = σ2

ys,off + L2
t (2πfRF )2 cos2(ϕ) σ2

CRFD0·t0 +

+ 2L2
t (2πfRF ) cos(ϕ) sin(ϕ) σCRFD0CRFD0·t0 + L2

t sin2(ϕ) σ2
CRFD0

+

+ 2Lt2πfRF cos(ϕ)
[
σy0CRFD0·t0 + Lt σy′0CRFD0·t0

]
+

+ 2Lt sin(ϕ)
[
σy0CRFD0

+ Lt σy′0CRFD0

]
.

(4.22)

It is useful to define the calibration factor as

Kcal(ϕ) = 2πfRFLtCRFD0acos (ϕ) . (4.23)

Substituting Eq. 4.23 in Eq. 4.22

σ2
ys,on = σ2

ys,off +
K2
cal(ϕ)

C2
RFD0a

σ2
CRFD0·t0︸ ︷︷ ︸

Second term

+ 2
K2
cal(ϕ)

2πfRFC2
RFD0a

tan(ϕ)σCRFD0CRFD0·t0︸ ︷︷ ︸
Third term

+

+
Kcal(ϕ)2 tan(ϕ)

(2πfRF )2C2
RFD0a

σ2
CRFD0︸ ︷︷ ︸

Fourth term

+ 2
Kcal(ϕ)

CRFD0a

[
σy0CRFD0·z0 + Ltσy′0CRFD0·t0

]
︸ ︷︷ ︸

Fifth term

+

+ 2
Kcal(ϕ)tan(ϕ)

2πfRFCRFD0a

[
σy0CRFD0

+ Ltσy′0CRFD0

]
︸ ︷︷ ︸

Sixth term

.

(4.24)

Taylor approximation Using the Taylor approximation, as in Eq. 4.8, the vari-
ance and the covariance in Eq. 4.24 can be simplified.

The variance present in the second term of Eq. 4.24 can be rewritten as

σ2
CRFD0·t0 = 〈(CRFD0t0)2〉 − 〈CRFD0t0〉2 =

≈ C2
RF0Da〈(t0 − t0δ0)2〉 − C2

RFD0a (〈t0 − t0δ0〉)2 =

= C2
RFD0a

[
〈t20〉 − 2〈t0t0δ0〉+ 〈(t0δ0)2〉 − 〈t0〉2 − 2〈t0〉〈t0δ0〉 − 〈t0δ0〉2

]
.

(4.25)

Considering the variances
σ2
t0

= 〈t20〉 − 〈t0〉2, (4.26)
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σ2
t0·δ0 = 〈(t0δ0)2〉 − 〈t0δ0〉2, (4.27)

and the covariance
σt0t0·δ0 = 〈t0t0δ0〉 − 〈t0〉〈t0δ0〉; (4.28)

finally, substituting Eqs. 4.26, 4.27 and 4.28 in Eq. 4.25 it can be written

σ2
CRFD0·t0 ≈ C2

RFD0a

(
σ2
t0

+ σ2
t0·δ0 − 2σt0t0·δ0

)
. (4.29)

The covariance present in the third term of Eq. 4.24 can be rewritten as

σCRFD0CRFD0·t0 = 〈C2
RFD0t0〉 − 〈CRFD0〉〈CRFD0t0〉 =

≈ C2
RFD0a〈(1− δ0)2t0〉 − CRFD0aCRFD0a〈(1− δ0)t0〉 =

= C2
RFD0a

(
�
��〈t0〉 − 2〈t0δ0〉+ 〈t0δ2

0〉 −���〈t0〉+ 〈t0δ0〉
)

=

= C2
RFD0a

(
〈t0δ2

0〉 − 〈t0δ0〉
)
.

(4.30)

Adding null terms (〈δ0〉 = 0)

σCRFD0CRFD0·t0 ≈ C2
RFD0a

(
〈t0δ0δ0〉 − 〈t0δ0〉〈δ0〉 − 〈t0δ0〉+ 〈t0〉〈δ0〉

)
. (4.31)

Considering the covariances

σt0δ0 = 〈t0δ0〉 − 〈t0〉〈δ0〉, (4.32)

and
σt0·δ0δ0 = 〈t0δ0δ0〉 − 〈t0δ0〉〈δ0〉; (4.33)

finally, substituting Eqs. 4.32 and 4.33 in Eq. 4.31 it can be written

σCRFD0CRFD0·t0 ≈ C2
RFD0a (σt0·δ0δ0 − σt0δ0) . (4.34)

Considering the RMS value of CRFD0

〈C2
RFD0〉 ≈ C2

RFD0a

〈
(1− δ0)2〉 = C2

RFD0a

(
1− 2〈δ0〉+ 〈δ2

0〉
)

= C2
RFD0a

(
1 + 〈δ2

0〉
)
,

(4.35)
the variance present in the fourth term of Eq. 4.24, using Eq. 4.35, and adding a
null term (〈δ0〉2) can be rewritten as

σC2
RFD0

= 〈C2
RFD0〉 − 〈CRFD0〉2 ≈ C2

RFD0a

(
1 + 〈δ2

0〉
)
− C2

RFD0a =

= C2
RFD0a

(
〈δ2

0〉 − 〈δ0〉2
)

= C2
RFD0aσ

2
δ0
.

(4.36)

The covariance present in the fifth term of Eq. 4.24 can be rewritten as

σy0CRFD0·t0 = 〈y0CRFD0t0〉 − 〈y0〉〈CRFD0t0〉 =

≈ CRFD0a (〈y0t0(1− δ0)〉 − 〈y0〉〈t0(1− δ0)〉) =

= CRFD0a

(
〈y0t0〉 − 〈y0t0δ0〉 − 〈y0〉〈t0〉+ 〈y0〉〈t0δ0〉〉

)
.

(4.37)
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Considering the covariances

σy0t0 = 〈y0t0〉 − 〈y0〉〈t0〉, (4.38)

and
σy0t0·δ0 = 〈y0t0δ0〉 − 〈y0〉〈t0δ0〉; (4.39)

finally, substituting Eqs. 4.38 and Eq. 4.39 in Eq. 4.37

σy0CRFD0·t0 ≈ CRFD0a (σy0t0 − σy0t0·δ0) . (4.40)

With the same calculation it can be written

σy′0CRFD0·t0 ≈ CRFD0a

(
σy′0t0 − σy′0t0·δ0

)
. (4.41)

The covariance present in the sixth term of Eq. 4.24, can be rewritten as

σy0CRFD0
= 〈y0CRFD0〉 − 〈y0〉〈CRFD0〉 ≈ CRFD0a (〈y0(1− δ0)〉 − 〈y0〉〈1− δ0〉) =

= CRFD0a

(
�
��〈y0〉 − 〈y0δ0〉 −��

�〈y0〉+ 〈y0〉〈δ0〉〉
)
.

(4.42)

Considering the covariance

σy0δ0 = 〈y0δ0〉 − 〈y0〉〈δ0〉, (4.43)

finally, substituting Eq. 4.43 in Eq. 4.42 it can be written

σy0CRFD0
≈ −CRFD0aσy0δ0 . (4.44)

With the same calculation it can be written

σy′0CRFD0
≈ −CRFD0aσy′0δ. (4.45)

Finally, substituting Eqs. 4.29, 4.34, 4.36, 4.40, 4.41, 4.44, and 4.45 in Eq. 4.24

σ2
ys,on = σ2

ys,off +K2
cal(ϕ)

(
σ2
t0

+ σ2
t0·δ0 − 2σt0t0·δ0

)
+

+ 2
K2
cal(ϕ)

2πfRF
tan(ϕ) (σt0·δ0δ0 − σt0δ0) +

K2
cal(ϕ)2 tan2(ϕ)

(2πfRF )2 σ2
δ0

+

+ 2Kcal(ϕ)
(
σy0t0 − σy0t0·δ0 + Ltσy′0t0 − Ltσy′0t0·δ0

)
+

− 2
Kcal(ϕ)tan(ϕ)

2πfRF

(
σy0δ0 + Ltσy′0δ0

)
.

(4.46)

In the majority of high brightness LINACs it is reasonable to assume

• σ2
t0
>> σ2

t0·δ0 , σt0t0·δ0

• σt0δ0 >> σt0δ0δ0

• σy0t0 , Ltσy′0t0 >> σy0t0·δ0 , Ltσy′0t0·δ0 ,
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Therefore, Eq. 4.46 can be simplified

σ2
ys,on(ϕ) = σ2

ys,off +K2
cal(ϕ)σ2

t0
− 2K2

cal(ϕ)

2πfRF
tan(ϕ)σt0δ0 +

K2
cal(ϕ)

(2πfRF )2 tan2 (ϕ)σ2
δ0

+

+ 2Kcal(ϕ)
(
σy0t0 + Ltσy′0t0

)
− 2

Kcal(ϕ)

2πfRF
tan(ϕ)

(
σy0δ0 + Ltσy′0δ0

)
.

(4.47)

Summarizing, in Eq. 4.47 the terms which affect the vertical spot size at the screen
with RFD on are: the vertical spot size at the screen with RFD off (i.e., the first
term), the measurand bunch length (i.e., the second term), the energy chirp and
spread (i.e., the third and fourth terms, respectively),

and the correlations between vertical and longitudinal plane (i.e., the fifth and
sixth terms, respectively).

Moreover, in most high brightness LINACs, it is common to neglect the energy
spread contribution. As a consequence, Eq. 4.47 can be further simplified as

σ2
ys,on(ϕ) = σ2

ys,off +K2
cal(ϕ)σ2

t0
+ 2Kcal(ϕ)σy0t0 + 2Kcal(ϕ)Ltσy′0t0 . (4.48)

The same result can also be obtained performing the measurement with a phase
ϕ equal to 0 rad or π rad. Such a condition is the one commonly followed in the
measurement procedure.

4.1.2 Measurement methods

In this section, firstly, the standard measurement method is recalled. Later, the
novel measurement methods are introduced. The first new measurement method
allows, thanks to a polynomial fit, to assess the bunch length, the energy chirp,
and the energy spread. The second one can give information on the correlation
terms between the particle positions/divergence and energy.

Standard measurement methods

In the standard measurement technique, from Eq. 4.47, the correlations between
the vertical and the longitudinal plane (i.e., the correlation between the transverse
position with the longitudinal position, the transverse divergence with the longi-
tudinal position, the transverse position with the energy, and the transverse di-
vergence with the energy) are removed averaging the square of two bunch length
measurement performed at ϕ rad and ϕ + π rad [12, 163]. Moreover, the contri-
butions of energy chirp and energy spread, from Eq. 4.47, if the measurement is
performed without phase offset at ϕ = 0 rad and ϕ = π rad, gets removed.

σys,on
2(ϕ) =

σ2
ys,on(ϕ) + σ2

ys,on(ϕ+ π)

2
= σ2

ys,off
+K2

cal(ϕ)σ2
t0
. (4.49)

For reader convenience, the terms σys,on(ϕ) and Kcal(ϕ) are often indicated as
σys,on and Kcal, respectively; implicitly assuming their dependence from the RFD
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phase. The information about the bunch length is contained only in the last term
of Eq. 4.49. Therefore, it should be non-negligible with respect to the first term;
otherwise, the measurement will not be feasible. For this reason, (i) Kcal needs
to be increased, and (ii) σys,off needs to be decreased. From Eq. 4.49, the bunch
length can be assessed as

σt0 =

√
σ2
ys,on − σ2

ys,off

|Kcal(ϕ)|
. (4.50)

Perform the measurement around 0 rad or π rad (or neglecting the contribution
of the energy chirp) the vertical bunch centroid at screen (from Eq. 4.12), can be
written as [176, 177]

Cys,on = LtCRFD0a sin(ϕ). (4.51)

Comparing Eq. 4.51 with the definition of the calibration factor, in Eq. 4.23, the
relation between the two can be identified [163]

Kcal = 2πfRF
dCys,on

dϕ
. (4.52)

The calibration factor can be directly calculated by measuring the bunch cen-
troid position variation at the screen with the deflecting phase. Consequently,
one needs to know only the deflecting voltage frequency, which is usually a well
defined parameter easy to access, determined by the RF source and the deflector
being used. Thanks to this property, the measurement method is defined as self
calibrated.

The measurement can then be performed even without knowing other param-
eters of the deflecting cavity or of the system, some of which can be difficult to
assess precisely (e.g., the deflecting voltage amplitude and the average particle
energy ).

The standard model of measurement production is reported in Fig. 4.5. To
perform the measurement correctly, it is necessary to measure: the vertical spot
size at the screen (i.e., σys,off ) with the RFD turned off, and the displacement of
the beam centroid for different deflecting phases around 0 rad or π rad (i.e., Cys,on)
with the RFD turned on. After that, and always with the RFD turned on, the
vertical spot size at the screen (i.e., σys,on) at ϕ rad and ϕ + π rad needs to be
measured.

The measurement of the vertical displacement of the bunch centroid while
varying the deflecting phase in a small range centered around 0 rad or π rad
(sin(ϕ) ≈ ϕ), gives the calibration. The derivative dCys,on/dϕ can be calculated as
the slope of the vertical bunch centroid as a function of the RFD phase, evaluated
by means of a linear fit. By multiplying the slope by 2πfRF , the Kcal(ϕ) can be
obtained. From the measurements of the vertical spot size at the screen with the
RFD turned on at different phases, using an average of the squared value, σys,on
can be obtained. Finally, the bunch length can be assessed subtracting from σys,on
the σys,off under square root and dividing by the absolute value of Kcal(ϕ).
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FIGURE 4.5: The model of the measurement production of the bunch
length based on the cancellation of the correlations [174].

Novel measurement methods

In this section, two measurement methods for (i) energy chirp and spread and
(ii) correlations between particle positions, divergences, and energies are pre-
sented [15].

