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Abstract

In this work of thesis, applications of photonic crystal fiber to advanced accelerator concepts are in-
vestigated. Due to the high damage threshold of dielectric material in the optical regime, dielectric
laser accelerators can support O(GV/m) as accelerating field which motivates to investigate laser-driven
dielectric structures.

Laser-driven hollow core photonic bandgap (PBG) fibers were proposed by Lin in 2001 as high-gradient
accelerators. The central defect in the transversely periodic lattice supports an accelerating mode which
collinearly propagates with the ultra-relativistic electron beam for synchronous acceleration. The optical
frequencies in such dielectric laser accelerators motivate a sensitivity and tolerance study to overcome
manufacturing imperfections. Moreover, the defining a tolerance range in which the modes properties in
the fiber can be recovered tuning the laser wavelength seems to be very useful for the manufacturing where
a tolerance range of 10% is generally required. Finally, in this thesis, the propagation characteristics of
Lin fibers are discussed and it is found that small-bandwidth (= ns) pulses would be needed for efficient
acceleration over longer distances.

However, the central core diameter is comparable to the driving wavelength which makes both the
technical manufacturing of the fiber and its use with conventional charged beams challenging. In behalf
of the collaboration established with Philipp Russell division at Max Planck Institute in Erlangen, more
recent anti-resonant fibers (ARFs) were investigated.

In conventional beam manipulation techniques, the interaction between electron beams and laser is
provided by magnetic undulators which unfortunately require a balance between the electron beam energy,
undulator parameters and laser wavelength. In this thesis we propose a novel scheme using laser-driven
large-core anti-resonant optical fibers to manipulate electron beams. The accelerating TMg; and the
dipole HE;; mode are investigated. In the former case, energy gain and large keV-level energy modulations
can be achieved while maintaining the overall electron beam quality. Further, it is shown that with larger
field strengths O(100 MV /m) the resulting transverse forces can lead to the production of microbunch
trains with a periodicity of the driving wavelength. Also, we investigate the application of the transverse
dipole HE;; mode and find it suitable to support time-domain electron beam diagnostics with sub-
attosecond resolutions.

Finally, a preliminary test of the feasibility of this novel beam manipulation techniques has been
performed. At ARES/SINBAD laser laboratory, an experimental optical setup was implemented to
investigate the laser beam coupling efficiency and laser induced damage threshold of the end-face of the
ARF.



Zusammenfassung

In dieser Abschlussarbeit werden Anwendungen von photonischen Kristallfasern fiir fortschrittliche Be-
schleunigerkonzepte untersucht. Aufgrund der hohen Zerstérungsschwelle von dielektrischem Material im
optischen Bereich konnen dielektrische Laserbeschleuniger O(GV/m) als Beschleunigungsfeld unterstiit-
zen, was zur Untersuchung von lasergetriebenen dielektrischen Strukturen motiviert.

Lasergesteuerte Hohlkernfasern mit photonischer Bandliicke (PBG) wurden 2001 von Lin als Hochgra-
dientenbeschleuniger vorgeschlagen. Der zentrale Defekt im transversal periodischen Gitter unterstiitzt
eine Beschleunigungsmode, die sich kollinear mit dem ultra-relativistischen Elektronenstrahl ausbreitet,
um eine synchrone Beschleunigung zu erreichen. Die optischen Frequenzen, in solchen dielektrischen
Laserbeschleunigern, motivieren eine Empfindlichkeits- und Toleranzstudie, um Herstellungsméngel zu
iberwinden. Dariiber hinaus scheint die Festlegung eines Toleranzbereichs, in dem die Modeneigenschaf-
ten in der Faser durch Abstimmung der Laserwellenléinge wiederhergestellt werden kénnen, sehr niitzlich
fiir die Herstellung zu sein, bei der im Allgemeinen ein Toleranzbereich von 10% erforderlich ist. Schlieflich
werden in dieser Arbeit die Ausbreitungseigenschaften von Lin-Fasern erortert, und es wird festgestellt,
dass fiir eine effiziente Beschleunigung iiber grofere Entfernungen, Pulse mit kleiner Bandbreite (ca.
ns) bendtigt wiirden. Der zentrale Kerndurchmesser ist jedoch vergleichbar mit der Antriebswellenlinge,
was sowohl die technische Herstellung der Faser als auch ihre Verwendung mit konventionellen geladenen
Strahlen zu einer Herausforderung macht. Im Rahmen der Zusammenarbeit mit der Abteilung von Philipp
Russell am Max-Planck-Institut in Erlangen wurden neuere antiresonante Fasern (ARFs) untersucht.

In konventionellen Strahlmanipulationstechniken wird die Wechselwirkung zwischen Elektronenstrah-
len und Laser durch magnetische Undulatoren gew#hrleistet, die leider ein Gleichgewicht zwischen der
Elektronenstrahlenergie, den Undulatorparametern und der Laserwellenléinge erfordern. In dieser Arbeit
schlagen wir ein neuartiges Verfahren zur Manipulation von Elektronenstrahlen mit Hilfe von lasergesteu-
erten antiresonanten optischen Fasern mit grofem Kern vor. Der beschleunigende TMj;- und der Dipol
HE;;-Modus werden analysiert. Im ersten Fall konnen Energiegewinn und grofse Energiemodulationen
im keV-Bereich erreicht werden, wihrend die Qualitdt des Elektronenstrahls insgesamt erhalten bleibt.
AuRerdem wird gezeigt, dass bei grofseren Feldstarken O(100 MV /m) die resultierenden Querkréfte zur
Erzeugung von Mikrobunch-Ziigen mit einer Periodizitdt der Antriebswellenlénge fithren konnen. Aufer-
dem analysieren wir die Anwendung der transversalen Dipol-HE;;-Mode und stellen fest, dass sie geeignet
ist, die Diagnostik von Elektronenstrahlen im Zeitbereich mit Auflésungen im Sub-Attosekundenbereich
zu unterstiitzen.

Zum Schluss, wurde ein vorldufiger Test der Machbarkeit dieser neuartigen Strahlmanipulationstechni-
ken durchgefithrt. Im ARES/SINBAD-Laserlabor wurde ein optischer Versuchsaufbau implementiert, um
die Effizienz der Laserstrahlkopplung und die laserinduzierte Schadensschwelle der Endfliche des ARF

zu untersuchen.
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Introduction

The need to build particle accelerators capable of increasing the energy of particles is a logical
consequence of the demand from high-energy physics to test different theories. When Rutherford
predicted the possibility of splitting an atom in the early 1920s, he encouraged Cockcroft and
Walton to develop the first DC accelerator. Since then, various technologies have been developed
to accelerate the electron beams, as shown in the milestone Figure 1.1. Conventional accelerators
not only play a fundamental role in investigating elementary physics, but also have considerable
applications in fields such as biology, chemistry and medicine where attosecond pulses of X-
ray generated by modern electron-based light sources can provide tools for probing electronic
structures of matter with attosecond and picometer resolution in time and space, respectively.
Modern conventional accelerator are linacs based on radio-frequency (RF) technology. High
charged beam in the order of nano Coulomb are routinely accelerate by centimeter long driven
wavelengths with a repetition rate below 100 Hz. In circular machine such as cyclotrons and
betatrons, charged particle beams are first accelerated in a linac and then injected into a storage
ring producing synchrotron-radiation losses. The most brilliant storage ring-based X-ray source
is PETRAIIL. The 6 GeV nC electron beam with high transverse beam quality is injected into
2.3 km long storage ring producing transversely coherent radiation with pulse length O(ps).
Because of electric breakdown, modern conventional RF particle accelerators provide acceler-
ation gradient up to ~ 100 MV /m. In the past decades, superconducting radio-frequency (SRF)
cavities has been investigated for their lower power dissipation compared to normal RF technolo-
gies. Niobium cavities in a liquid helium bath allow for a quality factor of two or three orders
of magnitude higher than the normal RF. At European XFEL electrons are accelerated up to
17 GeV within ~1.7 km SRF long accelerator at 10 Hz repetition rate. The pC electron beam
is then injected into undulator resulting in the emission of coherent X-rays with pulse lengths
below 100 fs. However, to achieve the superconductive status and prevent the cavity quenches a
well-designed cryogenic system needs to be developed increasing the costs and the facilities scale.
In order to counteract this trade-off between energy and costs, new advanced acceleration
technologies have been addressed. Thus, international projects such as ACHIP, LUX, ARIES
and ATHENE are being set up to demonstrate the possibility of considerably reducing the size
and cost of accelerators by adopting technologies such as laser-driven dielectric grating structures
and plasma. Plasma-based accelerators e.g. plasma wakefield acceleration (PWFA) and laser-
plasma wakefield acceleration (LWFA) are able to provide an accelerating gradient up to three
orders of magnitude higher than RF cavities. In 2014, Leemans and coworkers [12] demonstrated
that in a 9-cm plasma cell 6 pC charged beam achieves 4.2 GeV when driven by 16 Joule laser
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at 1 Hz. Thus, PeraWatt laser system are needed to power a plasma cell to produce GeV high
charged beam. KALDERA is one of the new projects at DESY which aims to provide a new
class of laser system delivering 3 J pulse energy at 1 kHz repetition rate.

In the other hand, at UCLA dielectric laser accelerators (DLAs) have been demonstrated to
support an accelerating gradient of 300 MV /m [13, 14, 15]. A dielectric grating structure driven
by 11J pulsed laser are able to provide hundreds MV /m as accelerating gradient when fC charged
sub-fs electron bunches at high repetition rates O(MHz) is injected. ACHIP experiment at
SINBAD/ARES aims to demonstrate energy modulation and net energy gain of sub-femtosecond
relativistic fC charged beam delivered by ARES linac [16] injected into dielectric grating structure
powered by 1J laser system at kHz repetition rate.

In the DLAs however, the side-coupled structures rely on spatial harmonics which lead to
evanescent modes in the accelerating channel, thereby limiting the structure apertures to approx-
imately the laser wavelength. This restriction makes the widespread use of dielectric structures
in conventional radiofrequency accelerators challenging; mainly due to typical electron beam
emittances being O(100 nm).
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| 1928 | 1932

Resonant DC accelerator SRF cavities  Plasma DLAs
accelerator and cyclotron wake-field
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fiber accelerator Anti-resonant fiber
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Figure 1.1: Accelerators and optical fibers milestone: accelerators and fibers followed two different
evolutionary paths until Lin proposed the first photonic band-gap fiber accelerator in
2001.

Since 1970, when the possibility of transmitting data through an optical fiber with reduced
attenuation was first demonstrated, different types of fibers have followed (see Figure 1.1). While
initially their purpose was mainly for telecommunications, new generations of fibers are capable of
confining light in a hollow core by means of photonic band-gap and anti-resonat effect, attracting
the scientific community. Since the intensity of electromagnetic fields is concentrated in an air-
filling core, photonic crystal fibers have been and are still being studied for numerous applications
such as high-power pulse delivery and gas-based nonlinear optics.

The first encounter between accelerators and photonic crystal fibers took place in 2001, when
E. Lin [17] theoretically demonstrated that a properly designed photonic bandgap fiber supports
TMo;-like modes which propagate with the electron beam. However, like grating structures,
the central core diameter is also comparable to the wavelength, making both the technical im-



plementation of the fiber and its use with conventional charged beams challenging. At author
knowledge, proof of principle was never realized and thus building on E. Lin first effort, carried
out at SLAC, this thesis aims to revive that project and to reintroduce the fiber to the world of
accelerators with greater vehemence.