Energy Chirp and Spread Starting from Eq. 4.47, without neglecting/cancelling
the energy spread contribution, by following the same procedure used in Eq. 4.49,
the fifth and the sixth term of the Eq. 4.47 can be cancelled by averaging between
σ2
ys(ϕ) and σ2

ys(ϕ + π). Furthermore, considering a small range of the deflecting
voltage phase around the voltage zero-crossing, it can be written

A2(ϕi) =
σ2
ys,on(ϕi) + σ2

ys,on(ϕi + π)

2
=

= σ2
ys,off +K2

cal

σ2
t0
− σt0δ0
πfRF

ϕi +
σ2
δ0

(2πfRF )2ϕ
2
i

 =

= p3 + p2ϕi + p1ϕ
2
i ,

(4.53)

for each i-measurement at ϕi phase. The third (underline) and the fourth terms
(double underline) of Eq. 4.53 are the contributions of the energy chirp and spread
to the vertical spot size at the measurement screen with the RFD active. They are
sources of deterministic errors in the bunch length measurements [197], and they
are typically calibrated away with independent measurements of σt0δ0 and σδ0 , or
removed measuring without phase offset at ϕi = 0 rad or ϕi = π rad. On the other
hand, these contributions can be used to measure the energy chirp and spread
from the vertical spot size measurements versus the deflecting voltage phase.
In particular, Eq. 4.53 is a quadratic polynomial of the variable ϕi. The energy
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FIGURE 4.6: The model of measurement production for energy
spread, energy chirp, and bunch length [198].

spread, the energy chirp, and the bunch length can be calculated as

σδ0,m =
√
p1

2πfRF
Kcal

, σt0δ0,m = −p2
2πfRF
2K2

cal

, and σt0,m =

√
p3 − σ2

ys,off

Kcal

; (4.54)

where p1, p2, and p3 are the coefficients of the polynomial fits defined in the
Eq. 4.53. Some further considerations from Eq. 4.53 can be made.

Firstly, in order to perform a good measurement, the first term of the second
line in Eq. 4.53 should be non-dominant with respect to the other terms, since
they are the ones that contain information about the measurands: the bunch
length (i.e., σt0), energy chirp (i.e., σt0δ0), and energy spread (i.e., σδ0). In order
to ensure this, (i) Kcal can be increased (increasing the distance between the RFD
and the screen and/or the deflecting voltage amplitude) and (ii) σys,off can be
decreased, e.g. using a vertically focusing quadrupole placed before the RFD.
Moreover, to get information on all measurands, the second, the third, and the
fourth term should have a non-negligible impact on vertical spot size individu-
ally. Thus proposed measurement method can be applied when the measurands
give a non-negligible contribution to the vertical spot size, i.e., for a bunch with
suitable properties in length, energy chirp, and energy spread. When the energy
spread contribution is negligible (fourth terms in Eq. 4.53),A2(ϕ) becomes a linear
function of the deflecting voltage phase.

The bunch length measurement model, shown in Fig. 4.6, is based firstly on
the measurements of the spot size at the screen when the RFD is turned off (i.e.,
obtaining σys,off ). Secondly, by switching on the RFD, the vertical bunch centroid
and spot size at the screen can be measured for different values of the RFD phase
ϕi (i.e., obtaining Cys,on(ϕi), σys(ϕi), and σys(ϕi + π)). As a second step (data pro-
cessing), the calibration factor Kcal is computed with Eq. 4.52; thus applying the
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Eq. 4.53 also the coefficients p1, p2, and p3 are computed by means of a polynomial
fit. As a last step, using the Eqs. 4.54 the measured energy spread (σδ0,m), energy
chirp (σt0δ0,m), and bunch length (σt0,m) are obtained.

The presented model requires new steps of data acquisition and elaboration
with respect to the standard method of the bunch length measurement shown in
Fig. 4.5; in particular, a polynomial fit of the vertical spot size squared values at
the screen varying the RFD phase is required.

Correlations between particle positions, divergences, and energies As shown
in Eq. 4.49 and 4.53 the contributions given by the correlations between particle
positions, divergences and energies at RFD center can be corrected, through an
average between σ2

ys,on(ϕ) and σ2
ys,on(ϕ + π). On the other hand, the variations of

the vertical spot size due to these correlations can be used to obtain some infor-
mation on them. For the deflecting voltage phases ϕ and ϕ + π, all the terms of
σ2
ys,on , from Eq. 4.47 do not change their signs and values, but the correlation con-

tributions change their sign. Therefore, the correlation terms can be isolated by
taking the differences of the squared values of the vertical spot size at the screen
around the two zero-crossing phases (using the approximation of a small phase
ϕ around 0 rad)

corl0v0(ϕ) =
σ2
ys,on(ϕ)− σ2

ys,on(ϕ+ π)

2
=

= 2Kcalcort0v0 − 2
Kcal

2πfRF
corδ0v0ϕ =

= qcor + pcorϕ,

(4.55)

where
cort0v0 = σy0t0 + Ltσy′0t0 and corδ0v0 = σy0δ0 + Ltσy′0δ0 . (4.56)

The information about the correlations can be found with a linear fit of corl0v0(ϕ)
thus, the measured values are

corδ0v0,m = −πfRF
Kcal

pcor and cort0v0,m =
qcor

2Kcal

. (4.57)

The model of measurement production for the correlation terms is shown
in Fig. 4.7. The first stage consists of the measurements of the vertical bunch
centroid position and spot size at the screen for different values of the deflect-
ing voltage phase ϕi (close to the zero-crossing), obtaining Cys,on(ϕi), σys,on(ϕi),
and σys,on(ϕi + π). Afterwords, one can compute the calibration factor Kcal from
Eq. 4.52, the coefficients pcor and qcor from Eq. 4.55, as well as evaluate the corre-
lation terms corδ0v0,m and cort0v0,m from Eq. 4.57.

4.1.3 Simulation tools

The use of state-of-the-art tracking codes (e.g., ELEGANT [200], A Space Charge
Tracking Algorithm (ASTRA) [201], Methodical Accelerator Design-X (MAD-X) [202],
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FIGURE 4.7: The model of measurement production for the corre-
lation terms between longitudinal position, divergence, and ener-

gies [199].

and so on) as a metrological reference is a standard procedure in particle accel-
erator design and engineering, both in single systems (as done here) and in the
whole particle accelerator layout as a whole. The ELEGANT code is well estab-
lished; it has been, through the years, validated against a vast number of different
practical cases. Nowadays, it is exploited in LINACs design as well as their com-
missioning. Moreover, ELEGANT simulations are considered so reliable that they
can detect measurement artifacts, especially in the accelerator commissioning or
development. Such an approach is mandatory in complex particle accelerator
systems where particularly challenging beam conditions can be accessed only
when the accelerator is fully built. Dedicated ELEGANT simulations are carried
out to validate the derived equations.

4.1.4 Case studies for conventional layout

The case studies concern different kinds of high-brightness electron LINACs,
very relevant in the world-wide R&D effort on novel particle accelerators. Some
particular examples of Compton sources, FEL injectors, and plasma-based accel-
erators are discussed. These three machines use bunches with different σt0 , σδ0 ,
and σt0δ0 . The Compton source case study is the GBS LINAC at Extreme Light
Infrastructure - Nuclear Physics (ELI-NP), and the parameters used in the nu-
merical studies are obtained from the start-to-end simulations used in the design
of the machine [203]. For the other two cases (i.e., FELs and plasma accelerators),
two different sets of bunch properties meaningful for many machines with a sim-
ilar aim are presented. In this case, CLEAR is less suitable for a case study due to
the longer bunch length and smaller chirp and spread. Furthermore, for the GBS,
a start to end simulation was already available.

The RFD deflector parameters used in the simulations (Vt = 1 MV, fRF =
2.856 GHz) are extremely conventional, and they can be accessible in many of the
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high brightness LINACs nowadays in operation. The distance of the measure-
ment screen from the RFD isLt = 1.138 m and the beam energy is 〈E0〉 = 118 MeV;
those values are the ones used in GBS, and they are kept constant also in the other
examples for simplicity, and because they are quite common and reasonable. A
bunch composed of 50,000 macro-particles (with a total charge of 250 pC for the
GBS case, 100 pC in the FEL cases, and 10 pC for the plasma cases) is tracked
by the ELEGANT code [200] through the RFD up to the measurement screen.
The bunch is travelling on axis without any angle (Cy0 = 0 m and Cy′0 = 0 rad).
As mentioned above, the measurement procedure for measuring the correlation
between particle position, divergence, and energy can only be applied if the cor-
relation terms give a significant contribution to the vertical spot size measure-
ments (Eq. 4.47). Therefore, there is a threshold for carrying out the measurement
method with acceptable accuracy. The contribution of the correlation terms to the
vertical spot size at the measurement screen can become negligible in the case of
longer bunches. For this reason, the study is restricted to the most challenging
case study with the longest bunches, namely the GBS.

It is worth noticing that the variation of the RMS vertical spot size needed in
all the case-studies is in the order of a few tens of µm, and it may require advanced
diagnostic tools. The vertical beam dimension on the measurement screen can
be increased: (i) in percentage, using better magnetic optics when the RFD is
switched off (to decrease σys,off ); (ii) in absolute terms, increasing the deflecting
voltage amplitude and/or the distance between the RFD and the measurement
screen (to increase Kcal).

The bunch longitudinal parameters (i.e., σt0 , σδ0 , and σt0δ0) as well as the fore-
seen measurement results (i.e., σt0,m, σδ0,m, and σt0δ0,m) are reported case by case.
For reader convenience a column with the relative percentage deterministic error
for each quantityX with measured value Xm is added (i.e., EXm = 100 · |X−Xm|/X);
in addition, the uncertainties reported represents a 1-sigma interval.

Compton sources - Gamma Beam Source

In the GBS injector, a 250 pC bunch beam with a nominal RMS bunch length of
1 ps and a few 0.1% energy spread is delivered to the interaction chamber to col-
lide with a laser [204]. In this case study, the values used for the beam parameters
are the results of start-to-end simulations of the whole LINAC before the RFD, ac-
cording to [203], and therefore they are representative of a real beam. Figures 4.8
shows the longitudinal phase space. The beam transverse parameter at the RFD
center are: σy0 = 346.4 µm, σy′0 = 57.57 µrad, and σy0y′0 = −19.86 nm.

Energy chirp and spread simulations The energy chirp contribution to the ver-
tical spot size is significant, while the energy spread contribution is negligible.
Thus only the energy chirp can be measured by means of the proposed measure-
ment method (i.e., through a linear fit of the vertical spot size versus the deflecting
voltage phase). The simulation results are shown in Tab. 4.1. The reported un-
certainties are introduced from the polynomial fit. The other uncertainty sources
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FIGURE 4.8: The longitudinal phase space at RFD center, obtained
by start-to-end simulations for the GBS accelerator [15].

TABLE 4.1: Simulation parameters and results for the Compton
source case study, for the energy spread, the measurement method

is Not Applicable (NA).

σt0 [fs] σt0,m [fs] Eσt0,m
912 907.9 ± 3.0 0.4%

σδ0 [%] σδ0,m [%] Eσδ0,m
0.6054 NA NA
σt0δ0[fs] σt0δ0,m[fs] Eσt0δ0,m
5.329 5.06 ± 0.38 5.0%

(e.g., phase stability, beam jitter, spot size jitter) are neglected in these simulations
in order to validate the measurement methods.

The vertical bunch centroid and spot size measurements, while varying the
deflecting voltage phase, are shown in Figs. 4.9 (A) and (B), respectively. The cen-
troid variation with respect to the RFD phase can be used to compute Kcal from
Eq. 4.52. The uncertainty on Kcal as well as the measured energy chirp and bunch
length is only due to the linear fit. The RMS spot size when the RFD is switched
off is σys,off = 281 µm and from the linear fit |Kcal| = (172.95±0.15) µm/ps, where,
the uncertainty comes from the uncertainty propagation on Eq. 4.52 considering
the uncertainty on the centroid positions due to the linear fit. Since the energy
spread contribution is negligible, the squared value of the vertical spot size is lin-
ear (from Eq. 4.53) over the deflecting voltage phase range (Fig. 4.9 (B) left). The
averages of the squared values of vertical spot size at the screen are not affected
by significant inaccuracy because the correlations between vertical and longitu-
dinal planes are weak (Fig. 4.9 (B) right).

Correlations simulations The correlations between particle positions, angles,
and energies are unwanted effects, possibly caused by misalignments, position



98 Chapter 4. Bunch length measurements

FIGURE 4.9: In (A), the vertical bunch centroids versus ϕ and ϕ+ π
in left and right, respectively. In (B), the spot sizes measured at the
screen versus ϕ without and with averaging over two zero-crossing
phases, left and right, respectively. The simulated data reported as

stars and the linear fit reported as solid lines [15].

jitters, field imperfections, and so on. In the GBS layout, the considered corre-
lations could be caused by a 2 mm-misalignment of the first accelerating section
and the focusing magnet (quadrupole) upstream of the RFD; such a misalignment
is within the design tolerance of the machine. Figures 4.10 reports the relevant
phase spaces obtained by a start-to-end simulation of the whole machine (i.e.,
upstream the RFD) considering the misalignments. All the data virtually mea-
sured at the RFD center are: σy0 = 348.8µm, σy′0 = 60.15µrad, σy0y′0 = −19.15 nm.
The proposed measurement technique aims to estimate the correlations by mea-
suring spot-sizes of the deflected beam at the measurement screen. Applying the
measurement production model, in Fig. 4.7, the simulations and the data pro-
cessing results are reported in Tab. 4.2. The uncertainty on the correlations terms
is only due to the linear fits and, as done for the energy chirp and spread, the
other uncertainties sources are neglected in these simulations in order to validate
the measurement methods. The vertical bunch centroid measured while varying
the deflecting voltage phase shows the same slope of the case without misalign-
ment. Such an effect is obtained because the possible field inhomogeneities are
neglected as anticipated in Sec. 2.3.3.

The differences between Fig. 4.11 (A) and (B) are caused by the significant
correlation contributions to the vertical spot size at the screen. From the results
in Figs. 4.11 and 4.9, the requirements on the resolution and on the Field Of View



4.1. Measurement methods for conventional layout 99

FIGURE 4.10: In (A), the particle vertical positions versus longitu-
dinal positions with ry0t0 = 0.12 (left) and particle energies with
ry0δ0 = 0.11 (right). In (B), the particle vertical divergences versus
longitudinal positions with ry′0t0 = 0.29 (left) and particle energies

with ry′0δ0 = 0.28 (right) [15].

TABLE 4.2: Simulations and data processing results from Eq. 4.52,
and 4.57.

Reference value Measured value Relative error
Kcal (ϕ ≈ 0 rad) 173.7 µm/ps 172.81± 0.15 µm/ps ≈ 0.5%
Kcal (ϕ ≈ π rad) −173.7 µm/ps −173.10± 0.15 µm/ps ≈ 0.1%

cort0v0 54.96 µm ps 54.35± 0.21 µm ps ≈ 1%
corδ0v0 0.3499 µm 0.348± 0.029 µm ≈ 0.5%

(FOV) of the optical system used to image the beam footprint can be assessed.
Weaker correlations imply smaller correlation terms (i.e., small variations of the
vertical spot size at the screen) and, therefore, they require better resolution.