More recently, anti-resonant fibers (ARFs) were invented, supporting low-loss transmission of
enormously broadband spectra [18, 19]. Unlike Lin-fibers, ARFs have relatively large apertures
which relax the required electron-beam parameters for efficient transmission through the fibers.
Furthermore, compared to other types of hollow-core fibers, the larger core sizes (D > )
facilitates the propagation of mJ-level pulses due to reduced losses. Loss factors have significantly
improved in recent years due to novel designs and improved fabrication techniques, achieving
~1 db/km [20, 21].

In this thesis, we investigate the application of laser-driven photonic crystal fiber with electron
beams. We especially find that energy gain and high-quality energy modulations can be imparted
with the monopole (TMp;) mode inside an ARF using pJ-level laser pulses. In addition, by
utilizing larger laser energies, we discover that a microbunch train can be produced at the
periodicity of the laser wavelength by filtering the strongly focused or defocused electrons with a
collimator. We also report on the use of the dipole (HE11) mode to generate microbunch trains
and to find it suitable to support sub-attosecond temporal measurement resolutions of charged
beams. A collaboration with Philip Russell’s division at Max Planck Institute in Erlangen has
been established. In behalf of this collaboration, field maps of the ARF supported modes and
ARF sample have been investigated and first coupling-damage test at SINBAD/ARES laser
laboratory has been performed.

In chapter 2 of this dissertation, the ARES/SINBAD linac as well as the undergoing experi-
ments will be briefly introduced. In addition, some of the simulation codes used in this thesis
will be presented.

Chapter 3 provides an overview of the theory of accelerator physics. Here the most important
electron beam parameters will be presented.

In Chapter 4 photonic crystal fibers will be introduced. A description of the modes supported
by a cylindrically-symmetric waveguide commonly used to approximate the mode propagating
into a fiber are reviewed. Finally, the most important guidance mechanism as well as the fabri-
cation technique are shown in this chapter.

First results on photonic band gap fiber driven by a 2pm laser are discussed in chapter 5.
A tolerance study of the accelerating mode properties into such a fiber have been carried out.
A trade-off between the mode quality factor and the attenuation loss along with a preliminary
coupling study is shown.

Based on these findings, anti-resonant fiber suitable for SINBAD/ARES laser system is pre-
sented in chapter 6. The interaction between electron beam and both accelerating and fun-
damental hybrid mode will be investigated. A novel scheme to produce energy gain, energy
modulation and microbunch train is discussed for the TMgy; mode. Furthermore, femtosecond
bunch trains and sub-attosecond temporal resolutions with laser-driven anti-resonant fibers is
reported.

Finally, in chapter 7 the description of the preliminary anti-resonant fiber coupling experiment
at SINBAD/ARES laser laboratory is reported. The purpose of this chapter is to provide a
documentation for future experiments. Fiber cleaving and experimental setup are featured. The
maximum supported laser input power limits the achievable field strength inside the fiber. To
investigate this limitation a laser induced damage threshold test has been implemented.






2
Overview of the SINBAD/ARES linac

2.1 SINBAD facility

Located at the heart of DESY in the former DORIS tunnel, a long-term dedicated accelerator
research and development facility SINBAD has been established and is being under development
[22, 23]. SINBAD (Short Innovative Bunches and Accelerator at DESY) will host several exper-
iments independently such as cutting edge conventional S-Band accelerator, laser driven plasma
wake field accelerators and dielectric laser accelerators. In addition, research on advanced bunch
compression techniques and novel diagnostic ideas is carried out. An overview of the SINBAD
facility is given in Figure 2.1. At the time of writing the first two experiments, ARES and AXSIS
are already operational.

ARES is a normal conducting S-Band linac aiming to provide 155 MeV sub-fs (sub-femtosecond
to dozens of femtoseconds) low-charge (0.5 to 30 pC) electron bunches with a timing stability of
~10 fs rms and repetition rate of 50 Hz [24, 25]. The high-energy low-charge bunches may be then
injected into experimental areas for testing novel acceleration techniques (dielectric structures or
novel diagnostic concepts). An overview of the linac will be presented in the following section.

AXSIS (Frontiers in Atto-second X-ray Science: Imaging and Spectroscopy) [26, 27| aims
to develop a compact X-ray light source based on a THz-driven dielectric loaded waveguide for
electron acceleration and subsequent inverse Compton scattering (ICS). A laser system operating
at 1 kHz as repetition rate will be used to drive the photocathode gun producing the electrons
and to generate the single-cycle THz pulses accelerating the electrons up to 1 MeV. It is also used
to produce the multi-cycle THz pulse which is injected into a dielectric loaded waveguide (DLW)
linac to boost the electron energy up to 20 MeV. Finally, both the laser and electron beam are
used to generate X-rays in the range of 4-14 keV by ICS. This energy range is especially useful
for research on biological samples and processes. The facility is currently under commissioning.

KALDERA (Kilowatt Laser at DESY for Revolutionary Accelerator) plans to build up a new
class of laser system aiming to deliver 3 J in 30 fs at 1 kHz for plasma acceleration. LUX
was the first plasma accelerator to produce soft X-ray at DESY using a TW laser injected into a
hydrogen gas target. The electron bunches accelerated by the plasma wake are then injected into
an undulator resulting in the aforementioned X-rays which last few fs enabling the investigation
of processes on ultra-fast timescale. LUX II has the purpose to build upon the milestone achieved
by LUX [28].
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Figure 2.1: Overview of the SINBAD facility at DESY. The foreseen experiments ARES, AXSIS,
KALDERA and LUX II will occupy different sections of the SINBAD tunnel.

2.2 ARES linac

ARES (Accelerator Research Experiment at SINBAD) is a conventional normal conducting linear
accelerator. After final commissioning ARES will support the production of up to =155 MeV
sub-femtosecond electron bunches via two S-band (~3 GHz) travelling wave structures with a
timing jitter O(10 fs) and repetition rate of 50 Hz [29]. As shown in the layout in Figure 2.2, the
accelerating structures are followed by an experimental area which hosts the ACHIP project (see
later for details) but could be adapted for DLWs and first proof of principle experiments involving
photonic crystal fiber for beam manipulation. Downstream of the experimental chamber, a
bunch compressor is installed enabling sub-fs bunch compression [30, 24]. Beyond the bunch
compressor, a Polarix X-Band transverse deflecting structure (TDS) is located and will measure
the longitudinal beam profile with sub-fs resolution [31]. Its variable streaking direction will
allow the characterization of the 6D phase-space [32].

S-Band RF Gun Solenoids
’ Magnetic TDS + Diagnostics

/ Experimental Area 1
/ /\ P ! Compressor Beamline
v v

Nt t t L Y 7 1 o
Gun S-Band Travelling S-Band Travelling Experimental g
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-

Figure 2.2: Layout of the ARES linac. Taken from [1]



2.2 ARES linac

2.2.1 Photoinjector

Electron bunches are provided by the RF photoinjector. The used 1 mJ Yb-doped photocathode
laser is a commercial PHAROS-SP-200 operating at the fundamental wavelength of 1030 nm. It
provides pulses with FWHM duration in the range of 180 fs to 10 ps and illuminates either CsyTe
or Mo cathode with the fourth harmonic. The gun has an in-vacuum cathode exchange system
which guarantees the possibility to change target between metallic and semiconductor material.
Electrons are emitted based on the photoelectric effect [33]. The photo-emitted electrons (charge
ranges between 0.3 pC and 30 pC) are then accelerated in a 1.6 cell S-band gun by a maximum
accelerating gradient of 80 MV /m achieving a bunch mean energy of ~4 MeV. In the gun region
a solenoid can be used for transverse focusing and emittance compensation into the linac [34].

2.2.2 Linac section

Downstream the RF gun, several screens are installed allowing for the characterization of the
beam in the transverse plane. A low energy dipole can be used for energy measurements. Fur-
thermore, a Faraday Cup and DaMon (Dark current Monitor [35]) enable destructive and non-
destructive bunch charge measurements, respectively. The diagnostic section is followed by two
accelerating structures operating at a frequency of ~3 GHz. Each travelling wave structure is
4.2 m long and powered by a 45 MW RF station providing a maximum energy gain per cavity of
75 MeV operating on crest [22|. However, to reach the ultra-short bunches, the first cavity needs
to be operated off crest allowing for velocity bunching. Operating off crest the electron bunch will
be longitudinally chirped and since it is not yet at relativistic energy the head and the tail will
have different velocity leading to a longitudinal focusing. Since the beam is slightly slower than
the phase velocity of the travelling wave it experiences phase slippage from zero-crossing back
to the accelerating phase. In such a way it is both chirped and accelerated, simultaneously [36].
As it is injected into the second cavity operating on crest, the already relativistic electron bunch
will be further accelerated up to ~100 MeV. Another approach to produce microbunch trains
consists into operating both TWSs at relative phase of 55° and then injecting the beam into
bunch compressor. It should be mentioned that each TWS is surrounded by four independently
adjustable solenoids which will be used to focus the beam and to compensate the space-charge
defocusing forces.

2.2.3 Experimental Area

Following the linac section, a 4 m long Experimental Area (EA) has been installed and will host
ACHIP-related experiments as well as other experiments involving acceleration and phase space
manipulation in dielectric structures. Concepts, simulations and design of the ACHIP-related
experiments are explained in detail in ref. [16, 37]. The layout of the experimental area section
includes a quadrupole triplet for final focusing, an undulator and a compact permanent magnetic
chicane for producing microbunch trains. Furthermore, EA also includes an ultra-high vacuum
experimental chamber and an optical table over which the 2um drive laser side-illuminates
the dielecric grating structure inside the chamber. The laser system is installed in the ARES
cathode laser laboratory. The beam is transported through an almost 30 m long beam line to
the experimental chamber.
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2.2.4 Bunch compressor and diagnostic section

Downstream EA, several beam diagnostics measure the final beam quality; screens, magnets and
spectrometer enable for high energy beam characterization.

The bunch compressor installed at ARES consists of 4 magnets with a maximum magnetic
field of 0.5 T. The central magnets are located on a translation stage allowing for a wide range
of momentum compaction Rsg. For a relativistic energy beam (100 MeV) is anticipated an Rsg
between 0 cm and 8.8 cmm. As the maximum travel range is around 20 cm, a dedicated vacuum
system has been implemented. The design specifications are detailed in [30, 24].

A transverse deflection structure (TDS) provides bunch length properties by streaking the
beam and the longitudinal phase space after the spectrometer. Undergoing a longitudinal intra-
bunch coordinate-dependent transverse force, the bunch is streaked and then imaged onto a
scintillating screen allowing for measurement of bunch length and longitudinal properties. A
conventional TDS can provide beam information only in the streaking direction. For that reason,
a novel polarizable X-band TDS (PolariX-TDS) has been installed at ARES. PolariX will provide
variable polarization of the TE;; mode into the RF cavity allowing for streaking the beam in
different directions. The utilization of a spectrometer reconstructs the longitudinal phase space.
Structure design and reconstruction considerations are detailed in [38, 39, 31|

2.3 Accelerator on a CHip International Program - ACHIP

As member of the ACHIP collaboration, DESY performs related experiments at ARES. The
Accelerator on a CHip International Program is a 5-year project (now extended until 2023) funded
by the Gordon and Betty Moore Foundation [40|. Its purpose is to develop and demonstrate
a prototype of an all-optical particle accelerator on a microchip for relativistic [13] and non-
relativistic [14] electrons reaching MeV energy gain. Among different dielectric structures such
as 3D photonic crystals, photonic bandgap fibers and grating structures, the latter is one of the
most studied being suitable for acceleration, radiation generation [41] and beam diagnostics [42].