The approximation of a constant calibration factor (calculated from vertical
centroid measurements) is used. In the RFD phase range investigated, it leads to a
negligible relative error, less than 1.5%, compared with the theoretical calibration
factor (from Eq. 4.23) as shown in Figs. 4.12.

Free electron Laser (FEL) sources

The second case study concerns two extreme cases of LINAC used as an injec-
tor for FELs. The first case is a 250 fs-long bunch with a moderate energy spread
and a strong energy chirp (correlation factor rt0δ0 = −0.8). Similar bunches are
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(A) (B)

FIGURE 4.11: The vertical spot size at the screen in case of misalign-
ment, over the deflecting voltage range of −10° to 10° and (B) 170°
to 190° in (A) and (B), respectively. The simulated data reported as
black stars and the theoretical values (Eq. 4.47) reported as solid blue

lines [15].

used for single-spike FEL radiation [205, 206]. The longitudinal phase space at
the RFD center is given in Fig. 4.13 (A), where the negative value of the energy
chirp is clear. The second case deals with novel ideas being discussed in the sci-
entific community on future FEL injectors, aiming to a much higher beam current
(in the few kA range) than conventional FELs. If those currents are reached while
keeping a small energy spread (e.g., half of the one considered in the first case),
ultra-high brightness can be reached. This result will imply a strong reduction in
the length of the undulator magnets, which are nowadays limiting the compact-
ness of FELs. A positive strong chirps, with a high correlation factor rt0δ0 = 0.9, is
considered (longitudinal phase space at the RFD center is given in Fig. 4.13 (B)).
The spot size variation at the measurement screen when the RFD is switched on is
quite relevant (50% for the first case). Thus a non-negligible contribution is given
to the spot size from the additional terms to be measured. In Tab. 4.3 and 4.4,
the simulation results for the longitudinal parameters and the relative errors for
the two FEL cases are reported, respectively. As for the Compton sources, the
uncertainty is only driven by the polynomial fit. In the first case, the error of the
measured energy spread is larger than the second one. A small energy spread
can be measured if the bunch length is small enough. However, it is needed that
the energy spread contribution is significant (from Eq. 4.47).

Plasma-based particle accelerators

Plasma-based particle accelerators are encountering an intense development. The
huge accelerating fields (three orders of magnitude larger than conventional RF
fields used in accelerators) require a high degree of control of the beam parame-
ters to reach the same stability and reliability of conventional accelerators. At the
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(A) (B)

FIGURE 4.12: In (A), the theoretical calibration factor (Eq.4.23)
in red line and calibration factor calculated from vertical bunch
centroid measurements (Eq.4.52) in black star. In (B), the rela-
tive error between the theoretical calibration factor and the cal-
ibration factor calculated from the bunch centroid |Kcal,t(ϕ) −

Kcal(0)|/|Kcal,t(ϕ)| [174].

TABLE 4.3: Simulation
parameters and results
for the first case of the

FEL-injector.

σt0 [fs] σt0,m [fs] Eσt0,m
250 250.86 ± 0.23 0.3%

σδ0 [%] σδ0,m [%] Eσδ0,m
1 0.8932 ± 0.0099 10.7%

σt0δ0[fs] σt0δ0,m[fs] Eσt0δ0,m
-2.06 -2.070 ± 0.034 0.5%

TABLE 4.4: Simulation
parameters and results
for the second case of

the FEL-injector.

σt0 [fs] σt0,m [fs] Eσt0,m
25 24.84 ± 0.10 0.6%

σδ0 [%] σδ0,m [%] Eσδ0,m
0.5 0.4973 ± 0.0010 0.5%

σt0δ0[fs] σt0δ0,m[fs] Eσt0δ0,m
0.1125 0.10870 ± 0.00036 3.4%

moment, several solutions are being investigated [207], ranging from laser to par-
ticle driven accelerators. The two case studies are representative of two typical
cases. The first case, with about 100 fs beam and 1% energy spread, have pa-
rameters typical of particle-driven solutions, while the second case investigates
ultra-short bunches (10 fs), with significant energy spreads (4%) similar to the one
used in the laser-driven solutions. Both the cases exhibit quite strong energy
chirps (correlation coefficient almost 1), a so typical situation in plasma accel-
erator that specific solutions are being addressed [208]. The longitudinal phase
spaces of the beam at the RFD center are described in Fig. 4.13 (C) for the first
case and Fig. 4.13 (D) for the second case. Applying the measurement procedure,
the percentage variation of the RMS vertical spot size at the screen is again about
50% when the RFD is switched on. Thus a non-negligible contribution is given
to the spot size from the additional terms to be measured. In Tab. 4.5 and 4.6 the
expected and obtained in simulation values are reported, as well as the relative
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FIGURE 4.13: The longitudinal phase spaces at RFD center. The first
row concerns the FEL injector, the first (i.e., single spike) and the sec-
ond case (i.e., high current) in (A) and (B), respectively. The second
row concerns plasma accelerator, the first (i.e., particle-drive) and

the second case (i.e., laser-drive) in (C) and (D), respectively [15].

measurement error. As for the Compton sources and FEL sources, the uncertainty
is only driven by the polynomial fit.

4.2 Measurement methods for non-conventional lay-
out

Usually, in the conventional layout, a considerable drift space is kept between
the RFD and the screen to achieve sufficient deflection of the bunch. Moreover,
it is common to use some focusing elements before the RFD to minimize the
beam spot on the screen [161, 209]. However, dimensional problems can arise
in the installation (e.g., reduce the space between the klystron and the deflect-
ing cavity by consequently shortening the necessary waveguides) and squeeze
down the available space in the accelerator. In various accelerators focusing ele-
ments are installed between the RFD and the screen in order to save space (e.g.,
CLEAR [210], ATF [211], and DESY [212]) and kept off during the bunch length
measurement [16]. In this section, their impact on the bunch length measurement,
not investigated until now, is presented.
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TABLE 4.5: Simula-
tion parameters and re-
sults for the first case
of plasma-based accel-
erators (i.e., particle-

driven solution).

σt0 [fs] σt0,m [fs] Eσt0,m
100 100.21 ± 0.22 0.2%

σδ0 [%] σδ0,m [%] Eσδ0,m
1 0.9824 ± 0.0042 1.8%

σt0δ0[fs] σt0δ0,m[fs] Eσt0δ0,m
0.965 0.9542 ± 0.0025 1.2%

TABLE 4.6: Simulation
parameters and results
for the second case of
plasma-based accelera-
tors (i.e., laser-driven

solution).

σt0 [fs] σt0,m [fs] Eσt0,m
10 9.70860 ± 0.00097 2.9%

σδ0 [%] σδ0,m [%] Eσδ0,m
4 4.0094 ± 0.0032 0.2%

σt0δ0[fs] σt0δ0,m[fs] Eσt0δ0,m
0.36 0.3400 ± 0.0048 5.5%

4.2.1 Theoretical treatment

Similar to the procedure followed for the conventional layout, the analytical equa-
tions are also derived for the non-conventional layout. The contributions given
from the energy chirp and spared are neglected. These assumptions are needed
because otherwise, each particle will follow different trajectories while passing
through the additional focusing element. In particular, firstly, the spot size and
the centroid with the RFD turned off are presented; later, the same quantities,
including the calibration factor, are derived in the case the RFD is turned on.

RFD OFF

Similarly to what was done in Eq. 4.1, the transfer matrix to evaluate the particles
vertical motion for the RFD turned off, from the RFD center to the screen can be
written as (

ys,OFF
y′s,OFF

)
=

(
M11 M12

M21 M22

)(
y0

y′0

)
, (4.58)

The vertical spot size at the screen, with RFD off, can be calculated using Eq. 4.58

σ2
s,OFF = 〈y2

s,OFF 〉 − 〈ys,OFF 〉2 = 〈M2
11y

2
0〉+ 〈M2

12y
2′

0 〉+ 〈2M11M12y0y
′
0〉+

− 〈M11y0〉2 − 〈M12y
′
0〉2 − 2〈M11y0〉〈M12y

′
0〉

(4.59)

Using the property of linearity of the average and the approximation that all the
particles have the same energy (i.e., small energy spread), can be written as

σ2
ys,OFF

= M2
11(〈y2

0〉 − 〈y0〉2) +M2
12(〈y′20 〉 − 〈y′0〉2) + 2M11M12(〈y0y

′
0〉 − 〈y0〉〈y′0〉).

(4.60)

Equations 4.60, renaming the variances and covariance highlighted in the brack-
ets, can be rewritten as

σ2
ys,OFF

= M2
11σ

2
y0

+M2
12σ

2
y′0

+ 2M11M12σy0y′0 . (4.61)
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Similarly to Eq. 4.2, from Eq. 4.58, using the property of linearity of the average
and that all the particles have the same energy, the bunch centroid can be assessed
as

Cys,OFF = 〈ys,OFF 〉 = 〈M11y0〉+ 〈M12y
′
0〉 = M11〈y0〉+M12〈y′0〉. (4.62)

RFD ON

As done in Eq. 4.58, for the RFD turned on, the transfer matrix for assessing the
equation of the vertical particle motion is(

ys,ON
y′s,ON

)
=

(
M11 M12

M21 M22

)(
y0

y′0 + ∆y′0

)
, (4.63)

where ∆y′0 is the transverse kick given from the deflector in Eq. 2.29.

Spot size assessment Also, in this case, the vertical spot size at the screen can
be assessed as

σ2
s,ON = 〈y2

s,ON〉 − 〈ys,ON〉2 =

= 〈(M11y0 +M12y
′
0 +M12∆y′0)2〉 − (〈M11y0 +M12y

′
0 +M12∆y′0〉)2 =

= 〈M2
11y

2
0 +M2

12y
2′

0 +M2
12∆y2′

0 + 2M11M12y0y
′
0 + 2M11M12y0∆y′0+

+ 2M2
11y
′
0∆y′0〉 − [〈M11y0〉2 + 〈M12y

′
0〉2 + 〈M12∆y′0〉2+

+ 2〈M11y0〉〈M12y
′
0〉+ 2〈M11y0〉〈M12∆y′0〉+ 2〈M12y

′
0〉〈M12∆y′0〉] =

= 〈M2
11y

2
0〉+ 〈M2

12y
2′

0 〉+ 〈M2
12∆y2′

0 〉+ 〈2M11M12y0y
′
0〉+

+ 〈2M11M12y0∆y′0〉+ 〈2M2
11y
′
0∆y′0〉 − 〈M11y0〉2 − 〈M12y

′
0〉2+

− 〈M12∆y′0〉2 − 2〈M11y0〉〈M12y
′
0〉 − 2〈M11y0〉〈M12∆y′0〉+

− 2〈M12y
′
0〉〈M12∆y′0〉.

(4.64)

Using the same assumption used in Eq. 4.60 (i.e., all the particles at the same
energy), from Eq. 4.64, the beam spot size with the RFD on can be written as

σ2
s,ON = M2

11〈y2
0〉+M2

12〈y2′

0 〉+M2
12〈∆y2′

0 〉+ 2M11M12〈y0y
′
0〉+

+ 2M11M12〈y0∆y′0〉+ 2M2
11〈y′0∆y′0〉 −M2

11〈y0〉2 −M2
12〈y′0〉2+

−M2
12〈∆y′0〉2 − 2M11M12〈y0〉〈y′0〉 − 2M11M12〈y0〉〈∆y′0〉+

− 2M12M12〈y′0〉〈∆y′0〉

(4.65)

Sorting and grouping the terms with the same dependence

σ2
s,ON = M2

11 (〈y2
0〉 − 〈y0〉2) +M2

12 (〈y′20 〉 − 〈y′0〉2) +M2
12 (〈∆y′20 〉 − 〈∆y′0〉2) +

+ 2M11M12 (〈y0y
′
0〉 − 〈y0〉〈y′0〉) + 2M11M12 (〈y0∆y′0〉 − 〈y0〉〈∆y′0〉) +

+ 2M2
12 (〈y′0∆y′0〉 − 〈y′0〉〈∆y′0〉) .

(4.66)
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From Eq. 4.66, substituting the highlighted terms in the brackets with the respec-
tive variance and covariance, it can be written

σ2
s,ON = M2

11 σ
2
y0

+M2
12 σ

2
y′0

+M2
12 σ

2
∆y′0

+

+ 2M11M12 σy0y′0 + 2M11M12 σy0∆y′0
+ 2M2

12 σy′0∆y′0
.

(4.67)

Taylor approximation The results obtained in Eq. 4.67 can be further simplified.
In particular, specifying the deflector’s transverse kick and thus, the variance and
the covariance that involve it. From from Eqs. 2.29 and 2.30, the therms ∆y′0 can
be rewritten as

∆y′0 =
Vt
E0

kz0 cos(ϕ) +
Vt
E0

sin(ϕ). (4.68)

The variance in the third term of Eq. 4.67 can be rewritten as

σ∆y′0
= 〈
(
Vt
E0

k cos(ϕ)z0 +
Vt
E0

sin(ϕ)

)2

〉 − 〈 Vt
E0

k cos(ϕ)z0 +
Vt
E0

sin(ϕ)〉2 =

=

(
Vt
E0

k cos(ϕ)

)2

〈z2
0〉+

��
��

�
��
�(

Vt
E0

sin(ϕ)

)2

+

XXXXXXXXXXXXXXX

2

(
Vt
E0

)2

k cos(ϕ) sin(ϕ)〈z0〉+

−
(
Vt
E0

k cos(ϕ)

)2

〈z0〉2 −
�
��

�
��

��(
Vt
E0

sin(ϕ)

)2

−
XXXXXXXXXXXXXXX

2

(
Vt
E0

)2

k cos(ϕ) sin(ϕ)〈z0〉 =

=

(
Vt
E0

k cos(ϕ)

)2

(〈z2
0〉 − 〈z0〉2) =

(
Vt
E0

k cos(ϕ)

)2

σ2
z0
.

(4.69)

The covariance in the fifth term of Eq. 4.67 can be rewritten as

σy0∆′y0 = 〈y0

(
Vt
E0

k cos(ϕ)z0 +
Vt
E0

sin(ϕ)

)
〉 − 〈y0〉〈

Vt
E0

k cos(ϕ)z0 +
Vt
E0

sin(ϕ)〉 =

=
Vt
E0

k cos(ϕ)〈y0z0〉+
���

���
��Vt

E0

sin(ϕ)〈y0〉 −
Vt
E0

k cos(ϕ)〈y0〉〈z0〉 −����
��

��Vt
E0

sin(ϕ)〈y0〉 =

=
Vt
E0

k cos(ϕ)(〈y0z0〉 − 〈y0〉〈z0〉) =
Vt
E0

k cos(ϕ)σy0z0 .

(4.70)

With the same calculation, the covariance in the sixth term of Eq. 4.67 can be
written as

σy′0∆′y0 =
Vt
E0

k cos(ϕ)σy′0z0 . (4.71)

Finally, substituting Eqs. 4.69, 4.70, and 4.71 in Eq. 4.67

σ2
s,ON = M2

11σ
2
y0

+M2
12σ

2
y′0

+M2
12

(
Vt
E0

k cos(ϕ)

)2

σ2
z0

+

+ 2M11M12σy0y′0 + 2M11M12
Vt
E0

k cos(ϕ)σy0z0 + 2M2
12

Vt
E0

k cos(ϕ)σy′0z0 .

(4.72)
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The underlined terms in Eq. 4.72 are the vertical spot size at the screen with
RFD off, in Eq. 4.61. As a consequence, Eq. 4.72 can be rewritten as

σ2
s,ON = σ2

s,OFF +M2
12

(
Vt
E0

k cos(ϕ)

)2

σ2
z0

+

+ 2M11M12
Vt
E0

k cos(ϕ)σy0z0 + 2M2
12

Vt
E0

k cos(ϕ)σy′0z0 .

(4.73)

Centroid assessment The calibration factor can be introduced, as done in Eq. 4.23,
with the same crucial physical meaning shown in Eq. 4.52, it is useful to start from
the equation of the vertical bunch centroid. Repeating the same step of Eq. 4.6,
the centroid when the RFD is turned on can be written as

Cys,ON (ϕ) = 〈ys〉 = 〈M11y0〉+ 〈M12y
′
0〉+ 〈M12∆′y0〉, (4.74)

under the assumption that all the particles have the same energy it becomes

Cys,ON (ϕ) = M11〈y0〉+M12〈y′0〉+ 〈M12
Vt
E0

kz0 cos(ϕ)z0 +M12
Vt
E0

sin(ϕ)〉 =

= M11〈y0〉+M12〈y′0〉+M12
Vt
E0

kz0 cos(ϕ)〈z0〉+M12
Vt
E0

sin(ϕ) =

= M11〈y0〉+M12〈y′0〉+M12
Vt
E0

k cos(ϕ)〈z0〉+M12
Vt
E0

sin(ϕ).

(4.75)

The underlined terms in Eq. 4.75 are the centroid contributions when the RFD is
turned off in Eq. 4.62. As a consequence, Eq. 4.75 can be rewritten as

Cys,ON (ϕ) = Cys,OFF +M12
Vt
E0

k cos(ϕ)〈z0〉+M12
Vt
E0

sin(ϕ). (4.76)

Defining the calibration factor, KCAL, as

KCAL(ϕ) = 2πfRFM12CRFD0a cos (ϕ) , (4.77)

also for the non-conventional layout, the calibration factor can be directly calcu-
lated by measuring the bunch centroid as reported in Eq. 4.52.

Substituting Eq. 4.77 in Eq. 4.73 the spot size with the RFD on can be written
as

σ2
ys,ON

(ϕ) = σ2
ys,OFF

+K2
CAL(ϕ)σ2

t0
+2M11KCAL(ϕ)σy0t0 +2M12KCAL(ϕ)σy′0t0 . (4.78)

The Eqs. 4.77, 4.61, and 4.78 are a general expression of the Eq. 4.23,4.3, and 4.48,
respectively. In the case of conventional layout M11 = 1 and M12 = Lt. More-
over, also in the non-conventional layout, the terms due to the correlations be-
tween the vertical position divergence and the longitudinal divergence can be
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canceled by averaging two measurements in phase opposition

σys,ON
2(ϕ) =

σ2
ys,ON

(ϕ) + σ2
ys,ON

(ϕ+ π)

2
= σ2

ys,OFF
+K2

CAL(ϕ)σ2
t0
. (4.79)

The term σys,ON
2 is equal to σ2

ys,ON
in absence of correlations between the vertical

and longitudinal planes. For reader convenience, as for the conventional layout,
the terms σys,on(ϕ) and Kcal(ϕ) are often indicated as σys,on and Kcal, respectively;
implicitly assuming their dependence from the RFD phase.

4.2.2 Measurement methods

From Eq. 4.79, the formula for the bunch length can be written in the same form
as in literature [209]

σt0 =

√
σys,ON

2 − σ2
ys,OFF

|KCAL(ϕ)|
. (4.80)

In Eq. 4.80, the measured values are σys,ON and σys,OFF , while the measurand is σt0 .
If the values of σys,OFF and σys,ON are too close, the information on the measurand
could be lost in the uncertainty or in the resolution of the measurement.

From Eqs. 4.77, 4.78, and 4.79, some preliminary points can be underline

• the standard model of the measurement production, in Fig. 4.5, can be used;

• a calibration factor can be defined with the same meaning of the conven-
tional layout (i.e., including the variation of the centroid on the screen);

• the non-conventional layout does not introduce any deterministic error source
in the measurement;

• the possibility of removing the correlation effects (i.e., σy′0t0 and σy0t0) is pre-
served. It can be achieved carrying out two different measurements of σys,ON
in phase opposition (at ϕ and ϕ + π), and then evaluating the average be-
tween their squared values [213, 214];

• thanks to the dependence of σys,ON and σys,OFF on the focal length, these
quantities can be optimized over a wider range of beam parameters. Al-
lowing an improvement in the measurement performance (i.e., improve the
resolution and reduce uncertainty).

However, driven by the dependence of the measurement from the focal length,
some critical value preventing the feasibility of the measurements is identified.
This issue needs to be taken into account to perform a correct measurement pro-
cedure.

Besides, the additional advantage of measuring the correlations is obtained.
The correlation terms can be measured from Eq. 4.78 by assessing the difference
between the two σys,ON in phase opposition

τ = σ2
ys,ON

(ϕ)− σ2
ys,ON

(ϕ+ π) = 4M11KCAL(ϕ)σy0t0 + 4M12KCAL(ϕ)σy′0t0 , (4.81)
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TABLE 4.7: Range of the CLEAR main parameters.

Parameters Value/Range

Energy (〈E0〉) [MeV] 60 – 220
Bunch charge (q) [pC] 10 – 2000

σt0 [ps] 1 – 10
εxy [nm] 100

Energy Spread (δ0) <5%
βx,y [m] 0.5 – 40
αx,y -10 – 10
Lq [m] 0.226

LRFD [m] 0.116
fRF [GHz] 2.9985
Vt [MV] 0.5; 1.6; 4
|fmin| [m] 0.29
σyres [µm] 25

Field Of View (FOV) [cm] 8x8
f ∗ [m] 0.44

Macro particles 500,000

where τ is the sum of the correlation terms, each one multiplied by known fac-
tors. In the non-conventional layout, the two correlation terms have different
dependence on the focal length of the quadrupole. Thus their individual effects
can be isolated and quantified. In fact, the terms M11 is multiplied by the corre-
lation terms σy0t0 , and the term M12 is multiplied by the correlation terms σy′0t0 .
This advantage is not present in the case of the conventional layout [215].

The non-conventional layout opens new opportunities with a substantial im-
pact on the accelerators physics community.

4.2.3 CLEAR case study

As anticipated in Sec. 2.3, the CLEAR machine is a particularly suitable case study
for the bunch length, due to the different diagnostics devoted to monitoring this
parameter [18]. Moreover, in CLEAR, a quadrupole triplet is installed between
the RFD [17] and the screen. It can be turned off and on to compare the perfor-
mances of the conventional and non-conventional layout.

In a conservative assumption, the main parameters of the CLEAR accelerator
(i.e., Twiss parameters at the entrance of the RFD, beam geometrical emittance,
energy, energy spread, charge, and bunch length), the acquisition system used for
the measurements (i.e., the acquisition system resolution and the field of view),
the RFD characteristics (i.e., deflecting voltage and frequency), and the beamline
characteristics (e.g., the maximum quadrupole power, the quadrupole sensitivity,
and the distances) are summarized in Tab. 4.7. The quantity fmin is the minimum
focal length which depends on the beam stiffness and the type of quadrupole
(the quadrupole parameters correspond to the Scanditronix QL3 magnets used
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FIGURE 4.14: The layout with a vertical focusing element installed
between the RFD and the screen [16].

in CLEAR [216]). For the values in Tab. 4.7, the beam energy of 220 MeV (i.e., the
highest achievable) was assumed.

The focusing and defocusing quadrupole positions are different because they
correspond to two different quadrupoles which are physically installed next to
each other. As the presented studies were performed as a part of different exper-
imental campaigns, the beam and RFD characteristics are not identical. Further-
more, the beamline was modified between the experimental campaigns in order
to upgrade the EOS experiment (explained in Sec. 2.3.2); because of this, the mag-
net position changes between studies. In the simulations, the distances, beam,
and RFD characteristics agree with the experimental case they are compared to.

Single quadrupole case

In the case of a single thick focusing quadrupole, the transport matrixM , between
the RFD and the screen, is obtained from the multiplication of the matrices

M = Mdrifta Mquad Mdriftb =

=

[
1 La
0 1

][
cos (
√
KLq)

1√
K

sin (
√
KLq)

−
√
K sin (

√
KLq) cos (

√
KLq)

] [
1 Lb
0 1

]
,

(4.82)

where K is the focusing strength of the quadrupoles. The quantities La, Lb, and
Lq are the length of the drift space between the end of the quadrupole and the
screen, the length of the drift space between the RFD center the beginning of
the quadrupole, and the length of the quadrupole, respectively (as shown in
Fig. 4.14). In case ofK > 0, Eq. 4.82 describes a horizontally focusing quadrupole,
while K < 0, Eq. 4.82 describes a horizontally defocusing quadrupole (in this
case, the trigonometric functions become hyperbolic functions).

It is convenient, in order to make some considerations, to use the well-known
thin lens approximation [59]. As a consequence, the matrix M becomes

M = Mdrift1 Mquad−thin Mdrift2 =

[
1 L1

0 1

] [
1 0
− 1
f

1

] [
1 L2

0 1

]
, (4.83)
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where f is the quadrupole focal length, L1 is the distance between the quadrupole
center and the screen (i.e., L1 = La + Lq

2
), and L2 is the distance between the RFD

center and the quadrupole center (i.e., L2 = Lb + Lq
2

). The relation between the
focusing strength and the focal length is

f =
1

KLq
. (4.84)

For a focusing magnet in the plane of interest (i.e., vertical), f is positive, while in
the same plane for a defocusing magnet, f is negative.

With this approximation, the terms M11 and M12 are

M11 = 1− L1

f
and (4.85)

M12 = (L1 + L2)− L1L2

f
. (4.86)

In the non-conventional layout, the term M12 is present in KCAL (Eq. 4.77), which
as a consequence depends on the focal length of the quadrupole (from Eq. 4.86).
Also, σys,OFF depends on the focal length (Eq. 4.61). Therefore, it cannot be decor-
related from the deflecting power as in the conventional layout.

Another result that comes from Eq. 4.86 is the possibility to make M12 zero,
and consecutively also KCAL(ϕ) (from Eq. 4.77). It happens when the focal length
is equal to

f ∗ ≡ L1L2

L1 + L2

. (4.87)

From a physical point of view, operating with such a value of focal length means
that the RFD increases the bunch spot size on the screen by the same amount as
the quadrupole is squeezing it. In other words, there is a phase advance of π
between the RFD center and the screen. Therefore, for this value of focal length,
the measurement cannot be carried out.

All the derived equations and considerations can be extended for a general
configuration such as a doublet, triplet, or FOcusing/DefOcusing (FODO) cell.

4.2.4 Validation using simulations

In this section, the validation of the theory derived so far is reported. Firstly
the equations are validated using the simulation tracking code ELEGANT (intro-
duced in Sec.4.1.3), and later the experiments are carried out for assessing the
validity of the proposed measurement methods. As for the conventional layout,
the uncertainties reported represents a 1-sigma interval.

Measurement method

The comparisons between theoretical values (solid line without quadrupole, and
dashed line with quadrupole) and the simulation results (stars without quadrupole,
and dots with quadrupole) forKCAL, σys,OFF , and σys,ON are shown in Fig. 4.15 (A),
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(A) (B)

(C)

FIGURE 4.15: The comparison between theoretical values (solid line
without quadrupole, and dashed line with quadrupole) and simula-
tion results (stars without quadrupole, and dots with quadrupole)
for: (A) KCAL (Eq. 4.77), (B) σys,OFF (Eq. 4.61), and (C) σys,ON
(Eq. 4.78), versus the focal length (zoom at low f on the side) [16].

TABLE 4.8: Parameters adopted in the simulations to validate the
theoretical derivation.

〈E0〉 = 220 MeV δ0 = 3 % q = 500 pC σt0 = 1 ps
εy0 = 10 nm βy0 = 10 m αy0 = 3.0 LRFD = 0.1160 m

fRF = 2.9985 GHz Vt = 10 MV Lb = 0.8680 m Lq = 0.2260 m
La = 1.575 m σyres = 25 µm FOV = 8 cm Macro particles = 500, 000

(B), and (C) respectively. The dashed lines and the dots are used for the conven-
tional layout, while the solid lines and the stars are used for the non-conventional
layout.

For the conventional layout, the values of the Kcal, σoff , and σon do not de-
pend on the focal length, owing to the absence of the quadrupole. Conversely,
for the non-conventional layout, the values change with the focal length of the
quadrupole. For this reason, the optimum resolution, in the conventional layout
obtained focusing the beam on the screen with the optics upstream the RFD, is
not necessarily obtained by minimizing the beam size on the screen with the RFD
off, like in the conventional layout.

The parameters used in the simulations are reported in Tab. 4.8.
For the sake of simplicity, only the case of the focusing quadrupole is reported.

The minimum focal length used in the simulations is f ∗, derived from Eq. 4.87. Its
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Simulated without quadrupole
Theoretical without quadrupole

FIGURE 4.16: The relative error (Eq. 4.88) from the simulations (stars
without quadrupole and circles with quadrupole) on the assessment

of the bunch length versus the focal length [16].

numerical value is shown in the row before the last of Tab. 4.7. The Twiss param-
eter used (Tab. 4.8) position the waist after the screen. All the curves representing
the non-conventional layout quantities tend to the curve of the conventional lay-
out while increasing the focal length. This can be explained from Eqs. 4.77, 4.61,
and 4.78; that contains the terms M12 and/or M11. When f approaches infin-
ity, these terms tend to their value in the conventional layout. Consequently, as
known from the theory, switching off the quadrupole is equivalent to let f ap-
proach infinity. In this configuration, the maximum calibration factor is obtained
in the absence of the focusing quadrupole.