Currently in the EA chamber at ARES, one dielectric grating sample along with a thin film
YAG screen are installed. The screen is used to measure the beam profile at the interaction point
of the electron bunches from the linac and the 2pm laser from the optical table, which side-
illuminates the sample. In order to optimize the experimental campaign, the ACHIP experiment
has been split into two stages. In the first stage, a relativistic electron bunch (100 MeV) from the
linac will be further accelerated in the side-illuminated grating structure. Since DLA structure
periodicity is 2pm, a net-acceleration in the grating is anticipated for an rms bunch length
<1 fs. ARES will provide sufficient short electron bunches using velocity bunching techniques |23,
43|. Longer electron beam will experience different laser phase producing energy-loss or energy
modulation as already observed by other groups [13]. Also, due to the small DLA periodicity,
stable drive laser to electron phase is needed. In particular, a sub-fs stability is required which
is very challenging.

In order to address this issue, the second stage will add a microbunching setup. It consists
of an undulator and a permanent magnetic chicane, which is planned to be installed by the
end of 2022 and placed between the triplet of quadrupole after the TWSs and the experimental
chamber. In the undulator, the incoming electron bunch interacts with a copropagating laser
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beam, which will imprint an energy modulation on the bunch given by [16, 43, 44]:

Pr2KL,J
Ay = 1/—L Y~ coskps (2.1)
By  ~ywo

where Pr, wg and kj, are the power, the waist and the wave number of the laser, Py ~8.7 GW,
K and L, are the undulator parameter and the undulator length, J = Jy(¢) — J1(¢) with
(= 2(%22) and s is the longitudinal position of the electron in the electron bunch.

The cosine-like energy modulated beam is then injected into the magnetic chicane to form
a density modulation. Passing through the chicane, particles that have the negative energy

chirp are compressed, while particles with the positive energy chirp are decompressed, resulting

a conversion of the energy modulation into a particle density distribution modulation. The
utilization of the same laser for driving both the undulator and the DLA will bring intrinsic
phase synchronization achieving a negligible phase jitter between the microbunch train and the
laser illuminating the grating structure. The microbunches will have a spacing of 2um and a
<1 fs as rms length.

2.4 Accelerator Research and Innovation for European Science
and Society - ARIES

The SINBAD facility will host external researchers by collaborations with other groups and also
via the ARIES Transnational Access Activities program [45, 46]. ARIES (Accelerator Research
and Innovation for European Science and Society) is an Integrating Activity project co-founded
by European Commission for a duration of four years until April 2022. CERN and 41 different
partners, as well as DESY, are part of this program. It aims to develop and research of European
particle accelerator supporting innovative technologies which can find applications in accelerator
and industry. Due to the ever-increasing demand for high-energy accelerators, research in new
technologies and materials is of paramount importance.

2.5 Current status of ARES

At the time of this publication, as discussed in the previous section, the main components for
ARES and ACHIP experiments are already installed. The first ~3.5 MeV electron beam from
the ARES gun was observed on October 30th 2019. RF conditioning of the ARES gun, as well
as the two linac structures was completed at the end of October 2020. The design energy of
155 MeV was achieved operating on crest in both TWSs. Using A Molybdenum cathode, the
FWHM energy spread at the end of the beam line measured by the high energy diagnostic was
determined to be 0.056% for a bunch with ~1.5 pC of charge.

Currently ARES linac runs stably over long operation time while TDS and bunch compressor
are already installed and will be commissioned soon. The electron bunch parameters provided
by the ARES linac are summarized in Table 2.1.
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Table 2.1: ARES linac electron beam parameters

Value
beam energy [MeV /c| 3.5-160
beam charge [pC] 0.2-30
normalized transverse emittance [pum| <0.5
bunch length [fs] >30

Figure 2.3: Picture of the current status of the ARES/SINBAD linac. Courtesy of F. Mayet

2.6 Simulation codes

In recent decades, high performance computing (HCP) has greatly increased, enabling excel-
lent results to be achieved in simulations that are increasingly faithful to the real experiment.
Since the experiment can be simulated more realistically than in the past, the technologies and
structures of future accelerators can be studied in advance and adapted to optimize the desired
results. Naturally, a trade-off has to be considered between time consumption and accuracy of
the simulations. In addition to Python scripts written to run simulations automatically and
allow fast data analysis, four codes are used in this thesis, some to provide field maps, others
to visualize mode propagation in the fibers, and still others to track particles. In this thesis,
ASTRA is used for particle tracking simulation and to achieve the working points needed for
different fiber-electron beam applications CUDOS, VSIM are mainly used to test the mode prop-
agation and confinement inside the fiber. COMSOL has been used for carrying out a designed
fiber matching the purpose of acceleration and energy manipulation of an electron beam.

2.6.1 VSim

VSim [47] is a multiphysics simulation tool which allow for computing electrodynamics in the
presence of metallic and dielectric structures along with charged particles. Using the Vorpal
computational engine, Vsim can be run in electromagnetic mode using a finite-difference time
domain (FDTD) algorithm while charged particles can be simulated by particle-in-cell (PIC)
code. The simulation can be set up using VSimComposer, which enables to add different shapes
and materials as well as fields and particles. VSimComposer writes the input file which will be
used by the Vorpal computational engine. However, it is also possible to write the input file
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directly in order that the user has the full control over the physics, shapes and materials in the
simulation. This method and mainly the FDTD algorithm has been used in this work.

2.6.2 ASTRA

ASTRA (A Space charge TRacking Algorithm) [48] is a free of charge program package, written
in Fortran 90. ASTRA tracks particles interacting with external electromagnetic fields which can
be included by importing external field maps allowing the simulation of RF cavities and dielectric
structures. A non-adaptive Runge-Kutta integration method of fourth order is used for tracking
where the time step range is defined by user depending on the electromagnetic field’s wavelength
and space charge. In this thesis the maximum time step has been evaluated by converging studies
and also external field maps have been used to simulate the propagating mode inside the fiber
by superposition of two standing waves resulting in a travelling wave.

2.6.3 CUDOS

The CUDOS MOF Utilities [49] is a publicly available software, first released in 2004 by the
University of Sydney [50]|. The code is based on the results of ref. [51, 52| which treats both
solid- and air-core microstructure optical fibers (MOFs) by the multipole method. The electric
and magnetic field are expressed in Fourier-Bessel series centered on each hole applying boundary
conditions. The solutions for each hole (fiber’s capillary) are then matched together. As the input
frequency is set, the code searches for modes with different effective refractive index in a range
fixed by the user. Furthermore, it calculates the real and the imaginary part of the propagation
constant providing information on the phase velocity of the modes and the confinement losses,
respectively.

2.6.4 COMSOL

COMSOL Multiphysics [53] is a platform used for simulation in scientific research as well as in
manufacturing. The user can define geometry, material properties and the physics describing
the studied phenomena. For modelling the phenomena COMSOL has default physics interfaces
suggesting the recommended solver to discretize the system of partial different equations by finite
element method (FEM) or boundary element method (BEM).

The fiber geometry, as well as propagating modes, have been simulated and optimized using
COMSOL. Thanks to the fruitful collaboration established with Max-Planck-Institute in Erlan-
gen [54], these simulations have been carried out by Gordon Wong and then adapted to ASTRA
format by the author.
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3

Introduction to accelerators physics

In this chapter an overview of the fundamental physics behind accelerators will be presented. The
most important electron beam parameters and their dependencies will be introduced summarizing
concepts which can be found in various accelerator books as well as in CERN and USPAS (U.S.
Particle Accelerator School) lessons, cited step by step where used in the chapter.

3.1 The equations of motion for a single charged particle

The dynamics of a single charged particle e under the effect of electromagnetic fields (E , é) are
described by the Lorentz force
fL:e(E+Ux é). (3.1)

From classical mechanics, the change of momentum and kinetic energy for a particle is given by:
Ap = / Fr, dt (3.2)
AFyn = / Fy, - d5. (3.3)

Substituting the Lorentz force in the kinetic energy and transforming ds — vdt, yields
AByy, = e/E -d5 + e/(ﬁ x B) - vdt (3.4)

The equation above shows that the electric field changes the kinetic energy of the charge while
the magnetic field deflects particle’s trajectory by changing its momentum vector. In fact the
first term of eq. 3.4 produces the acceleration of a particle copropagating with the field; the vector
product of the second term is always zero indicating the deflection of the particle trajectory due
to the presence of the magnetic field and ruling out any acceleration contribution. Knowing the
interaction length between charge and electric field and its amplitude, the variation of the kinetic
energy is calculated by the integration of eq. 3.4.

To determine the path of an electron in a magnetic field, it is required to know the change

in particle momentum. For a particle travelling with a relativistic velocity 5 = g , rest mass m

and Lorentz-factor v = \/11?, its momentum p'= ymo can be derived with respect to the time,
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yielding the equation of motion

dp 3B dv

i 3.5

dt m(7 a7 ca 7). (3:5)
where the second term originate from the derivative of the Lorentz-factor CclTZ = gg Cflf = 3%%’.

Eq.3.5 can be split into parallel and transverse forces which propagate parallel to the propagation
of electron and perpendicular to it, respectively:

= _ P 34}

o= =™ @ (3.6)
. _dp. _dv,

Fl =L —my—=. .
1 dt mry dt (3.7)

The above equations are achieved by considering that for a force parallel to the particle prop-
agation the time derivative of the unity vector v is zero, % = d”@ and 1 + %292 = 42; on the
other hand for the perpendicular forces d” =0.

Eq. 3.6 and 3.7 show that passing through an electromagnetic field the trajectory of a relativis-
tic particle depends on the direction of the force w.r.t. the direction of particle. This difference
between parallel and perpendicular acceleration will be crucial in this thesis due to the heavy
impact on the dynamics of the electrons propagating through the fiber.

In a linear accelerator or in a synchrotron, the general task is to transport charged particles
along a desired path in the beam transport system while accelerating. The magnetic field is
used for bending the particle along a predefined ideal path, the so called orbit, over which all
the particles of an electron beam should move. To describe deviation of a particle from this
ideal orbit it is common to introduce the Frenet-Serret coordinate system K = (z,y,s) which
follows the trajectory of a particle along the accelerator moving with no deviation from the
designed speed, position, or direction. Here the x-s and y-s are the horizontal and vertical plane,
respectively.

As shown in detail in references [55, 2, 56], transforming the Lorentz force from Cartesian to
Frenet-Serret coordinates and assuming several common simplifications such as magnetic field
perpendicular to the particle trajectory, no coupling of the motion between the vertical and the
horizontal direction and constant particle velocity, it leads to the well-known equations of motion
[2, 56]

(3.8)
y'(s) + k(s)y(s) =0, (3.9)

where z is the displacement w.r.t. the orbit s, 2/ = 3—? is the divergence angle, § = % is

the relative momentum spread w.r.t. the reference momentum py, 1/R and k are the dipole
and quadrupole strength, respectively. The equations 3.8 form the basis of calculations for the
particles travelling through linear beam optics.

3.1.1 Transfer matrix

Assuming the hard-edge model for a magnetic field of the magnet structure, which means an
abrupt interruption of the field at the edge of the magnet and considering a constant field along
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the beam axis will simplify the eq. 3.8. Using the further assumption that all the particles have
the same reference momentum py and thus § = 0, eq. 3.8 may be written as [56]:

" + K(s)u=0, (3.10)

where u indicates the = or y coordinates and K(s) = R%(s) —k(s) or K(s) = k(s). Eq. 3.10, also
called Hill’s equation, is a linear second order differential equation and thus it is possible use the

matrix formalism for its solution:
x = M - xo, (3.11)

with x = (z,2') and x¢ = (20, x[) the final and initial 1D transverse phase space coordinate.

The 2 x 2 transfer matrix M will have different elements for each optics used in the beam line;
in the drift space where magnet sections are absent, i.e. % =k =0, it is given by

1 s
Marity = <O 1) ; (3.12)

where s is the trajectory distance in a drift section. It is clear that particle divergence is constant
while the displacement will change z = zg+a{s. The transfer matrix for a focusing ( = 0,k < 0)
and defocusing quadrupole (% =0,k >0) are

Mgoc) _ COS( |k|5) ﬁsin( |kj|s)
—/|klsin(y/|k|s)  cos(\/|k|s)
(3.13)
Mgief) _ cos‘h(\/Es) ﬁ sinh(v/ks) .
VEsinh(vks)  cosh(vks)

From eq.3.8, a quadrupole will focus in one direction and defocus in the direction perpendicular
to the focusing plane. Finally, in the deflective plane the particle trajectory in a dipole magnet

M, — ( cos( ) Rsin(fé)) ' (3.14)

(k = 0) is given by

—Fsin(%)  cos(%)
In this case the dipole is focusing the particle toward the orbit but with a relatively weak effect
compared to the quadrupole, because # < k [2].

So far, we considered only particle with reference momentum, i.e. § = 0 but it is worth to note
that the momentum of the particle w.r.t. the reference momentum plays an important role in
the dynamics because the effect of the magnetic field on the particle depends on it. Furthermore,
using the matrix formalism it is possible to describe the particle trajectory along the entire beam
transport system. Thus considering the chromaticity, the evolution of the particle in the five-
dimensional phase space x = (z,2’,y,y,)", along the beam line under the effect of n magnetic
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3 Introduction to accelerators physics

elements, including drift space, is given by matrix multiplication:

8
8
=)

H\
S
S

=M, M,_1 - My_s- M= [y]. (3.15)

o B w
<
o

3.1.2 Courant-Snyder parameters

For a periodic focusing system, i.e. % =0, 6 = 0 and k(s) < 0, the equations of motion 3.8

simplify to
2" (s) — k(s)z(s) = 0. (3.16)

The so-called phase-amplitude form of the solution is given by

z(s) = Av/B(s) cos (¢(s) + ¢o), (3.17)

where (s) and ¢(s) are the amplitude function (also known as beta function) and phase function
both position dependent, while A and ¢ are the initial constants of integration. Eq.3.17 describes
the betatron oscillations performed by a particle around the orbit while the phase advanced
function ¢(s) between the initial and final longitudinal position s is

5 do
o(s) = —. (3.18)
o B(o)
It is common to define other two function
S ol s 2
als) =442 +(s) = Hii 19

The quantities (a(s), 8(s),v(s)) are known as Courant-Snyder parameters or Twiss parameters.
Under these definitions, it can be easily shown that eq.3.17 and its derivative with respect to s
satisfy the equation of the phase space ellipse

v(8)2%(s) + 2a(s)z(s)2'(s) + B(s)x(s) = A>. (3.20)

The above equation describes an ellipse with area mA? in the transverse phase-space = — 2.

3.1.3 Emittance and Liouville’s theorem

To describe the trajectory of a particle beam composed by a large number of particles, it is useful
to introduce tools and definitions which allow for description of particle beam as a whole. In this
scenario emittance and Liouville’s theorem play an important role.

In order to introduce quantities act to describe the entire beam in the phase-space, the defini-
tion of mean square values of a function f(z) with a discrete distribution of n particles is given
by

n n
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3.1 The equations of motion for a single charged particle

and for a Gaussian distribution, which will be assumed in this work, the root mean square
coincides with the standard deviation

f(@)rms = <f(:c)2> = 0f(z)- (3.22)

The emittance is an important property for the transverse beam dynamics because it describes
the average spread of the electron beam in the phase-space. In the z—p, phase space the so-called
geometric emittance is given by [57]

1

mocp;

rms = V@2 2) — (ep. ), (3.23)
where mg and c are the electron rest mass and the speed of light, respectively and p, is the average
longitudinal momentum. Now, for particles which obey to the canonical equation of motions,
i.e. under the influence of conservative force, the Liouville’s theorem states that the density of
phase space for a given non-interacting particle distribution is a conserved quantity. In other
words, the beam emittance stays constant with respect to time if the particles are under effect
of conservative forces and processes like acceleration, particle losses, electromagnetic radiation
or damping don’t occur; the shape of the ellipse in the phase space will change along the orbit
s but the area will be conserved.

In accelerators, where particles are affected by an accelerating gradient, the emittance is not
conserved. As the momentum p, increases, the transverse momentum p, will stay constant while
the emittance decrease as 1/p, (so-called adiabatic damping) [58]. In that case it is useful to
define the normalized rms emittance:

€n,rms = ﬁ'yerms (324)

In the « — 2’ phase space (referred as trace-space), the trace-space emittance €y rms is defined
as [57]:

€tr,rms = \/<x2><x’2> — <£E£L'/>2. (3.25)

As for the normalized rms space emittance, it is possible to define the normalized trace-space
emittance:

En,trrms = BYEtrrms (3.26)

In case of small energy spread and divergence, the trace emittance and the normalized rms
emittance are equal. In this thesis, the emittance values, which comes from the simulation
results, are given as normalized rms emittance.

It should be noted that the Louville’s theorem applies to the 6D phase space where the con-
jugate coordinates are (z,py,y, Py, 2,0). Under the assumptions required above regarding the
conservative force, the coordinates system is Hamiltonian and thus Liouville theorem is valid.
Fortunately, the trace phase space emittance is also conserved under the conditions that solenoid
field and accelerating field are absent and a small energy spread is taken in count [34].

3.1.4 Beam envelope

The emittance is a powerful tool because it can be used to describe the behavior of the whole
beam and not only the single particle. Eq.3.20, considering the definition of the emittance given

17



3 Introduction to accelerators physics

Je/B

(-

Figure 3.1: Phase space ellipse for a particle in x-x’ plane and relevant Twiss parameters.

in 3.25, becomes
v(8)z%(s) + 2a(s)z(s)2'(s) + B(s)2"*(s) = €tr,rms (3.27)

with the Twiss parameters:

2 12 /
B =L, 1=@ED, aw=-£2 (328
It can be shown that the phase ellipse is uniquely determined and the Twiss parameters are
related by

1+ a?(s)
=)

In a beam each electron lies on a conserved space ellipse. The tilt of the ellipse in Figure 3.1 is

(3.29)

given by —a//f3, usually expressed in mrad, and indicates the correlated transverse momentum
spread. If the beam is divergent, the correlated beam divergence will be positive, otherwise it is
negative and the beam convergent.

Based on the definition of the rms emittance, it is possible to define the beam envelope as:

o(s) = y/€rrmsB(5) (3.30)

The beam envelope allows to calculate the beam size through the beamline (see Fig. 3.2); it is
based on the emittance and betatron function: the first is a constant of motion and is related
to the beam distribution; the latter contains information on the beam lattice and varies with
the position along the beamline. Knowing the optical parameters at initial position in the beam
line (Bo, 0, 70)T, it is possible to calculate them at another point in the lattice using matrix
)T

formalism. Let us consider an initial xo = (z¢,2)? and final trajectory x = (z,2')T vector

18



3.1 The equations of motion for a single charged particle

x[a.u] 3 envelope

particle's trajectory

envelope

X [a.u.]

Figure 3.2: In the upper picture the trajectory of a single particle within the envelope o(s) is shown.
The botton one presents trajectories for several particle in an electron beam and its enve-
lope. Picture adapted from]|2]

related by the transfer matrix in the following way:

geme -
x C'(s) S'(s)) \=

Since emittance is constant, using eq.3.17 and its derivative along whit eq.3.27 yields
r = Y22 + 2aza’ + Bx’? = ’yo:cg + 2apToT) + ,803:62, (3.32)

where 'rms’ and the position dependency is omitted for brevity. Now, from eq. 3.31 we can get
xg. Combining it with the above equation, we get the transfer matrix which transforms the
initial optical parameters into the final one

8 C? —908 52 8o
al=|-cc cs+c's —SS | |ao]- (3.33)
ol 0/2 720/5/ 512 Y

Furthermore, if the initial and final Twiss parameters are known, using eq. 3.11 and 3.17, the
particle trajectories can be calculated along the beamline [55, 2, 59|

(C’(s) S(s)) \/;Zo(comb—!—ao sin)) VB sin 1 5,30

C'(s) S'(s)) (aw)cos%woa)siw /B (costp — asing)

where 1) = ¢ — ¢ is the phase advance between the initial and final position.

19



3 Introduction to accelerators physics

3.1.5 Dispersion function

So far we describe an electron without relative momentum deviation, i.e. § = 0. Now, let consider
a particle with § # 0. Hill’s equation 3.10 will gain another term according to the eq. 3.8:

d

2'(s) + K(s)z = Rs)’

(3.35)

The general solution of this inhomogeneous differential equation is given by the combination of
homogeneous x(s) eq. 3.17 and particular xp(s) solution which is usually expressed as

xp(s) = D(s)0, (3.36)
where D(s) is called dispersion function and satisfied the equation

D" (s) + K(s)D(s) = R0s) (3.37)

with general solution:
D(s) = S(s)/ %dt—(](s)/ ;E?)dt. (3.38)

50

Thus the general solution of eq. 3.35 in the matrix formalism is given by [59, 56]

x(s) C(s) S(s) D(s xo
2Z(s) | =1C"(s) S'(s) D'(s) zg | - (3.39)
0 0 1 1)

As a consequence the beam envelope will be different from eq. 3.40 because now the rms beam
size has two components:

o(s) = \/etr,rmsﬁ(s) + D?(s)o3. (3.40)

The first is related to the betatron oscillation as in eq. 3.40, and the second comes from the
energy spread in the beam where oy is the uncorrelated energy spread.

3.2 Momentum compaction factor

Due to the chromaticity, in a dispersive section, particles will each follow a different path. To
first order, the change in path length can be related to the dispersion function by

As = /S: lﬂ?g;(sdt == R565, (341)
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Ly L,
Electron w/ higher |
energy is behind ! l ./7
(off-momentum) e b
a
/ o~
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(on-momentum) (off-momentum)

Figure 3.3: Magnetic chicane sketch adapted from [3]. Magnetic chicane consists of four magnets. An

injected chirped electron bunch will exit the chicane compressed.

where Rsg is often referred to as momentum compaction factor and it is related to the typical
6D phase space transfer matrix for only linear elements by [60]

x(s) Ry Ri2 O 0 0 Rig zo(s)
x'(s) Roi Ros O 0 0 Rog zg(s)
y(s) _ 0 0 R33 Ry 0 O yo(s) ' (3.49)
y'(s) 0 0 Rys Ryg 0 O Yo(s)
z(s) Rs1 Rz 0 0 1 Rse z0(s)
0 0 0 0 0 0 1 )

3.2.1 Magnetic chicane momentum compaction

In the last decades a growing demand for generation of very short electron bunches has pushed
the community to develop new techniques achieving as short and high charge density as possible
bunches. They have a wide range of applications which extend from dielectric structure driven
by electron beam and plasma wake field accelerators to free-electron lasers.