In Fig. 4.15 (B), all the points of the solid line (i.e., σys,OFF in the non-conventional
layout) above the dashed line (i.e., σys,off in the conventional layout) correspond
to a condition of over-focusing. In such a condition, the quadrupole makes the
beam larger on the screen than without the quadrupole. On the other hand, there
are values of focal length that make σys,OFF smaller than the conventional layout
value. The minimum of σys,OFF corresponds to the focal length that imposes the
waist at the screen position. In the considered range, all the values of σys,ON of the
non-conventional layout are smaller than the values of the conventional layout
for all the focal lengths, as seen in Fig. 4.15 (C).

A satisfying agreement between the theory and the simulation is achieved: for
KCAL, σOFF , and σON , the maximum difference is less than 0.6%. From Eq. 4.80 in
order to have a good measurements a relatively large difference between σys,ON
and σys,OFF is needed. Thanks to the flexibility added by additional focusing el-
ements, it is easier to achieve these conditions. A simulation is performed at
f = f ∗ (as defined in Eq. 4.87), by imposing σys,ON = σys,OFF . In this case, the
bunch length cannot be measured because no information on the measurand can
be obtained from the bunch’s size. The relative error, between the theoretical σt0
and the simulated σt0,m values, using Eq. 4.80, is defined as

ε% = 100 ·
|σt0 − σt0,m |

σt0
. (4.88)

The error is overall smaller than 0.5%, and it is shown in Fig. 4.16.
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(A) (B)

(C)

FIGURE 4.17: In (A), σys,ON (0), in (B) σys,ON (π), and in (C) σys,ON
versus r. The theoretical results (dashed lines) are compared with
the simulation results (dots). The theoretical results for (A) and (B)

are from Eq. 4.78, and for (C) from Eq. 4.79 [16].

Cancellation of correlations

The correlations between the longitudinal particle positions and the position, di-
vergence in the vertical plane are analyzed. In particular, the correlation terms of
Eq. 4.78 (proportional to σy0t0 and σy′0t0) are compared with the simulation results.
Furthermore, the cancellation of the correlation terms (Eq. 4.79) is validated with
simulations in Figs. 4.17.

From Eq. 2.6, the correlations can be written as

σy0t0 = ry0t0σy0σt0 and

σy′0t0 = ry′0t0σy′0σt0 ,
(4.89)

where ry0t0 and ry′0t0 are the correlation factors between the longitudinal positions
and the vertical positions, and between the longitudinal positions and the vertical
divergences, respectively.

Simulations of the beam spot size with the RFD turned on at two different RF
phases (0 rad and π rad), and varying the correlation coefficients ry0t0 and ry′0t0 , are
shown in Fig. 4.17 (A) and (B), respectively. In the scan, the correlation coefficients
are equal, and the axis notation is simplified correspondingly: ryt = ry′t = r.
Five correlation coefficients are chosen (−80%, −30%, 0%, 30%, and 80%). All the
simulation parameters are kept the same reported in Tab. 4.8. The simulations
were repeated with α0 = −3, which produced identical results.
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FIGURE 4.18: The vertical centroid positions (Cys,ON ) versus RFD
phase in conventional and non-conventional layout around 0 rad
and π rad in (A) and (B), respectively. The measurements (circles and
stars for conventional and non-conventional layout, respectively),
the theoretical values (solid and dashed lines for conventional and
non-conventional layout), and the simulation points (crosses and
plus signs for conventional and non-conventional, layout respec-

tively) are compared [16].

In Fig. 4.17(A) and (B), σys,ON (0) and σys,ON (π) are plotted respectively (theoret-
ical results from Eq. 4.78 with dashed lines and simulation results with dots). The
value of σys,ON (0) and σys,ON (π) are only equal when the correlation coefficients
are zero. In Fig. 4.17 (C), the average of the squared value between σys,ON (π) and
σys,ON (0) (i.e., σys,ON from Eq. 4.79) is shown. A satisfying agreement between the-
oretical values and simulation results (error less than a percent) is experienced.

4.2.5 Experimental validation

In this section, the results of the experimental validation, supported with simula-
tion results, are shown for the conventional and non-conventional layout. The
experimental campaign consists of two test sessions, with the quadrupole off
and on, corresponding to both the conventional and non-conventional layouts.
In the same beam conditions, it is needed to verify that if compatible values of
bunch length are measured. Moreover, it is needed to compare the theoretical,
simulation, and measurement results for the vertical centroid position versus the
RF phase.

The explored RF phase range is 0.174 rad. The current in the quadrupole is
58 A, corresponding to a focal length of 1 m, chosen intentionally far from the
value of f ∗ (from Eq. 4.87). When the quadrupole is off (conventional layout),
σys,off = 183 µm, while when on (non-conventional layout), σys,OFF = 147 µm.
In Fig. 4.18 (A) and (B), the vertical centroid positions (Cys,ON ) versus the RFD
phase is shown around 0 rad and π rad, respectively, for both the conventional
and non-conventional layout. The measurements are pointed out with markers
(circles and stars for conventional and non-conventional layout, respectively), the
theoretical values with lines (solid and dashed lines for conventional and non-
conventional layout, respectively), and the simulations with points (crosses and
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TABLE 4.9: Parameters adopted in the simulations to validate the
measurement results.

〈E0〉 = 200 MeV δ0 = 2 % q = 80.0 pC σt0 = NA
εy0 = 10 nm βy0 = 7.3 m αy0 = 1.4 LRFD = 0.1160 m

fRF = 2.9985 GHz Vt = 3.9 MV Lb = 0.6870 m Lq = 0.2260 m
La = 1.087 m σyres = 25 µm FOV = 8 cm Macro particles = 500, 000

plus signs for conventional and non-conventional layout, respectively). The one
sigma repeatability bar for each RF phase is the standard deviation of 10 measure-
ments. In parameters while performing the measurement campaign are reported
in Tab. 4.9. The KCAL can be evaluated in both cases from the data shown in
Figs. 4.18, using Eq. 4.52, and for the conventional layout Kcal = (7.37 ± 0.15) ·
1011m/s, while for the non-conventional layout, KCAL = (3.30± 0.10) · 1011m/s.

Figures 4.18 highlights a satisfying agreement between measurements, sim-
ulations, and theory (the maximum absolute error, between measurements and
theory, is in the range between 0.019 mm and 0.34 mm). Furthermore, the bunch
length evaluated using Eq. 4.80 is the same, within experimental errors, for both
configurations (1.9± 0.3)ps. All the results are consistent with the theory predic-
tion.

4.3 Resolution enhancement

In this section, a detailed study on the resolution is performed, by comparing the
achievable performance in both the layouts. First, the theoretical derivation, valid
for both the layouts, is presented. Then, the validation, performed on the CLEAR
case study and with the ELEGANT tracking code (introduced in Sec.4.1.3), is an-
alyzed.

4.3.1 Theoretical treatment

The measurement system resolution can be evaluated by assessing the smallest
measurable difference, between σys,ON and σys,OFF . The smallest difference be-
tween σys,OFF and σys,ON is the so-called acquisition system resolution, ±σyres ,
which is determined by the imaging methodology (i.e., the screen technology,
the camera used, and the measurement setup). The minimum value reachable
from σys,ON can be written as

σ2
ys,ON

min
=
σ2
yres ± 2σyresσ

2
ys,OFF

+ σ2
ys,OFF

+ σ2
yres ± 2σyresσ

2
ys,OFF

+ σ2
ys,OFF

2
. (4.90)

Using Eq. 4.90, under a conservative assumption, with Eq. 4.80, the measurement
system resolution can be written as

σtres =

√
σ2
yres + 2σyresσys,OFF
|KCAL|

. (4.91)
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FIGURE 4.19: On the left axis, the calibration factors ratio (dashed
blue line), while on the right axis, the measurement system reso-
lutions ratio (dotted red line), both versus the additional focusing

element’s focal length.

Equation 4.91 is valid both in the conventional (i.e., σys,off and Kcal) and in the
non-conventional (i.e., σys,OFF and KCAL) layout.

In the conventional layout, σtres , can be improved by: (i) increase the Kcal,
acting on the characteristics of the deflecting structure (i.e., fRF and/or Vt) or (ii)
modify the characteristics of the beamline (i.e., Lt and/or E0). Often the latter
quantities are not modifiable and are not chosen to enhance the measurement
performance. For this reason, the improvements of the deflecting structure have
been pursued during the last years. Firstly, structures with higher Vt [217] have
been designed and lately structure working at higher frequencies (i.e., X-band
deflecting structures [218]) have been developed. In the non-conventional, thanks
to the additional focusing elements, there are additional degrees of freedom (e.g.,
the focal length or the additional focusing element position).

In Fig. 4.19 the ratio of the achievable values of KCAL (dashed blue line) and
σtres (dotted red line) with and without the additional focusing element are re-
ported in order to compare the two layouts. For the layout without the additional
focusing element, the most suitable Twiss parameters for enhancing the resolu-
tion of bunch length measurement are used. The same procedure is used, at each
focal length, for the layout with the additional focusing element. For the com-
parisons in Fig. 4.19 the parameters in Tab. 4.10 are used. As can be seen from
the second row of Tab. 4.10, the whole ranges of Twiss parameters achievable
in CLEAR were investigated to identify the parameters that improve the mea-
surement system resolution. These parameter ranges are shared between many
S-band high brightness photoinjector based accelerators.
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TABLE 4.10: Parameters adopted in the simulations to validate the
resolution enhancement study.

〈E0〉 = 203 MeV δ0 = 2 % q = 200 pC σt0 = 1ps
εy0 = 10 nm βy0 = 0.5 – 40 m αy0 = -10 – 10 LRFD = 0.1160 m

fRF = 2.9985 GHz Vt = 0.97 MV Lb = 0.7870 m Lq = 0.2260 m
La = 1.687 m σyres = 25 µm FOV = 8 cm Macro particles = 500, 000

In Fig. 4.19, two vertical axes are defined both versus the focal length f of
the additional focusing element. The left axis is reporting the ratio between the
calibration factors of the non-conventional layout (with the additional focusing
element) over the one of the conventional layout(without the additional focus-
ing element). The right axis is reporting the ratio between the σtres in the same
order (i.e., with the additional focusing element over without the additional fo-
cusing element). The yellow region highlights the zone not accessible in terms of
focal length using the CLEAR-like quadrupole. This limitation is driven by the
assumed beam energy and from the CLEAR-like quadrupole specification. As a
general constrain, it is needed to ensure that the measurement system resolution,
is smaller than the value of measurand (i.e., σtres ≤ σt0). In the zone highlighted
in red in Fig. 4.19, such condition is not respected for focal length in the vicinity of
f ∗. This region, as explained in Sec. 4.2.3, should be avoided in order to perform
the measurement.

In the conventional layout, as expected from the theory, the best result in terms
of resolution is obtained with beam parameters capable of strongly focusing the
beam on the screen (i.e., β = 27 m and α = 10). From Eq. 4.91, the minimum
value of measurable bunch length correspond to 385 fs. Thanks to the effects of
the additional focusing elements, in a CLEAR-like configuration (i.e., α = 10
and β = 11 m), operating with a defocusing quadrupole at f = −fmin = 0.29 m
(Tab. 4.7) from Eq. 4.91 bunch length down to 243 fs can be measured, decreasing
the σtres of the 37%. The resolution improvement is limited from the minimum
focal length reachable. Penetrating the yellow region (i.e., using slightly more
powerful quadrupoles), reaching f = −0.1 m, bunch length down to 158 fs can be
measured, obtaining a reduction of the σtres by 59%. Such reduction is explained
by the strong growth of the KCAL that, as can be seen directly from Eq. 4.91, drive
the reduction of σtres . In the case of conventional layout, from Eq.4.23, the Kcal =
0.244 mm/ps and, thanks to the additional focusing element, in the CLEAR-like
configuration, from Eq.4.77, it can grow up to KCAL = 0.905 mm/ps.

4.3.2 Experimental and simulation validation

Different measurements, supported with simulations are carried out in order to
validate the equations and the considerations derived so far. In particular, seven
different types of measurement campaigns using the same beam parameters are
performed. The first three additional measurement campaigns are performed,
imposing different quadrupole focal lengths but having constant the transverse
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FIGURE 4.20: The three different beam spots with the quadrupole
switched off, in case of strong defocusing (f = −2.50 m), and in case
of strong focusing (f = 1.47 m) from left to right. Obtained with the

RFD off and on, in the first and second row, respectively.

deflecting voltage. Later, other four additional measurement campaigns are per-
formed at different transverse deflecting voltage with the additional focusing el-
ement switched off. In the simulations, the common parameters are the same as
the ones used in the theoretical treatment reported in Tab. 4.10.

The deflecting voltage used are: 1.53 MV, 1.34 MV, 0.97 MV, and 0.55 MV. The
focal length tested to assess the measurement system resolution enhancement
are: f = −2.50 m (i.e., strong defocusing), f = −4.99 m (i.e., weak defocusing),
and f = 1.47 m (i.e., strong focusing). The three different beam spots obtained
with the RFD off with the: (i) quadrupole switched off, (ii) strong defocusing
quadrupole (f = −2.50 m), and (iii) strong focusing quadrupole (f = 1.47 m) are
shown in Fig. 4.20 (A),(B), and (C), respectively. Analogously the three differ-
ent beam spots obtained with the RFD are shown in Fig. 4.20 (D), (E), and (F),
respectively.

While varying the RFD phase, the beam spot needs to remains inside the
field of view of the acquisition system (Tab. 4.7). However, using a defocusing
quadrupole, the beam spots size, both with RFD on and off, becomes bigger
(Figs. 4.20). At the same time, the beam centroid displacement with the RFD
phase (i.e., dCys,on

dϕ
) increases. Thus, the use of a defocusing quadrupole can drive

issues with the field of view of the acquisition system, while the opposite ef-
fects are obtained while using a focusing quadrupole (i.e., the beam spot size can
reach the acquisition system resolution). Consequently, to compare the different
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FIGURE 4.21: The beam centroid measured versus the RFD phases
for different focal length around 0 rad and π rad in (A) and (B), re-

spectively.

TABLE 4.11: Value of dCys,ON/dϕ from the measurement of the beam
centroid variation around 0 rad and π rad reported in Figs. 4.21.

f 0 rad π rad

∞ (12.7± 0.3) mm
rad

(13.2± 0.3)mm
rad

−4.99 m (14.4± 0.4) mm
rad

(14.0± 0.3)mm
rad

−2.50 m (15.3± 0.3) mm
rad

(15.3± 0.3)mm
rad

1.47 m ( 8.0± 0.1) mm
rad

( 7.7± 0.2)mm
rad

quadrupole settings, the transverse deflecting voltage is chosen to comfortably al-
low the measurement taking into account the field of view and the resolution of
the acquisition system in all the experimental conditions (i.e., equal to 0.97 MV).