One of the most used techniques for shortening an electron beam is the magnetic chicane. It is
composed of four magnetic dipoles arranged as illustrated in Figure 3.3 to avoid a net deflection
of the beam from the beam line axis. In a dipole with uniform vertical magnetic field By a
particle with a longitudinal momentum p, will pass through the magnet bending its trajectory
with a radius of curvature R[m] o %ﬁg}/c}. Thus, particles with different momentum will follow
different trajectories. To compress the bunch, an energy chirped beam, i.e. a linear correlation
between the energy and the longitudinal position, needs to be injected into magnetic chicane.
Usually the chirp is introduced accelerating the bunch off-crest before injecting the bunch into
the chicane. A chirped beam will have higher energy tail with respect to head. In this way the
time of flight of the tail will be shorter than the head leading to a bunch compression.

For a symmetric dipole arrangement, the relativistic reference particle passing through a dipole
of length Lp is affected by the bending angle 8y = Lp/R = eByLp/pp and the total deflection
angle through the whole chicane is zero. A particle with a momentum p, will experience a

21



3 Introduction to accelerators physics

deflecting angle of
to

9 = Lp/R =eByoLp/(po+ (p- — po)) = T4 (3.43)

while the total deflecting angle is still zero. For a so-called achromatic chicane [3], particles
which lie on a line and without divergence at the entrance of the chicane will stay on a line at
the exit and the total bending angle for an off-momentum is zero regardless their energy spread.
Under this ansatz the path length of a particle through the chicane can be easily calculated
by geometrical considerations; it is four times the arc path inside the dipoles, once the straight
distance between the upper dipoles and twice the path distance in the oblique section [61]

S = 4LBS.9 +L2, (344:)

1
2L
inf + le

0s 6
where L1 and Lo are the distance between the dipoles as illustrated in Figure 3.3. When 6,6y < 1,
the difference of the path between the reference and the off-momentum particle is given by

2 1 2
Asm—03(L1+5Lp) (1= g ) + O0") ~ =263 (L1 + 5Lp)o + 0(6%,6%), (345
s 01+33 (1+6)2+() 01+3B+( ) (3.45)
where Taylor’s expansion and relation eq. 3.43 have been taken into account. By comparison of
the above equation and the eq. 3.41, the momentum compaction for a magnetic chicane to first
order is

2
Rig ~ —202 (L1 n gLB). (3.46)

Finally, keeping the linear approximation, one can derive the longitudinal slippage 3.41 for a
particle inside of an electron beam with mean energy Ey and energy spread 0 = dcorr + unc,
where dcoyy 18 the correlated energy deviation from Ey and dy,c is the uncorrelated energy spread

de = ds; + Rs6dd = dz;i(1 + hiRs6) + Rs60unc, (3.47)

with h; = Eiodécow the initial linear energy chirp. Quantity C' = (1 + h;Rs6)~! is defined to be
the linear compaction factor. The above equation gives a lower limit for the rms bunch length

due to the non-zero uncorrelated energy spread o, min = R5605,,. - Furthermore, assuming the

unc

convention that the chicane in Figure 3.3 provides a negative Rjyg, the bunch will be shortened
if the chirp is positive, i.e. if the bunch tail has a higher energy than the bunch head.

3.3 Space charge

In the previous section the collective effects such as space charge and self-fields were neglected.
A treatment of these effects is outside of the topic of this work. A complete description can be
found in reference [62, 63].

As the beam travels in the accelerator, other sources of electromagnetic fields need to be
considered. An important impact on the beam quality is played by the so-called self-fields [63],
i.e. electromagnetic fields produced by the beam itself due to its beam current and charge
distribution. The space charge field is one of these self-fields and it is caused by the interaction
of the individual particles inside the beam with the collective charge distribution of the beam
itself. These space charge fields are usually divided into a linear term which defocuses the beam,
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3.3 Space charge

leading to an increase in the transverse beam size, and the nonlinear term which also reduces
the beam quality resulting in emittance growth.

Considering a beam with cylindrically symmetric charge distribution p(r), the electromagnetic
fields are expressed in cylindrical coordinates as [64, 65]

Br(r) = 2L [7 plryrdr,
(3.48)
By(r) = 22 [ p(r)rdr = %Er,

where €9 and pg are the vacuum permittivity and permeability, respectively, related to each other
2 _ 1

by ¢* = €00

space charge forces

and [ = v/c is the normalized electron velocity. Using eq. 3.1 one gets the repulsive

2 T
Fy = (B + feiy) = a5 (1= 8) = Z [ p(eyrar, (3.49)

where 42 = 1/(1 — 8?) is the Lorentz factor. The electric and magnetic field provides, thus,
defocusing and focusing forces, respectively. Furthermore, the space charge (which is usually a
repulsive effect due to the bigger intensity of the electric field w.r.t. the magnetic one) scales as
1/7? meaning that a high energy beam is less affected by space charge than a low energy beam.
A trivial way to understand this effect is to consider two charges travelling in parallel. As the
relativistic energy is achieved, the radial field lines of the charge become perpendicular to the
direction of motion because of relativistic contraction. Thus, the electromagnetic forces between
the two parallel charges vanish [63]. In other words, for relativistic energy the focusing magnetic
field becomes significant and counteracts the defocusing electric field resulting in a mitigation of
the space charge effect.

The space charge forces can be expanded around the orbit. The constant term affects the
synchronous phase [63] while the linear term introduces a shift on the betatron oscillation and
the nonlinear terms increase the emittance. To prove that let consider the paraxial beam envelope
[66]

/ 2

Y ks €n tr
+ K, (s)or(s) — — :
5oy T e T e

where the rms transverse beam size o, (s) is evaluated for a beam under the effect of external

focusing forces of strength K. The fourth term in the above equation represents the defocusing

effect of the space charge which is proportional to the beam perveance ks = 2‘17[3 while the
TEQMOC

last one is the defocusing effect due to the emittance changing. In the so-called space charge

or(s) + on.(s) =0, (3.50)

dominated beam regime the effect of the emittance change is negligible[66, 63, 65]. An important
parameter which determines the change from space-charge regime to emittance regime is the ratio
between the emittance and space-charge term [67]

_ (5%3“”' ) (3.51)

kso?(s)

This parameter changes from p << 1 to p >> 1 for a space charge dominated regime and
emittance dominate regime, respectively.
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3.4 Longitudinal beam dynamics

In this section the fundamental knowledge about the longitudinal dynamics will be presented. So
far, in order to guide particles through the beam system, the interaction of a charged particle with
the transverse components of electromagnetic field has been introduced. However, considering
eq.3.4, a particle in an electromagnetic field will be accelerated if the electric field has one
component in particle’s propagation direction. It is clear that the free space electromagnetic
plane wave doesn’t have a longitudinal electric field component thus it is not possible achieve a
net acceleration. A way to provide an accelerating field is to work into accelerating structures.
Eq.3.4 reads

AEg, = e / E.dz. (3.52)
0

In general, the longitudinal component of the phase-synchronous electric field is given by [16]

E. = Ey.sin(¢ + ¢(z,7)), (3.53)

which states that for an initial electric field amplitude Ey . the energy gain is dependent on the
relative phase ¢ between the particle and the longitudinal electric field and the so called phase-
slippage term ¢(z, ). This term plays an important role in case of low energy beam where beam
velocity is lower than electric field phase velocity leading to a change of the phase experienced
by the particle.

A particle with a so-called synchronous phase ¢, in a travelling wave structure will experience
the same phase along the accelerating structure. For a synchronous phase on the positive slope
of the RF signal, one can consider another particle which arrives later in the cavity. This particle
will experience a higher field intensity gaining more energy than the synchronous one. In case
the particle arrives before in the cavity, it will gain a lower energy because it sees a smaller field
amplitude [68, 69]. Introducing the phase relative to the synchronous particle as ¢ = ¢ — ¢, the

Longitudinal phase-space, ¢, = 0

/

& 0.0 separatrix

_10 T T T T T
—-1.00 —=0.75 -=0.50 —=0.25 0.00 0.25 050 0.75  1.00

Figure 3.4: Longitudinal phase space for a synchronous phase at crossing section. Particles inside
stationary bucket oscillate around the nominal phase.
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Longitudinal phase-space, ¢, not 0
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—1.5 —-1.0 —0.5 0.0 0.5 1.0 1.5

Figure 3.5: RF-backet fish shape for net energy gain. Red line defines the phase stable region around
the synchronous phase ¢, # 0.

equation of motion in the longitudinal phase space (¢, $) (z,9) is given by [55, 70, 71]
2

Ay

[sin (¢s +9) — sings] =0, (3.54)

where Q2 = % is the frequency of the longitudinal oscillations and shows that at

relativistic energy the synchronous oscillation decreases drastically resulting into a negligible
change of the particle distribution. Equation 3.54 is derived from the Hamiltonian

1., 02

2 COSs Qg

[cos (¢s + 1) — cos ¢s + Y sings] = H. (3.55)

For a reference particle at zero-crossing, i.e. ¢s = 0, no acceleration occurs and the particles
around this phase may perform two different trajectories, as shown in Figure3.4. In one type
they are limited in the closed curves performing oscillations around the nominal phase and
ideal momentum; while in the second type, the particles are not limited in a specific area in the
longitudinal phase space. The trajectory splitting the two states is called separatrix, just because
it divides the stable and instable trajectory. While in the first case, particles oscillate about the
synchronous phase, in the latter particles follow an unstable trajectory gaining or losing energy
continuously. The area in the stable separatrix is referred to as bucket. In the particular case
of ¢s = 0 it is named stationary bucket and it is desired for example in a storage ring where
bunched beams don’t need to be accelerate.

As discussed for the transverse beam dynamics, also for the longitudinal phase space the Hamil-
tonian is a constant of motion for canonical variable (1), ) considering the particle momentum
instead of ¥. Thus, the area occupied by the whole bunch in the longitudinal phase space is
referred to as longitudinal emittance.

For a synchronous phase ¢s # 0, the phase space diagram assumes the fish shape shown in
Figure 3.5. Even if the stable phase is now reduced w.r.t. the stationary bucket, particles can
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gain energy propagating in the RF cavity following eq 3.52.
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4

Introduction to the waveguide

mechanisms in hollow-core photonic

crystal fibers

In this chapter, photonic crystal fibers will be introduced. The field equations for the modes used
in the next sections of this thesis are reported and the fundamental waveguide mechanisms in
photonic crystal fibers are also described. Finally, the stack-and-draw method for the fabrication
of these fibers is illustrated.

4.1 Modes of a hollow core cylindrical waveguide

A metallic cylindrical waveguide supports two different type of modes: the transverse electric
mode, TE modes, with only a magnetic field along the direction of propagation and without
longitudinal electric field and the transverse magnetic TM modes without magnetic field in the
direction of propagation z. It can be seen that these modes only propagates with a phase velocity
above the speed of light making them not suitable for synchronous propagation with respect to
the electron beam. Loading the waveguide with metallic irises [64] slows down the phase velocity
whereas the reflected waves add an infinite number of spatial harmonic which produces non-
linearity in the field. A way to overcome this problem is to load the waveguide with a dielectric
layer; the dielectric lined waveguide (DLW) supports also the hybrid electromagnetic mode,
HE-HM modes, with both longitudinal electric and magnetic fields and allows for matching
between the modes phase velocity and the speed of light. The hybrid modes can be expressed
as superimposition of transverse modes TE and TM components as shown in reference [72].
In this thesis the photonic crystal fiber (PCF) will be investigated not only as light guiding
structure but mainly as electron beam energy manipulator. For an easier understanding of the
modes in the PCFs it is instructive to investigate the fields and the propagation constant for
a cylindrical hollow core (HC) waveguide. It should be note that for an optical frequency the
metallic waveguide doesn’t act as a good conductor anymore but rather as dielectric material with
a larger dielectric constant [73]. In the following the basic steps to calculate modes and modal
propagation constant are shown. The readers may take [73, 74, 72, 75, 76] as references for a
more detailed analysis. Here we take in consideration an HC waveguide with core radius p and an
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4 Introduction to the waveguide mechanisms in hollow-core photonic crystal fibers

infinite cladding surrounding the core. The infinite cladding allows to neglect the reflected waves
at the dielectric boundary. These reflected fields may destructively or constructively interfere
with the fields in the core increasing or reducing the attenuation. However, if the free-space
wavelength is much bigger than the core radius, the modes is low-loss because fields propagate
mainly in the vacuum core. The fields need to satisfy Maxwell’s equations (in ST units):

V-B=0
V-D=p
. Y (4.1)
VXE:—W
Vxéz%—?—kf

where E and H are the electric and magnetic fields while D and B are the displacement and
magnetic induction fields. Since the fiber consists of homogeneous dielectric material and in
absence of internal source, the free charge density p and the current densityf will be assumed
zero. Furthermore, only linear effect will be take in consideration so that E and H are linearly
related to D and B by:
D= eoerﬁ

é = Moﬁ
where pg is the vacuum magnetic permeability and €y and €, are the vacuum and relative per-
mittivity, respectively.

For symmetry reasons it is useful to introduce a cylindrical-coordinate system (r,0,z). For
the linearity of Maxwell’s equations, the fields can be expressed by separation of time and space
variables. It is common to assume a field pattern which varies harmonically with time:

ﬁ(e,m) _ ﬁ(e,m) (h Q)Bi(Wt—WZ) (42)

where I1(&m) indicating the electric and magnetic field, w being the angular frequency and v the
complex propagation constant which is defined as v = a4+t 8 where a and § are the attenuation
constant and the phase constant, respectivelly. The above assumption is not restrictive because
any periodic solution can be expressed as a combination of these sinusoidal modes by Fourier
expansion. In order to derive the field components and get the dispersion characteristic, the
wave equation has to be solved. For the longitudinal field component W, it reads:

—82+1—82+k2 2(r,0) =42 | T =0 (4.3)
E— V ’r' —_— = .
or2 " p2ger T OV ANT T

where ko = 27” is the free-space wavenumber and v = 1/% is the complex refractive index of

the medium. The solution for the above equation is a combination of Bessel function. Obtained
the longitudinal component, then Maxwell’s equation will provide the other field components.
Reference [75] shows in detail the calculation for the field components of a T'My; mode. From
eq. 4.3, the longitudinal field component results on a series of Bessel function which is difficult
to handle. For that reason, it is useful to introduce the following approximations:

L2>1,

%-1}«1 (4.4)
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4.1 Modes of a hollow core cylindrical waveguide

where p is the core radius of the waveguide and k, is the axial propagation constant of the
chosen mode . The above approximations require a core radius much larger than the free space
wavelength A and to restrict the analysis only to low-loss modes over which the propagation
constant approximates the free space wavenumber, v & kg. Under these restrictions, an analytical
form for the field components of T Eyp,, T My, and HE,,, into core and into dielectric may be
carried out, as detailed in ref.[73]. Here the subscript n and m are the azimuthal number
describing the number of times the field changes sign in rotation from 0 to 27 and the radial
number which is the number of field maxima in the radial direction from 0 to r. Among the
supported modes, in this work we investigate the interaction of the accelerating mode T'My; and
the hybrid mode H E;; with an high energy electron beam; the approximated electro-magnetic
fields read [73, 77]:

Er = ikjlkzjl(k‘lr)ei(wt_kzz)
TMo = { E, = k}Jo(kyr)e'@=F=2)
| ¢Bo = ikok1Ji(kyr)el<i—h=2)

(Er _ (k2 Jo(k17) 4+ 1 J1(I<:1r)) Cos(e)ei(wt—kzz)

k‘2 T ]{?1
i 4.5
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HE =

where w is the angular frequency, ko = 27/X = w/c is the wavenumber in free space, k, = w/v,
is the wavenumber in the material, J,, is the Bessel function of the first kind, 8 is the angular
coordinate and k; = \/k2 k2. ARFs operating in vacuum support phase velocities beyond the
speed of light (vy, > ¢).

4.1.1 Complex propagation constant

The complex propagation constant v can be calculated for each supported mode by solving the
characteristic equation, as detailed in ref. |73, 74]. The phase constant (and thus the effective
index of refraction n.s¢) and the attenuation constant are calculated as the real and the imaginary
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and the fundamental one H E1; fixing the wavelength at A = 2um

(4.6)

where uy,, are the m-th roots of the Bessel function of order n — 1,i.e Jy—1(tpnm) = 0. As the
core radius gets bigger w.r.t. the wavelength, the effective refraction index increases while the
attenuation decreases. In other word, decreasing the ratio of wavelength and radius, the HC
waveguides acts as a free space over which the phase velocity of the modes matches the speed
of light without any losses. Figure4.1 (a)-(b) shows the n.ss and the attenuation o behavior for

the T'My; and H Fq; for a ~2pm wavelength while changing the core radius.
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4.2 Photonic crystal fibers

The innovative idea to confine and propagate the light along an hollow-core microstructured
fiber has been carried out by Philip Russell in 1991 [78]. The idea lies on concept that the light
may be trapped inside the fiber by a 2D bandgap in the cladding. This phenomena is common
in nature, for example it happens on the wings of a butterfly. The wings are wavelength-scale
periodic structures over which incident light within a range of frequency and angle is reflected
generating the color of the butterfly [79]. Based on the same principle, when a photonic crystal
fiber (PCF) is properly designed it exhibits a bandgap preventing the escape of the light from
the hollow core. However, due to the complexity to fabricate such a fiber, the first concept
demonstration was based on a solid core fiber in 1996 [80]. This fiber, composed by a silica
cladding hosting small air-holes arranged into a triangular lattice and solid core, allowed for the
propagation of the fundamental mode in the core with very low losses. Only in the 1999 P.Russel
and coworkers were able to demonstrate the PBG fiber guiding principle experimentally [6]. This
generation of fibers are very robust since the waveguide mechanism remains even if the fiber is
tightly bent. However, the geometrical parameters play an important role in the confinement of
the light in the core and the waveguide mechanism is highly influenced by small fluctuations of
these parameters.

4.2.1 Overview of different guiding mechanism in PCF

The PCF can be designed for supporting a wide range of light guiding mechanisms which are
related on different fiber geometry. In the following, an overview of the most important mech-
anisms of light confinement is presented. The reader can take [79, 4, 81, 5] as references for a
deeper treatments.

4.2.1.1 Modified total internal reflection

The most of the optical fibers used in telecommunication are related on the total internal reflec-
tion (TIR) mechanism. The core needs an higher refractive index n, than the cladding n. in
order that the light confinement occurs. Based on Snell’s law, if the light from the core hits the
interface between the two regions with an angle bigger than the critical one, i.e. © > arcsin(%)
then the light is confined in the core region. Larger the difference of refractive index, stronger the
confinement. That is the reason because the core is usually doped but in a solid core PCF (also
known as index-guiding PCF) the average refractive index of the cladding is smaller than the
core. In fact the cladding is now filled by small air holes of diameter d (here the name modified
total internal reflection), usually, arranged into a triangular lattice and spaced out by a fixed
distance, the pitch A. Such a complex geometry prevents the exact solution of Maxwell’s equa-
tion, thus numerical methods need to be used. Ref.[82] gives an overview of numerical solution
methods such as Transfer Matrix method, Step Index Fiber analogy and plane wave method.
The results are usually represented in the so called dispersion (or propagation) diagram whose
axes are the normalized frequency wA/c and the normalized wave vector along the fiber SA. A
standard dispersion diagram for an step index fiber with Ge-doped core is showed in ref.|4, 5]
and here adapted in Figure 4.2 a).

The dispersion diagram is an useful tools to figure out the range of frequencies and axial
wavenumber k, (also referred as propagation constant 3) over which the light is evanescent, that
means it does not propagate. As reported by Philipp Russell in his Science paper in 2003 [4], at
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Figure 4.2: Dispersion diagram for a) step index fiber and b) photonic bandgap fiber. Adapted from
[4] and [5].

fixed frequency the maximum value of 3 is set by kn = wn/c for the material under consideration
with refractive index n. These limits are represented by solid lines between two color regions
in the dispersion diagram Figure4.2 a). For an axial wavevector § < nk the light is able to
propagate into the medium; while for a 8 > nk the light is evanescent. In particular, taking in
consideration Figure4.2 a), guided modes into the core appear on the red line (at points such
as R). This narrow band set by kn.A < SA < knooA is representative of the region over which
light is free to propagate into the core but evanescent into the cladding. In Figure4.2 b), the
so called " finger plot" and the corresponding PCF area of light propagation are presented. In
case of PCF, as aforementioned, the cladding is filled by air rods which reduce its effective index
of refraction. For a fixed optical frequency, the light will be evanescent for axial wavevector in
the region (4) while in region (1) it is free to propagate everywhere in the fiber. For § in region
(2), light propagates into the photonic crystal cladding and silica core. Finally, a much bigger
strip above the cut-off region is opened into the diagram: this region (3) corresponds to the axial
wavelength over which light propagates only into the core and is evanescent in the cladding.
The modes form in this area are called guiding mode. This area appears much bigger than the
analogue one in the step-index fiber which points out why the PCF are so attractive also in the
telecommunication. Furthermore, the dispersion diagram shows finger-shaped region (colored in
black in Figure 4.2b)) in the cladding area referred to as bandgap over which for a given pitch
and frequency propagating mode can’t exist in the photonic cladding. It should be noted that
the finger shape propagates into the air region (1) which means that air guidance is still possible.
Thus, a mode with a frequency within the bandgap black finger will propagate into the core
(whether solid or hollow) without leaking out into the cladding.

For the ratio d/A < 0.4, solid core PCF shows the peculiar characteristic to propagate as guided
mode only the fundamental one at any wavelength [83, 4]. This endlessly single-mode operation
can be easily understood (paraphrasing P.Russell) by viewing the cladding as a "modal sieve".
Since light is evanescent in the air, the air-holes acts as a barrier ("the wire mesh of the sieve").
The "grain of rice" is the fundamental mode which has a single lobe of diameter Agqyicign ~ 2A
[84]. Since the pitch A, i.e. the area between the wire mesh thought which the rice can pass, is
too narrow the grain of rice can’t escape. The size of the grain of rice for higher modes is smaller
than the fundamental one, thus they can slip between the gaps and escape the core.

Even if this fiber is very attractive, it is clear that an application in electron beam energy
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gain is useless as it can support only the fundamental hybrid mode HE;;. More promising for
accelerator application are the next two generations of fibers which are going to be introduced
in the following sections.