The different variations of the centroid position for the quadrupole turned off,
and the other three quadrupole configurations are reported in Fig. 4.21 around
0 rad and π rad in (A) and (B), respectively. For each focal length, the centroid
position is measured for different RFD phases, and each centroid position is the
result of the average on ten measurements. In Tab. 4.11, the slopes (i.e., dCys,ON/dϕ)
and the uncertainty, obtained from the experimental data shown in Figs. 4.21 are
reported. From the slopes reported in Tab. 4.11, the KCAL can be assessed. Fig-
ure 4.22 shows that, the use of a defocusing element in the vertical plane enhances
the KCAL; while the use of a focusing element in the vertical plane degrades it.
In Fig. 4.22, the results from the four additional measurement campaigns per-
formed with the additional focusing elements turned off at different deflecting
tension (Vt) are shown. Thanks to the additional defocusing element, the same
effects of a higher value of Vt is emulated. Enhancing the calibration factor and,
as a consequence, improve the measurement system resolution.

As a final result, in Fig. 4.23, a comparison between the theoretical model, the
measurement, and the ELEGANT simulations, in terms of the KCAL versus the
focal length, is presented. The experimental results (black crosses) are compatible



120 Chapter 4. Bunch length measurements

FIGURE 4.22: The KCAL measurements using different deflecting
voltage with the additional quadrupole switched off (black mark-
ers). The KCAL measurements with a constant deflecting voltage

(Vt = 0.976 MV) using different focal length (colored markers).

FIGURE 4.23: The KCAL versus the focal length, obtained with
the theoretical prediction (red lines), the experimental results (black

crosses), and the ELEGANT simulations (blue dots).

with both simulations (blue dots) and theoretical predictions (red lines). A good
agreement is obtained between the theoretical model and the simulation, with a
percentage relative error below 0.5%.

4.4 Uncertainty reduction

As already mentioned, if σys,OFF and σys,ON are too close, the information about
the measurand could be lost. This information lost is driven from the grow of
uncertainty that tends to infinity when σys,OFF approach σys,ON . In this section,
a detailed study of the uncertainty by comparing the two layouts is performed.
Moreover, for the non-conventional layout, the possible limitation that can in-
crease the uncertainty are analyzed. Finally, the validations, using the ELEGANT
tracking code (introduced in Sec.4.1.3), for all the derived equation is presented.
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4.4.1 Theoretical treatment

In the following derivation, in order to obtain an analytical formula, the use of
Guide Uncertainty Measurement (GUM) propagation is applied [219]. It is rea-
sonable to assume, that: (i) the first order Taylor series is an appropriate approx-
imation, (ii) all the input quantities can be expressed in terms of their first two
momenta (i.e., the mean value and the standard deviation), and (iii) the quan-
tities are uncorrelated. The used symbols refer to the non-conventional layout.
However, the same treatment can be performed for the conventional one. It is
needed to assess the uncertainty σys,ON (Eq. 4.79) in order to assess the relative
uncertainty on the bunch length (Eq. 4.80). Under the assumption that the un-
certainty of the beam spot size is the same at ϕ and ϕ + π (i.e., u(σys,ON (ϕ)) =
u(σys,ON (ϕ+ π)) = u(σys,ON )), using the uncertainty propagation on Eq. 4.79

u(σys,ON ) =

√(
∂σys,ON

∂σys,ON (ϕ)

)2

u2(σys,ON ) +

(
∂σys,ON

∂σys,ON (ϕ+ π)

)2

u2(σys,ON ), (4.92)

where the derivative from Eq. 4.79 can be written respectively as

∂σys,ON
∂σys,ON (ϕ)

=
σys,ON (ϕ)√

2(σ2
ys,ON

(ϕ) + σ2
ys,ON

(ϕ+ π))
and (4.93)

∂σys,ON
∂σys,ON (ϕ+ π)

=
σys,ON (ϕ+ π)√

2(σ2
ys,ON

(ϕ) + σ2
ys,ON

(ϕ+ π))
. (4.94)

Substituting Eqs. 4.93 and 4.94 into Eq. 4.92, u(σys,ON ) can be assessed

u(σys,ON ) =

[
σ2
ys,ON

(ϕ)

2(σ2
ys,ON

(ϕ) + σ2
ys,ON

(ϕ+ π))
u2(σys,ON )+

+
σ2
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(ϕ+ π)

2(σ2
ys,ON

(ϕ) + σ2
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(ϕ+ π))
u2(σys,ON )

] 1
2

=

=

√√√√√ ((((
((((

((((
((

σ2
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2
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(

(σ2
ys,ON

(ϕ) + σ2
ys,ON

(ϕ+ π))
u2(σys,ON ) =

1√
2
u(σys,ON ).

(4.95)

As expected, the uncertainty σys,ON is smaller than the one of σys,ON . Once as-
sessed Eq. 4.95, by following the same approach used in Eq. 4.92, neglecting the
uncertainty on the KCAL, the uncertainty on the bunch length can be written as

u(σt0) =

√(
∂σt0

∂σys,ON

)2

u2(σys,ON ) +

(
∂σt0

∂σys,OFF

)2

u2(σys,OFF ), (4.96)
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where the derivative from Eq. 4.79 can be written as

∂σt0
∂σys,ON

=
σys,ON

|KCAL(ϕ)|
√
σys,ON

2 − σ2
ys,OFF

and (4.97)

∂σt0
∂σys,OFF

=
−σys,OFF

|KCAL(ϕ)|
√
σys,ON

2 − σ2
ys,OFF

(4.98)

respectively.
Substituting Eqs. 4.97 and 4.98 into Eq. 4.96, under the assumption that u(σys,ON ) =

u(σys,OFF ) and knowing that u(σys,ON ) =
√

2u(σys,ON ) (from Eq. 4.95), u(σt0) can be
assessed

u(σt0) =

[
σys,ON

2

|K2
CAL(ϕ)|(σys,ON 2 − σ2

ys,OFF
)
u2(σys,ON )+

+
σ2
ys,OFF

|K2
CAL(ϕ)|(σys,ON 2 − σ2

ys,OFF
)
u2(σys,OFF )

] 1
2

=

=

[
σys,ON

2

|K2
CAL(ϕ)|(σys,ON 2 − σ2

ys,OFF
)
u2(σys,ON )+

+
σ2
ys,OFF

|K2
CAL(ϕ)|(σys,ON 2 − σ2

ys,OFF
)
2u2(σys,ON )

] 1
2

.

(4.99)

Defining the G =
σys,ON
σys,OFF

, Eq. 4.99 can be rewrite as

u(σt0) =

√
1

|K2
CAL(ϕ)|(1−G−2)

u2(σys,ON ) +
G−2

|K2
CAL(ϕ)|(1−G−2)

2u2(σys,ON ).

(4.100)

It is convenient to rewrite Eq. 4.80 using the G-factor

σt0|KCAL| =
√
σys,ON

2(1−G−2). (4.101)

Finally, dividing Eq. 4.100 with Eq. 4.80, the relative uncertainty can be written as

u(σt0)

σt0
=

√
1

(1−G−2)2

u2(σys,ON )

σys,ON
2 +

2G−2

(1−G−2)2

u2(σys,ON )

σys,ON
2 =

=

√
1 + 2G−2

1−G−2

u(σys,ON )

σys,ON
= Uf ·

u(σys,ON )

σys,ON
.

(4.102)

In Eq. 4.102, the relative uncertainty on the bunch length is equal to factor (i.e., Uf )
times the relative uncertainty on transverse beam size measurements at the screen
with the RFD turned on after the cancellation of the correlation (i.e., u(σys,ON )/σys,ON ).
The defined G-factor (contained in Uf ) is defined between 1 and +∞. When the
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FIGURE 4.24: The multiplicative uncertainty factor between the rel-
ative uncertainty Uf (Eq. 4.102), versus the G-factor.

G-factor tends to 1, σys,ON tends to σys,OFF and the uncertainty of the measurand
tends to infinity. When the G-factor tends to +∞, σys,ON � σys,OFF and the un-
certainty of the measurand tends to the minimum value, which is the relative
uncertainty of σys,ON . Therefore, the G-factor has to be maximized to minimize
the uncertainty on the measurand.

From Eq. 4.102, the ideal scenario for the minimization of uncertainty, would
be to realize an infinity large σys,ON and an infinity small σys,OFF . In an actual
scenario, considering a single measurement, both these quantities are limited by
the acquisition system. The maximum measurable spot size is limited by the
maximum FOV of the acquisition system, while the resolution of the acquisition
system limits the minimum measurable spot size. For the maximum measurable
spot size, additional constrains needs to be considered: (i) the dimension of the
spot size measured on the screen is N times the RMS values, and (ii) in order to
calibrate the measurement, the vertical centroid has to be measured at varying
the RFD phase, therefore, there is a vertical displacement of the spot size. Both
these considerations need to be taken into account. In Fig. 4.24, Uf as a function
of the G-factor is shown. For G > 5 (i.e., σys,ON five times σys,OFF ) the relative
uncertainty is growing less than 10%.

Substituting the general terms of σy,OFF (from Eq. 4.61) and σy,ON (from Eq. 4.79)
into Eq. 4.102, the G-factor can be rewritten in a generic form, function of the ma-
trix elements (M11 and M12), of the RFD characteristics (Vt, fRF , and ϕ), and the
beam parameters at the RFD center (σt0 , E0, εy0 , αy0 , βy0 , and γy0)

G2 = 1 +
K2
CAL(ϕ)σ2

t0

σ2
y,OFF

= 1 +
1

F 2R
, (4.103)

where the terms F and R can be respectively written as

F =

√
εy0

(2πσt0fRF
Vt
E0

) cos(ϕ)
and R =

(
M11

M12

)2

βy0 − 2
M11

M12

αy0 + γy0 . (4.104)
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The coefficient R is obtained combining Eq. 4.61 with the equations to pass be-
tween the two different representation of the bunch reported in Eqs. 2.12, 2.13,
and 2.14. The beam emittance is into the coefficient F since it is constant over the
whole accelerators. Morover, it is useful to define the ratio between the matrix
elements as Mr(f) = M11/M12(f).

R = M2
r βy0 − 2Mrαy0 + γy0 . (4.105)

Owning the different dependencies of the G-factor, the conventional and non-
conventional layout, are studied separately.

4.4.2 Conventional layout

In the conventional layout, by substituting the matrix relative matrix from Eq. 4.3
(i.e., considering Mr = 1/Lt) the G-factor can be written as

G2
c(αy0 , βy0) = 1 +

L2
t

F 2(βy0 − 2Ltαy0 + L2
tγy0)

, (4.106)

where Lt is the distance between the RFD center and the screen (i.e., Lt = L1 +
L2), as shown in Fig. 4.14. As known in literature [176, 177], in the conventional
layout, to minimize the uncertainty (i.e., obtain the maximum value of the G-
factor), it is needed to squeeze down the spot size at the screen, realizing a so-
called waist. Tuning the optics upstream the RFD, the Twiss parameters at the
RFD center can be modified in order to impose the waist on the screen. The waist
determined from the optics upstream and downstream of the RFD, they are called
natural and quadrupole waist, respectively.

Solving the equation
∂σ2
yoff

(αy0 ,βy0 )

∂Lt
= 0 (i.e., founding the minimum spot size

as a function of βy0 and αy0), the relation between the Twiss parameters at the
RFD center that impose the natural waist on the screen is

βy0 = Lt
1 + α2

y0

αy0
. (4.107)

Substituting Eq. 4.107 in Eq. 4.106 the maximum G-factor in the conventional
layout can be written as

G2
c(αy0) = 1 +

Ltαy0
F 2

. (4.108)

From Eqs. 4.108 some preliminary consideration can be done. The Gc is inversely
proportional to the geometrical emittance (hidden in F , from Eq 4.104), while it
is proportional to the bunch length. It means that machines with longer bunches
and lower emittance will have a higher Gc (i.e., lower uncertainty). Moreover,
due to the proportionality of Gc with Lt, having a long distance between the RFD
center and the screen improve the measurement uncertainty.

From Eq. 4.108, using the largest achievable value of αy0 (i.e., αy0max ) allows to
reach the largest value of the G-factor (i.e., Gcmax).
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4.4.3 Non-conventional layout

In the non-conventional layout, additional degrees of freedom are available to
minimize the uncertainty. For each Twiss parameter at the RFD center, the strat-
egy is to find the focal length to maximize the G-factor (i.e., minimize the R in
Eq. 4.105).

The focal length which minimizes R(f, αy0 , βy0), named fG, can be found im-
posing ∂R(f,α0,β0)

∂Mr(f)
= 0. From such condition it is obtained

Mr(fG) =
αy0
βy0

. (4.109)

If fG can be found the maximum value of the G-factor is obtained substituting
Eq. 4.109 in Eqs. 4.103 and Eq. 4.105

G2
NC(βy0) = 1 +

βy0
F 2

. (4.110)

In this case, theGNC does not depends directly from α0 andLt, these dependences
are hidden hidden in selection of fG. However, it increases when: (i) F is small,
and/or (ii) βy0 is large.

Comparing Eq. 4.108 with Eq. 4.110, both the layout benefit from a reduc-
tion of F ; two different strategies can be followed to reduce F . The first is to act
on the beam characteristics reducing the geometrical emittance; the second is to
enhance the deflector’s characteristics (i.e., increase the deflecting voltage ampli-
tude and/or frequency), which corresponds to increase the calibration factor.

Moreover, by comparing Eq. 4.108 and Eq. 4.110 for some values of the focal
length, if the additional focusing element is correctly tuned, the G-factor of the
non-conventional layout can become larger than the conventional layout (i.e., the
uncertainty of the measurement can be improved). Such improvement decrease
for the Twiss parameters, which approximate the best condition for the conven-
tional layout (i.e., the natural waist close to the screen) until it vanishes for the
natural waist on the screen (i.e., the best condition for the conventional layout
cannot be improved). However, a large variety of beam configurations in the
non-conventional layout reach a better uncertainty than the best configuration
achievable with the conventional layout.

From Eq. 4.110, using the largest achievable value of βy0 (i.e., βy0max ) allows to
reach the largest value of the GNC (i.e., GNCmax).