4.2.1.2 Hollow core photonic crystal fiber: band gap guidance

Hollow core photonic bandgap fiber (PBGF) usually consists into honeycomb or triangular
cladding structure surrounding an air filled core (referred as defect). Since the central core
is now formed by an air hole, the principle of modified TIR is not enable to be applied. In the
case of 3D photonic crystal, one of the fundamental properties exhibited by the structure is the
well-known Bragg gap. The periodic arrangement of scatters within the structure produces a
destructive interference of the waves scattered by the incursions [85]. As a consequence, for some
frequencies the structure may completely prohibit the propagation of light in all directions. This
is referred to as bandgap. However, under appropriate geometries the propagation is only inhib-
ited along certain directions (stop bands). One of these geometries is of course the fiber, which
exhibits a 2D bandgap and allows the light to be confined within the fiber itself. To describe
this phenomenon, the Block-Floquet theory is used, which refers to the physics of matter, where
the periodic arrangement of atomic potentials generates electronic band gaps (forbidden energy
bands for the electrons) [86]. In the case of PBG fibers, the bandgap is due to the periodic ar-
rangement of dielectrics with different refractive indexes such as air and silica. Although Bloch’s
theory is referred to as the mathematically and quantitatively best model, other methods have
been used in order to allow the qualitative analysis of realistic fibers with finite periodic cladding.
In this second generation of alternative numerical techniques such as plane-wave expansion, finite
element or finite difference methods take place. An exhaustive and mathematical explanation
based on Bloch-Floquet theory is not in the purpose of this work but the readers can take [87, 81|
as references for deeper treatments. However, for a phenomenological understanding of the light
confinement into a PBGF, the coupled-wave approach can be adopted [87, 6]. The approach
consists in to approximate the periodic cladding into a periodic dielectric gratings. As shown in
Figure 4.3, when a wave is incident on the gratings, some diffracted waves raise up propagat-
ing into the cladding. Band gap occurs as result of multiple scattering and interference of the
diffracted waves at each interfaces. At the end the incident wave can be seen as getting converted
into these coupled waves which propagate into the channel core. Broadly speaking, the light at
each air-silica interface will be transmitted and reflected; all these reflected waves, under correct
geometrical parameters (ie. pitch and capillaries diameter comparable with the wavelength of
the light), may interfere each other distructively raising a bandgap. If the core supports a mode
located in the cladding bandgap it can’t excape the core but is forced to propagate and stay
confined in the core region. In few words, the core modes can’t find any photonic states into the
claddind for coupling to [82] and excape from the core.

4.2.1.2.1 Bandwidth

In HC-PBGF, the photonic bandgap (PBG) mechanism provides opportunities to obtain ultralow
transmission loss and ultralow bending sensitivity [88]. At author knowledge, currently the lowest
attenuation measured in a silica hollow core photonic bandgap fiber is of 1.72 dB/km at 1565
nm wavelength [89] with a bandwidth less than 40 nm. In the HC-PBF light is confined in the
air core allowing for very low loss and high laser power propagation(it has been experimentally
demonstrated the delivery of femtosecond pulse at mJ pulse energy [90]). Due to the attractive
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Figure 4.3: Photonic bandgap guidance mechanism. Adapted from [6].

applications for HC-PCF, scientific community has been worked on getting larger the bandwidth.
Several simulation has been carried out showing that the triangular rather than the honeycomb
lattice provides wider bandwidth.

Considerable effort has been put into understanding how geometric parameters such as core
radius R, pitch A and capillaries diameter d affect fiber properties. A general finding is that the

T d\?2
_ o 4.7
=55 (%) (47
is one of the most important parameter to control the bandgap: increasing the air-filling factor
the band gap becomes larger. Increasing the core radius the modal power in the glass will be

reduced leading to a reduction in the total loss, while the number of air-guided modes is enhanced
(since it scales as R?) and a greater susceptibility to the mode perturbation due to the intermodal

air-filling factor, defined as:

coupling. Furthermore, the intensity of the field and the effective index of refraction for the mode
is also predicted to be reduced which corresponds to an higher phase velocity for the modes.

4.2.1.3 Antiresonant mechanism

In 2002 Benabid et.all [18] first demonstrated the possibility to confine and propagate light in a
HC-PCF fiber over a broad transmission range. Considering a Kagomeé geometry, which means
capillaries arranged into a honeycomb web with a core defect, the optical transmission bands
covers the visible and near-IR frequencies with relatively low-loss. Only few years later, it was
found that the guiding mechanism of these fiber was different from the PBG confinement. In fact,
simulations showed that forbidden gap didn’t appear in the dispersion diagram [91]|. Furthermore,
it was noted that the properties of the Kagomeé fiber could be qualitatively and quantitative
explained taking in consideration easier fiber geometries w.r.t. the Kagomeé structure such as
concentric hexagons or circle around the core [92|. This was the propulsion for investigating
into a new generation of fibers which sees the single-ring HC-PCF as one of the most studied
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and promising geometry due to the combination of low loss, broad transmission bandwidth and
reduced fabrication complexity.

At the date the guiding mechanism over which the HC-PCF is based on is not yet settle.
There are two light guiding methods which are most favorite against the others: the inhibited
coupling and the antiresonant mechanism. The first, which is introduced in ref.[93], suggests
that the core and cladding modes do not overlap in space even for the same frequency and
longitudinal wavevector. This is due to the fast phase oscillations of the cladding modes respect
to the core modes. In this way the coupling between the cladding modes and the core modes
is inhibited. On the other hand, antiresonant guiding is related to the core wall anti-crossings.
Because this mechanism allows to understand and calculate important figure of merit for the
modes propagation and confinement, it will be shortly introduced in the following.

The mostly studied geometry for antiresonant fiber is the revolver-type fiber geometry (ARF),
also named as single-ring fiber, which consists of a thin glass capillaries (named as antiresonant
elements, AREs) arranged in a circle at constant distance each others. The AREs are then
fixed to the cladding which acts for mechanical stability and, unlike PBG fiber, it has only a
small impact on the waveguiding [92]. The transmission spectrum shows windows of high-loss
between two regions of high-transmission over which the antiresonant mechanism happens; these
loss regions will be opened in the transmission spectrum for wavelengths described by equation

[94, 95, 96, 97):
2t

where t is the ARE thickness, ¢ is an integer which defines the order of the resonance, no and
ny are the refractive indices of the ARE wall and the core, respectively. Unlike the PBG fiber,
only the wall-thickness needs to be considered as geometrical parameter for light confinement
which does not depend on the periodicity of the cladding; when eq.4.8 is satisfied the light can
overcame the ARE wall resulting in a huge loss. The above equation comes from the antiresonant
reflection optical waveguide (ARROW) mechanism, first introduced by Duguay [98] for a planar
waveguide with cladding composed by an alternating of low and high refractive index materials,
and adapted for a PBG fiber by Litchinitster [95]. In this model, each higher refractive index
layer is regarded as a Fabry-Pérot (FP) etalon. When the light is launched into the FP resonator
constructive interference will occur if the input light and the light circulating in the resonator are
in phase resulting in resonant enhancement of the circulating light. On the other hand, if they
are out of phase, the input light will be transmitted and only a small portion be stored inside
etalon. Based on the same effect but the other way around, in an ARF the light will escape
the core if it is in resonance and the cavity is transparent which is met for wavelength given by
4.8. The light will be strongly confined in the off-resonance state where the reflectivity of the FP
resonator is higher. However the ARROW model is in good agreement with the experiments only
until the launched light wavelength is much smaller than the fiber core diameter; for wavelengths
satisfying % > 24/n3 —n? the electric field doesn’t form a standing wave pattern inside the
high-index layer ruled out the ARROW mechanism [95, 5|. In this case the spectrum is again
strongly affected by the periodic lattice and by the number of the layer surrounding the core as
in the PBG fiber.

Another important characteristic of ARF is the size of the core being several tens of microm-
eters which is larger w.r.t. the PBF or TIR fiber, enhancing the loss limit especially for the
step-index fiber where the limit is set by the material breakdown. An analytic expression for
the complex effective mode index in a single-ring ARF has been proposed by Zeisberger and
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Schmidt in 2017 [99]. In their paper, approximating the ARF by single planar films the analytic
expression for the real and imaginary part of the effective refractive index has been carried out.
In this paper a detailed calculation of the complex effective mode index is showed and the fun-
damental results for the phase index Re(n.s¢) and the loss coefficient o for the transverse and
hybrid modes are given by [99]:

1 TEq,,
R _ _ 52 %2 cotd
e(Neff) = Mo — gz ~ FEn2md Vel | € T Mom
(e+1)/2 HE.n,
(4.9)
1 T FEom,
1 2 -3
o= +:ft1 ¢W Q€2 T Moy,

(2 +1)/2 HE.n,

where n,, is the refractive index of the core, k¢ is the usual vacuum wave number, (n.m) are the

azimuthal and radial mode index, ¢ = t\/kg(ng —n2) + k2 is the relative phase corrisponding to
the phase acquired between two reflections inside the thin film of thickness ¢ with &, being the

2
transverse wave number in the glass whereas k in the air, R is the core radius, e = % and
a

Ul,m TEOm/TMOm
J=9 Un-1m HE.n, (4.10)

Un+1,m EHnm

with uy,, the m-th root of the Bessel function J,,().

It can be noted that while for a capillary (or dielectric lined waveguide) the loss of the funda-
mental mode is proportional to 1/R3, as shown in eq. 4.6, for ARFs operating at antiresonant
frequency the loss scales as 1/R*. It has to be noted that the model proposed by Zeisberger
provides a qualitative behavior of the transmitted spectrum but it doesn’t reproduce the exper-
imental results. Figure 4.4 shows the behavior of the transmitted spectrum of a TMy; mode
inside an ARF employing eq.4.9. Recently L.Vincetti [100] proposed an analytical description
of the confinement loss based on single tube mode. However, due to the complexity of the elec-
tromagnetic waves scattering inside the fiber, an analytical model is not able to reproduce the
whole experimental results.
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Figure 4.4: Example of transmitted spectrum for an ARF. At the resonance wavelengths, attenuation
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4.3 Fabrication of photonic crystal fiber

A number of distinct methods of fabrication can be used to produce photonic crystal fibers which
usually assume the preparation of a meter long preform with the desired crystal lattice pattern
and then draw it into the required macroscopic scale while preserving the initial pattern. One
of the most common techniques is the stack-and-draw method, first used by Knight et al.[80] in
1996 producing PBG fiber. This method, used at MPL in Erlangen, is rather fast, clean and
low-cost allowing the fabrication of PCFs with very complex lattice pattern.

Figure4.5 shows the stack-and-draw procedure which can be divided in three fundamental
steps and described as follow[7, 101]:

A) Capillaries fabrication. A greater effort needs to be given to the fabrication of the capillaries
which are the basic building elements of a PCF. Their quality will affect the light prop-
agation and attenuation in the final fiber. Generally, commercial silica tube is mounted
on a drawing tower. By hot furnace at temperature between the softening and melting
point (= 2000C for the silica) and a tractor with controlled speed, the tube is drawn to
outer diameter of few mm and 1 meter long. To control the size of the capillaries, an
accurate chosen of pressurization, feed rate, tractor speed and furnace temperature needs
to be observed.

B) Stacking the preform. The periodic cladding pattern is achieved by stacking the capillaries
and rods properly. Dust residue and fiber bent may increase loss and reduce mechanical
strength; this is why in a clean environment, the capillaries are first cut into shorter pieces
and then arranged and stacked layer by layer in order to form the desired macroscopic
structure named as preform stack.