Focusing element strength

There are sets of Twiss parameters at the RFD center for which it is not possible
to identify a focal length to satisfy Eq. 4.109. For all the sets of Twiss parameter
for witch, for any f , Mr(f) is between Mr(−fmin) and Mr(fmin), is not possible to
identify fG. These correspond to cases where a high current is required to move
the natural waist. Examples are parameters that impose the natural waist close
(or, in the worse cases, inside) the quadrupole.
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FIGURE 4.25: The Mr versus the focal length f , for f∗ ≥ fmin and
f∗ < fmin in (A) and (B), respectively. The regions highlighted in
orange are where the quadrupole is not able to satisfy the condition
in Eq. 4.109. The regions highlighted in yellow are where the focal

lengths are too small to be achieved with the quadrupole.

In Figs. 4.25, the two possible conditions for the location of fmin before and
after f ∗ (i.e., f ∗ ≥ fmin or f ∗ < fmin) are shown, where f ∗ is the focal length
defined Eq. 4.87. In Figs. 4.25, the regions highlighted in orange represent where
the quadrupole cannot satisfy the condition in Eq. 4.109 (i.e., the Mr for which it
is not possible to find fG). The regions highlighted in yellow represent where the
focal length is too small to be reached (i.e., the f ≤ fmin). Morover, the quantity
∆Mr is defined as |Mr(fmin)−Mr(−fmin)|.

In Fig. 4.25 (A), the case for f ∗ > fmin is reported. In this case, it is not possible
to find fG for the αy0

βy0
betweenMr(−fmin) andMr(fmin). Thus, the gap ∆Mr is to be

minimize. In Fig. 4.25 (B), the case for f ∗ ≤ fmin is reported. In this case, only for
the αy0

βy0
between Mr(−fmin) and Mr(fmin) the fGmax can be found. Thus, the gap

∆Mr it is to be maximize. The case in which the measurement is made depends
on the experimental layout (i.e., the position of the elements) and the limitation
of the focusing element.

In the regions highlighted in orange (i.e., where the Eq. 4.109 is not satisfied),
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the maximum value of the G-factor is achieved using a focal length that better
approximates the condition (

Mr(f̃G)− αy0
βy0

)
≈ 0, (4.111)

where, f̃G is the focal length that allows to better approximate such condition.
In this case, the maximum reachable G-factor is smaller than the one reported in
Eq. 4.110, and it is also dependent on αy0 .

From Figs. 4.25 it can be noted that increasing the focal length, Mr tends to
the horizontal asymptote 1/Lt, i.e., the same value of the conventional layout.
For focal length that tends to infinity, the quadrupole tends to be equivalent to
a drift space (i.e., the quadrupole is switching off the quadrupole). Thus, the
non-conventional layout tends to be equivalent to the conventional layout. As a
consequence, the Mr tends to the value of the conventional layout.

Focusing element position

Due to the dependence of the G-factor from Mr (as shown in Eq. 4.105), the
quadrupole position is also impacting the uncertainty. Such dependence is of
significant interest in the design phase of the accelerators.

It is needed to analyze the impact of the quadrupole position on the Mr in
order to assess the impact on the uncertainty. During the study, a CLEAR-like
quadrupole is assumed (i.e., fmin = 0.29 m), and the distance between RFD and
the screen is compatible with the currently available in CLEAR (i.e., Lt = 2.058 m).
As in Sec. 4.4.3, two different cases are analyzed, when f ∗ is smaller or larger
equal of fmin. In both cases, it is required to maximize the Twiss parameters
for which fG can be found (i.e., minimize the regions highlighted in orange in
Figs. 4.25).

In Fig. 4.26 (A), the trend of f ∗ (derived similarly to Eq. 4.87 but without the
thin lens approximation) is reported. In Fig. 4.26 (B) the trend of ∆Mr (i.e., the
difference of the ratio between Eqs. 4.85 and 4.86 evaluated in ±fmin without the
thin lens approximation) is reported. Both the quantities are plotted versus the
distance between the RFD center and the quadrupole center. Using Fig. 4.26 (A),
in Fig. 4.26 (B), two vertical lines where added, to identify where f ∗ becomes large
then fmin.

From Fig. 4.26 (B), in the region of f ∗ < fmin (the Mr shown in Fig. 4.25 (B)),
the largest gap is obtained once the quadrupole is close to the RFD. In the other
region, f ∗ ≥ fmin (the Mr shown in Fig. 4.25 (A)), the smallest gap is obtained
positioning the quadrupole at the center between the RFD and the screen.

The quadrupole’s best location is strongly dependent on the needed range
of the reachable Twiss parameters (i.e., it is not worth increasing the acceptable
Twiss parameters at the RFD center if the accelerator will anyway not reach such
parameters). However, from Figs. 4.26 a general conclusion can be made: it is
mandatory to avoid installing the quadrupole close to the screen because the ∆Mr

tends to zero and, therefore, no Twiss parameter value can be reached by means
of any focal length.
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FIGURE 4.26: The f∗ and the ∆Mr versus the distance between the
RFD center and the quadrupole center in (A) and (B), respectively. In
(B) two vertical lines were added at f∗ = fmin in order to distinguish

the two conditions (i.e., f∗ < fmin and f∗ > fmin).

4.4.4 Validation using simulations

A sensitivity analysis on the Twiss parameter at the RFD center is performed in
order to compare the performances of the two layouts, conventional and non-
conventional. Moreover, the non-conventional layout relies also on a sensitivity
analysis of the quadrupole focal length in order to identify the GNC .

The comparison is performed between:

• analytical model, where the G-factor is calculated directly from Eqs. 4.108
and 4.110 for the conventional and non-conventional layout, respectively;

• Semi-analytical model, the G-factor is assessed from the ratio of the beam
spot sizes with the RFD turned off and on (assuming to have canceled the
contribution from the correlations). The beam spot sizes are calculated us-
ing Eqs. 4.3 and 4.49; and Eqs. 4.61 and 4.73 for the conventional and non-
conventional layout, respectively;

• Simulations, where the beam spot sizes are assessed using the ELEGANT
tracking code and the G-factor is calculated as the ratio of these quantities
for both the layouts.

As for the previous comparative study on the resolution, performed in Sec. 4.3
the validation is performed using the parameter range achievable in the CLEAR
accelerator used as a case study.

All the potentially achievable values of αy0 and βy0 at the center of the RFD
at CLEAR were tested for both conventional and non-conventional layout in or-
der to identify the best Twiss parameter. The parameters used are reported in
Tab. 4.12

In Fig. 4.27 (A) and (B), two 3D plots of the G-factor for the conventional
and non-conventional layout, obtained with the analytical model (i.e., Eqs. 4.108
and 4.110, respectively) versus αy0 and βy0 are shown. While, in Fig. 4.27 (C), five
cuts at different αy0 from G-factor of the non-conventional layout and the Gcmax
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TABLE 4.12: Parameters adopted in the simulations to validate the
uncertainty reduction.

〈E0〉 = 203 MeV δ0 = 2 % q = 200 pC σt0 = 5ps
εy0 = 10 nm βy0 = 0.50 – 40 m αy0 = -10 – 10 LRFD = 0.1160 m

fRF = 2.9985 GHz Vt = 1.0 MV Lb = 0.7870 m Lq = 0.2260 m
La = 1.687 m σyres = 25 µm FOV = 8 cm Macro particles = 500, 000

(i.e., the maximum G-factor reachable in the conventional case) are shown ver-
sus βy0 . The Gcmax is reported as an horizontal line since it is independent from
βy0 (Eq. 4.108). In Fig. 4.27 (C), the analytical models (dashed lines), the semi-
analytical models (dotted lines), and the simulation results (crosses) are reported
for both conventional and non-conventional layout. For the conventional layout,
Fig. 4.27 (A), as predicted from the theory (Sec. 4.4.2), the maximum value of
the G-factor is obtained with Twiss parameters that impose the natural waist on
the screen (obtaining the Gc reported in Eq. 4.108). Using the largest achievable
value of αy0 , Gcmax can be obtained. For the non-conventional layout, Fig. 4.27
(B) as predicted from the theory (Sec. 4.4.3) the maximum value of the G-factor is
obtained using the largest achievable value of βy0 for which fG can be found (ob-
taining the GNCmax). Moreover, by comparing Fig. 4.27 (A) and (B), it is clear that
for a vast quantity of Twiss parameter at the RFD center, the additional focusing
element allows achieving a G-factor higher than Gcmax . From the comparison in
Fig. 4.27 (C), the analytical and semi-analytical results are in perfect agreement (
relative error less than 0.1%), and also with the simulation results (error less than
0.5%).

From Fig. 4.27 (B) and (C) in the non-conventional layout, the G-factor does
not dependent on αy0 if fG is found (i.e., GNC) as demonstrated in the analytical
derivation. However, there are regions (i.e., the valleys) where it is not possible
to find fG (Eq. 4.109) due to the limitation of the quadrupole configuration. In
these regions, due to the presence of f̃G, the G-factor depends from both αy0 and
βy0 . This phenomenon is more evident for αy0 < 0; because a converging beam
drives a smaller natural waist, and as a consequence, stronger focusing element
(i.e., lower value of focal length) are needed to shift it.

It is useful to indicate the percentage uncertainty reduction as

UfR = 100 ·
Ufcon − Ufnon−con

Ufcon
, (4.112)

where Ufcon and Ufnon−con are the uncertainty factor for the conventional and non-
conventional layout, respectively. Using Eq. 4.112, it is possible to compare the
best result obtained with the two layouts. The best configuration of the conven-
tional reaches Ufcon = 1.03 while the beast case of the non-conventional layout
can achieve Ufnon−con = 1.01. Thus, between the two best cases, a negligible rel-
ative uncertainty reduction (about UfR = 2%) can be obtained. However, if the
comparison is not carried out in between the two best configurations, the relative
uncertainty reduction becomes quite larger (i.e., it can reach up to UfR = 86%).
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(A) (B)

(C)

FIGURE 4.27: In (A) and (B), two 3D plots of theG-factor for the con-
ventional and non-conventional layout, obtained with the analytical
model (Eqs. 4.108 and 4.110, respectively) versus αy0 and βy0 . In
(C), five cuts at different αy0 from G-factor of the non-conventional
layout and the Gcmax (i.e., the maximum G-factor reachable in the
conventional case) versus βy0 . The analytical models (dashed lines),
semi-analytical models (dotted lines), and the simulation results

(crosses) are compared.

Following, simulations are carried out to compare the result obtainable varying
the minimum focal length achievable and the quadrupole position between the
RFD and the screen.

Focusing element strength validation

A comparison between the two layouts is performed for three different minimum
achievable focal lengths. For the non-conventional layout, imposing αy0 = 10, for
each |fmin|, a sensitivity analysis over βy0 , is performed. For the conventional
layout, only the value of Gcmax is reported. In the comparison, all the parameters
involved are kept equal to the one shown in Tab. 4.12.
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FIGURE 4.28: The three different curves of the G-factor for the non-
conventional layout obtained with three different |fmin| and the
Gcmax (horizontal line) versus βy0 . The analytical models (dashed
lines), semi-analytical models (dotted lines), and the simulation re-

sults (crosses) are compared.

To change the |fmin| achievable from the additional focusing element, an ac-
celerator layout redesign is needed. Such effect can be achieved or changing the
quadrupole installed or, if the installed quadrupole is suitable, increasing maxi-
mum powering current.

In Fig. 4.28, assuming αy0 = 10, three curves ofG-factor for the non-conventional
layout, obtained with three different |fmin| are shown. In addition the Gcmax (i.e.,
the maximum G-factor reachable in the conventional case) is reported as hori-
zontal line. From the results shown in Fig. 4.28, similarly to what was obtained
in Fig. 4.27 (C), a perfect agreement can be observed between the analytical and
semi-analytical results (error less than 0.1%), and with the simulation results (er-
ror less than 0.5%)

As expected from the theory derived in Sec. 4.4.3, while decreasing the min-
imum achievable focal length (i.e., increasing the quadrupole strength), the val-
leys reduce. For more Twiss parameters, fG, such to satisfy Eq. 4.109 can be found
(i.e., for more Twiss parameters, GNC can be found). Furthermore, from Fig. 4.28
another interesting result can be understood. Using lower focal length is not
increasing the maximum achievable value of the G-factor. It means that without
requiring a high-performance focusing element, the maximum reduction in terms
of uncertainty can be obtained.

Focusing element position validation

As shown in the theoretical treatment in Sec. 4.4.3, the quadrupole position also
affects the G-factor. A comparison between the two layouts is performed for
four different quadrupole positions. For the non-conventional layout, impos-
ing αy0 = 10, for each quadrupole position, a sensitivity analysis over βy0 , is
performed. For the conventional layout, only the value of Gcmax is reported. In
the comparison, all the parameters involved are kept equal to the ones shown in
Tab. 4.12. From the results shown in Fig. 4.29, similarly to what was obtained
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in Fig. 4.27 (C) and Fig. 4.28, a perfect agreement can be observed between the
analytical and semi-analytical results (error less than 0.1%), and with the simu-
lation results (error less than 0.5%). Moreover, in Fig. 4.29 can be observed that
the theoretical predictions obtained analyzing Figs. 4.26 are respected. When the
quadrupole is close to the RFD for more value of βy0 , the focal length fG such
to maximize the G-factor can be found. While moving quadrupole close to the
screen (the magenta curve) just for few values of βy0 a value of focal length that
maximizes the G-factor can be found. In particular, the only values for which
satisfying conditions can be achieved are the one that imposes the natural waist
close the screen (i.e., the same condition that maximizes the conventional layout).
In other words, if the quadrupole is too close to the screen, the best condition is
achieved for the Twiss parameters that are optimal for the conventional layout.
In this case, no reduction in terms of uncertainty can be achieved. Thus it is better
to turn off the additional focusing element.

A full sensitivity analysis is performed on the additional focusing element po-
sition in order to assess the best one. For each location, an additional sensitivity
analysis on the Twiss parameters and focal length is performed. The parameters
are kept the same shown in Tab. 4.12. In Fig. 4.30, is shown the maximum of the
G-factor for the conventional and non-conventional layout for each position ver-
sus the distance between the RFD center and quadrupole center (i.e., Lb as shown
in Fig. 4.14). Both the analytical models (dashed lines) and semi-analytical mod-
els (dotted lines) are shown. A perfect agreement (error less than 0.1%) between
them is achieved. From Fig. 4.30, two main regions can be identified: (i) Lb ≤ L∗,
and (ii) Lb > L∗. In the first region, independently from the quadrupole position,
it is always possible to find a combination of Twiss parameter at RFD center to
respect the conditions reported in Eq. 4.109 (i.e., find GNC). In the second region,
the quadrupole is gradually unable to optimize the G-factor until it is so close
to the screen that the best value is obtained with Twiss parameters that do not

FIGURE 4.29: The G-factor for the non-conventional at αy0 = 10 for
four different quadrupole positions and the maximum value of G-
factor achievable with the conventional layout (i.e., Gcmax) versus
βy0 . Both the analytical models (dashed lines), semi-analytical mod-
els (dotted lines), and the simulation results (crosses) are compared.
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FIGURE 4.30: The maximum of the G-factor for the non-
conventional layout for each position of the additional focusing ele-
ment versus the distance between the RFD center and quadrupole
center (i.e., Lb shown in Fig. 4.14). The maximum G-factor for
the conventional layout (i.e., Gcmax) is reported as horizontal line.
Both the analytical models (dashed lines) and semi-analytical mod-

els (dotted lines) are compared.

require at all the use of the quadrupole. In this case, the G-factor of the conven-
tional layout approach the maximum achievable of the conventional layout (i.e.,
Gcmax). This limitation is driven by the minimal achievable focal length of the
quadrupole.

4.4.5 Overview of other LINACs cases study

Other topical case studies are compared, in order to assess the possible advan-
tages of the additional focusing element. In particular, cases comparable with
parameters representative to a particle-driven plasma-based accelerator [220]and
a high-brightness collider accelerator [221] are analyzed. The following compar-
isons use the same RFD characteristics, distances, beam energy, αy0 , and FOV re-
ported in Tab. 4.12. These parameters are commons in the novel high-brightness
electron LINACs. Conversely, the range of achievable Twiss parameters achiev-
able at the RFD center, the acquisition system resolution, the typical bunch length,
and the typical emittance are chosen in agreement with the case under study. In
particular the βy0 is assumed to be vary between 0.5 m and 100 m (in general,
other optics can be installed before the RFD) and σtres = 10 µm (in line with state
of art resolution [222]). The other two parameters (i.e., the beam emittance and
the bunch length) change case by case. For each case study, a sensitivity analysis
on the Twiss parameters at the RFD entrance is performed. Moreover, as usual,
for the non-conventional layout, an additional sensitivity analysis is performed
on the focal length.

In Tab. 4.13, for each case considered the Gcmax and the maximum GNCmax for
conventional and non-conventional, respectively are shown. Moreover, in the last
column, the percentage uncertainty reduction (Eq. 4.112) is reported. From the
results of Tab 4.13, a sensible reduction in terms of uncertainty can be achieved
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TABLE 4.13: Simulation parameters and results by comparing the
uncertainty for the considered cases in the accelerator community.

Case study σt0 εy Gcmax GNCmax UfR

Plasma-based acc. 60 fs 1 nm 1.35 2.02 49%
Collider acc. 2 ps 1 µm 1.39 2.11 48%

TABLE 4.14: The beam spot size ratio, G-factor, and the relative un-
certainty factor measured during the resolution experimental vali-

dation campaign.

f [m] KCAL [mm
ps

] Uf G-factor

∞ 0.24 1.08 5.20
-4.99 0.27 1.09 4.68
-2.50 0.29 1.45 2.29
1.49 0.15 1.01 11.10

for some accelerators. Moreover, as previously anticipated, once the G-factor ap-
proach the unity, the measurement is not feasible at all because the contribution
from the measurand (i.e., σt0 from Eq. 4.50) is completely lost because σys,ON and
σys,OFF are too close. Thus, as highlighted from the results of Tab. 4.13 the mea-
surement is not feasible using the conventional layout, but thanks to the non-
conventional layout, the measurement becomes comfortably feasible in all the
presented cases.

In addition, as shown in Figs. 4.27, in many beam conditions, not optimize
for the bunch length measurement; thanks to the use of the additional focusing
element, an essential reduction of uncertainty can be achieved.

4.5 Trade-off between resolution and uncertainty

In the previous sections, the resolution and uncertainty were shown separately.
However, in this section, their behaviors are monitored together.

In Tab. 4.14, the measured beam spot size ratio (i.e., the G-factor) are reported
for the experimental points assessed during the resolution experimental valida-
tion campaign shown in Sec. 4.3.2. From the results of Tab. 4.14, it is evident that
while improving the measurement system resolution (i.e., increasing the calibra-
tion factor), the uncertainty is growing (i.e., the G-factor is decreasing and Uf is
increasing). However, studying the beam envelop for the different initial beam
conditions, there are beam conditions that can improve both the measurement
system resolution and the uncertainty. An example of such type of beam condi-
tion is shown in Fig. 4.31. The beam conditions in Fig. 4.31 corresponds to initial
Twiss parameters that impose the natural waist between the RFD and the screen.
Switching on the defocusing quadrupole, the natural waist position slide towards
the screen, and as a consequence, the beam spot size on the screen reduces. Such
effects are pointed out using the blue color in Fig. 4.31.



4.6. Discussion and outlook 135

QUAD   SCREEN   

𝐵𝑒𝑎𝑚	𝑎𝑥𝑖𝑠

RFD   

FIGURE 4.31: The favorable beam characteristics allow enhancing
both measurement system resolution and uncertainty. The waist po-
sitions are highlighted with stars, the beam envelope with dashed
lines, and the and spot sizes are the circles on the right side. The
blue and orange colors represent when the additional focusing ele-

ment is turned on and off, respectively.

TABLE 4.15: The Twiss parameters at the RFD center, σtres , and the
uncertainty factor Uf ; for both layout without and with the addi-

tional focusing element.

Parameters Conventional Non-conventional Uf reduction
αy0 βy0 [m] εy [m] σtres [fs] Uf σtres [fs] Uf f [m] UfR
3 5 10−8 69 1.11 46 1.04 -1.38 6%
6 6 10−8 104 1.56 30 1.05 -0.27 33%

From one side, this condition can enhance the measurement system resolution
performances and from the others, improve the uncertainty.

For both the layouts, ELEGANT simulations are performed in order to ver-
ify this consideration. The parameters for the simulations are kept CLEAR-like
(Tab. 4.12) with the only difference that the maximum deflecting voltage reach-
able in CLEAR (i.e., Vt = 10 MV) is used to compare the resolution limit in both
the layout.

In Tab. 4.15, the results in terms of G-factor, relative uncertainty, and calibra-
tion factor are reported.

From the results of Tab. 4.15, using the non-conventional layout, not only the
much shorter bunch length can be measured, but also a much lower uncertainty
(a reduction up to 33%) can be achieved.

4.6 Discussion and outlook

In this chapter, a method for measuring the longitudinal bunch parameters and
the correlations between particle positions, divergences, and energies was pre-
sented. This was done using the conventional layout. The RFD-based measure-
ment theory was extended to quantify the effect of energy chirp and correlation
terms, opening the way to define two models of measurement production of
those quantities. The possibility of measuring energy spread and chirps by means
of only the RFD is particularly interesting for novel high-brightness LINACs. The
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case studies covered all the kinds of LINACs being designed or operated as ra-
diation sources (i.e., Compton sources and FELs), as well as LINACs intended
to exploit the plasma acceleration. Simulations were carried out using the ELE-
GANT tracking code in order to assess the method’s validity and accuracy. In all
those cases, the relative error of the measured energy chirp, obtained by means
of the proposed technique, is around 5%. In GBS, when strong correlations due
to machine misalignment may be present, relative errors of the correlation term
measurements are below 1%.

Later, the effect on the bunch length measurement technique of additional
focusing elements between the RF deflector and the screen was modeled and an-
alyzed, the so-called non-conventional layout. As for the conventional layout,
all the derived equations are numerically validated using the ELEGANT code.
Moreover, an experimental validation was carried out at the CLEAR facility. A
good agreement was found for all the physical quantities between theoretical pre-
dictions, simulation results, and measurements. It was proven that: (i) a calibra-
tion factor with the same meaning as in the conventional layout can be defined
soundly; (ii) the absence of additional terms that could introduce systematic er-
rors is shown; (iii) the possibility of removing correlation effects is preserved, by
first two independent measurements of the spot size with the RFD on in phase op-
position, and then by assessing the average between their squared values; (iv) the
additional advantage of individually measuring the correlations; and (v) thanks
to the dependence of the beam sizes on the focal length a wider range of beam pa-
rameters can be exploited at the entrance of the RFD. Furthermore, a critical value
of the focal length, which prevents the measurements from being performed, was
identified. This focal length should therefore be avoided. In the non-conventional
layout both the calibration factor and the σys,OFF with RFD off depend on the focal
length of the focusing element. For this reason, the optimum resolution is not nec-
essarily obtained by minimizing the beam size on the screen with the RFD turned
off, which it is in the conventional layout. While this implies a more complex ex-
perimental configuration, it opens up the possibility of a further enhancement in
the input range, making further improvement of resolution possible.

For this reason, a theoretical derivation is presented to study the possible en-
hancement of the metrological performance. It was found that the resolution can
be reduced up to 37% assuming CLEAR-like parameters. At the same time, the
possible drawback is the uncertainty of the measurement method. However, it
was shown the possibility to improve both the measurement system resolution
and the uncertainty at the same time.

Furthermore, to improve the uncertainty in the measurement, important points,
especially during the design phase of the accelerator, were investigated. In par-
ticular, regarding the most suitable Twiss parameters at the input of the mea-
surement system (i.e., a high value of βy0) and on the best location to install the
additional focusing element. Moreover, a much wider range of suitable input
Twiss parameters to correctly perform the measurement was found.

All the results were obtained considering a realistic additional focusing ele-
ment and acquisition system, with their limitation. The two main results that
come from the physical limitation are linked together. There are initial Twiss
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parameters that impose the natural waist, too close to the quadrupole. Conse-
quently, the screen size cannot be optimized due to the finite current that can
be used. This limitation can drive (i) degradation of the uncertainty and (ii) the
saturation of the field of view of the acquisition system. In this case, as for the
previous studies, the results were validated by simulations with the ELEGANT
tracking code.

These interesting results open a broad research field that deserves a deep in-
vestigation already taken into account in the design phase of future accelerators.





139

Conclusions

In this thesis, transverse wakefield measurements and bunch length measure-
ments performed using the Radio Frequency Deflector (RFD) method, were pre-
sented. Both these studies are linked to an electromagnetic transverse field that
affects the electron beam while it is traveling in the accelerator. Moreover, there
is a direct connection between the two studies: the wakefield effect on an elec-
tron bunch grows proportionally with the bunch length, while the measurement
of the bunch length can be spoiled by possible additional terms introduced by
the wakefield during the acceleration phase. These two studies are then strictly
related, the main difference being that the wakefields are an unwanted and gen-
erally detrimental effect while the transverse field of the RFD, used to perform
bunch length measurement, is intentionally caused.

For the wakefield study, two methods for assessing the wakefield effect in
the CLIC accelerating structure’s novel prototype were presented. One method
directly measures the field inside the structure thanks to pickup antennas, named
WakeField Monitors (WFMs), installed inside an accelerating cell. The other one
uses a beam screen, a device commonly installed in any beamlines, to measure
the wakefield effect on the beam. Each method has peculiarities which can be
of particular interest for future accelerators. The WFMs have the advantages of
performing a direct measurement sensing the field directly inside the structure.

However, the system is also complicated since it needs a careful calibration
process in order to get quantitative information on the field and its effect on the
beam, and to design, build and operate a detection chain adapted to the wakefield
high frequency signal is not straightforward. An uncalibrated WFM signal is
indeed anyway useful for beam correction, since minimizing the signal should
bring the beam to the structure center. However the WFMs signal is mainly local,
relative to the cell where the pickup antennas are installed. Thus, in case of an
angle between the structure and the beam trajectory or a misalignment between
the structure cells, a residual kick may be present even for a minimized WFM
signal.

The direct measurement of the wakefield kick on the beam, using a screen or
a beam position monitor is particularly interesting since it gives a global infor-
mation on the wakefield excited in the whole structure and their effects on the
beam. On the other side, it is not easy to separate the contribution from different
wakefield sources, possibly including the beam pipe neighbouring the structure.

For both studied methods, experimental campaigns were carried out at CLEAR,
where the CLIC accelerating structure’s baseline prototype is installed. The ex-
periments were based on the principle of exciting a wakefield by inducing an
offset between the electric center of the accelerating structure and the beam.

During the initial test it was observed that the active alignment system used
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to move the structure was not working correctly. For this reason, an alterna-
tive method was developed where the beam itself was displaced by a carefully
controlled bump produced by two corrector magnets. Such method was found
to be precise, faster, and more practical than the active alignment system and
was therefore used even when the issue with the latter was fixed. As a first re-
sult, the study confirmed the kick effect expected by a dipole mode wakefield
and its linear dependence from the beam displacement. Moreover, the results
showed that no strong build up effect is present, meaning that the short-range
wakefields dominate the dynamics, as was indeed expected from the simulation
model. Also, the often neglected dependence of the wakefield from the bunch
length was investigated. Recently, a completely new, simpler movement system
was designed and eventually installed. Furthermore, the accelerator layout is un-
der revision aiming to improve the beam quality. These improvements, based on
the experience gained during the thesis experimental work, will allow a higher
precision and faster data taking for future measurement campaigns.

For the bunch length measurement, two different studies were performed.
The first aim was to extend the range of bunch lengths (especially towards smaller
lengths) accessible with the standard measurement layout. Beyond that, the po-
tentiality of a novel measurement layout was studied and documented. The
novel layout has the advantage of using devices that are often already installed in
the accelerator between the RFD and the screen, but are usually kept switched off
during the measurement. For the standard measurement layout, two advanced
measurement procedures were proposed. The first procedure allows measuring
the energy chirp and the energy spread directly.

The second one allows to obtain information on the correlation terms between
the longitudinal and transverse plane. The theoretical treatment predictions were
compared to results from tracking code simulations. A particular case study is the
GBS, for which start to end simulations (i.e., simulation of the whole accelerator
line) were performed. The novel layout uses an additional focusing element in-
stalled between the RFD and the screen. Following the results of a theoretical
approach, supported by both simulation and experiment, it was proven that no
spurious effects which may compromise the measurements were introduced by
the new layout, with respect to the standard measurement method and charac-
teristics are preserved. Moreover, thanks to the additional degrees of freedom,
the new layout has shown interesting potentialities. For example, it is possible to
directly measure the correlation terms for which only indirect information could
be obtained in the conventional layout. Additionally, if correctly tuned, the focus-
ing elements can enhance the resolution of the measurement. Finally, a detailed
study on the uncertainty was carried out, extensively by comparing the two lay-
outs to show the possibility of an uncertainty reduction in some cases. The results
are opening exciting possibilities, the novel layout can improve the measurement
metrological characteristics without requiring in most cases a redesigning of the
layout or the installation of expensive, and still not commonly available, high
frequency deflecting cavities.
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