D) Drawing the cane. Then the stacked capillaries are carefully inserted into a jacketing tube
while a side of one end is closed air-tight by sealing. The cane is now ready to be drawn
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Figure 4.5: Stack-and-draw method [7]

to 1-2 mm diameter size by furnace and tractor. Applying vacuum between the capillaries
and the jacket the interstitial holes can be closed.

D) Drawing the PCF. The final step is to draw the cane into fiber with the desired dimensions.
The cane is mounted on the drawing tower, inserted into a glass tube and drawn down to
the final fiber, always by tuning process parameters as well as the pressure applied inside
the preform which can adjust the air-filling fraction. A final polymer coating is applied to
the PCF for improving the mechanical strength.

4.3.1 Effects of bending on a fiber

Manufacturing is never a perfect process even if accurate diagnostic tools are applied during
the fabrication process in order to control the geometrical parameters of the fiber by tuning the
process parameters. Furthermore, into an experimental campaign the possibility of an unwanted
fiber bending needs to be taken in consideration. Due to the bending the longitudinal symmetry
is broken increasing the dimension of the problem. This is overcome introducing coordinate
transformation which reduces computational time and bringing back the problem to 2-D simu-
lations [102]. The basic idea is to introduce coordinates which allows to describe the bent fiber
by a straight fiber but with a modified refractive index distribution n/(z,y) which at first order
is given by [103, 104]:

w(a,y) = (L+ 50 Ina,y) (4.11)

Reys
where x and y are the transverse directions, while the fiber axis lies at y=0 and the y axis pointing
out of the bend; R.rr = 1.28R for silica fiber [103] is the effective curvature radius and R is
the bent curvature and n(x,y) is the refractive index of the straight fiber given by 4.6. Eq.4.11
shows that the bend introduces losses and can also reduce the effective mode area due to the shift
of the center of the mode toward the outside of the bent [103]. Furthermore, for a bent radius
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R > R (= D3/)\? [104]) the core modes will match the capillary modes reducing drastically
the light confinement which leaks away toward the capillaries. Nevertheless, the bending may
decrease the real component of the effective refractive index slowing down the phase velocity of
the modes. This could bring the electron beam to match to the phase velocity enhancing the
interaction length.

4.3.1.1 Birefringence

Due to manufacturing imperfections PCFs can show birefringence property. The birefringence
can be defined as the difference of the propagation constant between the x- and y-polarization of
the field, B = |n§ff — ngff\. In other words the refractive index of the optical material depends
on the polarization of the electric field. Usually, ideal HC-PCFs are unaffected by birefringence
due to the little interaction between the light and the silica cladding but under mechanical stress,
i.e. bending the fiber [105], or introducing asymmetry in the periodic structure of the fiber, i.e
deforming the circular core to elliptical shape[106] or changing the thickness of few AREs in the
ARF, the refractive index can be field polarization-dependent. A lot of efforts have been pursued
by scientific community to control the birefringence in HC fibers because of their application in
high sensitivity sensor[107] and polarization-maintaining fiber [108]. Birefringence in PCF as
accelerator can be deleterious for the electron beam quality because it may add more instability
in the fields experienced by the bunch increasing i.e. its energy spread.
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Tolerance studies and limitation for

photonic bandgap fiber accelerators

Laser-driven hollow core photonic bandgap (PBGQG) fibers were proposed by Lin in 2001 as high-
gradient accelerators [17]. The central defect in the transversely periodic lattice supports an
accelerating mode for synchronous acceleration in the ultra-relativistic regime. The optical
frequencies in such dielectric laser accelerators motivate a sensitivity and tolerance study to
overcome manufacturing imperfections. Finally we discuss the propagation characteristics of
Lin-fibers and find that small-bandwidth (~ ns) pulses would be needed for efficient acceleration
over longer distances. These findings have been reported into IPAC manuscript [109].

5.1 Photonic bandgap fiber accelerators

Modern conventional particle accelerators operate with radiofrequency and use metallic resonant
cavities providing acceleration gradient of up to ~ 100 MV /m.

Metallic breakdowns and power requirements, as well as the complicated infrastructures of mod-
ern accelerators has motivated the scientific community to look for new advanced concepts which
could improve accelerating gradients on more compact footprints, i.e. with smaller wavelengths.
By comparison, dielectric materials have a laser damage threshold one or two order of magnitude
bigger than their metallic counterparts. For example, in the optical regime, fused silica has a
breakdown threshold of ~ GV /m, the small optical energies required to reach these gradients
~ pJ are available at high repetition rates (MHz) from modern conventional laser manufactur-
ers.

Structure-based laser driven accelerators (DLA) have been largely investigated and the first
experimental demonstration of acceleration using a dielectric grating-structure was achieved
[13, 14, 110]. Recently D.Cesar [15] demonstrated a 315keV energy modulation on a 6.5MeV
beam using an optimized approach. However grating structures are side-coupled and there-
fore inherently have a very limited interaction time with the accelerating laser pulse. This has
motivated alternative research into copropagating accelerating methods.
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Figure 5.1: Longitudinal electric field propagation along transverse direction: in the fiber core section
the field is uniform in both a)x- and b) y-direction of propagation.

5.1.1 Speed of light accelerating mode supported by PBGF driven by 2;m laser

Philip Russell demonstrated the first silica-air photonic crystal fiber (PCF) in 1995 [80, 4|. The
PCF consists of a hollow core surrounded by air capillaries which support a photonic bandgap
(PBG) preventing the escape of light from the hollow core (defect) via a Bragg-like confinement,
as discussed in the previous chapter. The innovative idea to use the PCF as an accelerator was
carried out by X. E. Lin [17] who proposed to use the defect for both mode confinement and
acceleration channel. In his paper he showed that a PBG fiber (Figure 5.2) driven by a 1 pm laser
and with specific geometrical parameters can support a radially uniform speed of light TMg;-like
mode achieving an accelerating gradient up to Fyp = 0.38 GV /m. In his theoretical study, E.Lin
proposed a fiber supporting a speed of light (SOL) surface TM-like mode properly confined into
the defect by imposing the ratio of core size R and the pitch d (lattice spacing) to be 0.52.
Under this imposition the accelerating mode is located into the bandgap and crosses the speed
of light line about kod/27m =~ 1.3 as shown in Figure 5.2 ¢). In this thesis, Lin-fiber geometrical
parameters has been adapted to support a SOL accelerating mode when it is driven by a 2pum
laser. The air capillaries surrounding the defect are still placed into triangular periodicity while
the geometrical parameters sizes have been re-adapted confining the TMy;-like mode. Table 5.1
summarizes the simulated parameters. Figure5.1 shows the longitudinal electric field along the
x- and y- direction. It is important to note that in the fiber core region F, is radially uniform.
This effect comes from the speed of light condition. Being vp, = ¢ <= k., = ko, Maxwell’s
equation for the longitudinal electric field component reduces to

VA E.(r) = (ki — k2)E(r) = 0 (5.1)

which leads to the radially uniform behavior for the longitudinal electric field component. This
mode is usually referred as surface mode since the Poynting flux is localize at the boundary
surface between the air core and the dielectric cladding. It should be noted that PBG fiber used
in telecommunication are manufactured to support the so-called core mode where the Poynting
flux is contained entirely into the defect. While the surface mode can cross the SOL line, the
phase velocity supported by the core modes always exceeds the speed of light. In conclusion, for
synchronous acceleration we need to consider only surface mode. Noble in [111] uses the formula
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derived by Digonnet to calculate the number of core modes supported by the fiber

R)Q% (5.2)

N, ~ (kod)Q(g h
where Ak is the bandgap width above the SOL line. For Lin-fiber eq.5.2 gives that such a fiber
can’t support core mode. Last but not least, the reader should have noted that the accelerating
mode has been called TM-like mode. This nomenclature is due to the fact that all the field
components show the sixfold symmetry of the lattice ((see Figure 5.2 b) for example) while
a standard TM mode doesn’t exhibit a such azimuthal coordinate dependency. Furthermore,
the region of higher longitudinal electric field is outside the defect. In order to estimate the
maximum accelerating gradient G for a such structure, we can introduce the ratio DF' between
the peak field outside the core and the longitudinal electric field. From Figure 5.1 DF is about
1.5. Defining G as the ratio between the damage threshold of the dielectric Ey, and DF'| the
maximum accelerating gradient is defined by [112]

L

Go= Hit.

(5.3)
For the simulated fiber, the supported gradient is about 3 GV/m. The damage threshold of
5 GV/m has been used for the calculation since for a driven laser with 1 ps pulse duration at
21m wavelength the damage fluence is approximately 2 J/cm?.

Synchronous acceleration between the phase velocity of an accelerating mode and velocity of
an electron bunch is critical to efficient acceleration — especially in the optical regime. In the
following, we investigate the geometrical properties of a PBG fiber. We investigate how the
various fiber parameters affect the phase velocity of the accelerating mode. Our simulations
are performed using CUDOS MOF, MPB and MEEP. The former is a free code based on the
multipole method which uses Fourier-Bessel expansion [49, 51, 52]; the second one is a frequency-
domain eigensolver which computes definite-frequency eigenstates in periodic dielectric structures
for arbitrary wavevectors [113]; while the latter one is a finite-difference time-domain (FDTD)
method for computational electrodynamics [114]. The high-frequency driving fields and scale of
the accelerating structures suggests challenging tolerance requirements and motivates a rigorous
investigation.

5.2 Tolerance studies

A 2D PBG has a periodic structure in the two transverse directions acting as mode confinement
and is uniform in the longitudinal direction. Due to the multiple scattering of the electromagnetic
waves which occur at each vacuum-dielectric interface, a forbidden energy gap (bandgap) can
appear in the dispersion diagram. Figure 5.2 shows the band diagram of a Lin-fiber obtained from
MPB simulations for the geometrical parameters detailed in Table 5.1. The simulated geometrical
parameters have been re-adapted for a 2pm laser-driven PBG taking in consideration the ratio
R/d=0.52 and kod/2m ~ 1.3. Under these impositions which has been proposed by E. Lin, the
fiber can support SOL accelerating mode.

A deeper understanding of a PBG is based on the Floquet-Bloch’s theorem and the variational
principle [81, 115, 116]. The bandgap width is primarily due to the contrast between the per-
mittivities of the dielectric and vacuum-capillaries in 1D. However, in 2D, the bandgap width is
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Figure 5.2: a) Lin photonic bandgap fiber: The accelerating mode, confined by the periodic lattice,
propagates in the defect channel. b) CUDOS longitudinal field intensity of the defect
mode (color scheme from blue (min) to red (max)). c) Dispersion diagram: the white
regions are the bandgap structure of a Lin fiber in a frequency-wavenumber plane. The
correct geometrical parameters introduce a defect mode (orange line) that cross the light

line (green) in the bandgap.

Table 5.1: Geometrical parameters of the Lin fiber using a 2 pm laser

Lin’s fiber Parameter

Defect radius (Ro) [um] 1.3572
Capillaries radius (rg) [um] 0.9135
Pitch (do) [pum] 2.61
Dielectric permittivity (e,) 2.13
Effective refractive index (n%) 1.00369
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Figure 5.3: a)-c) Real and imaginary components of the effective refractive index as function of the
geometrical parameters: the linear correlation results in a tolerance range of 10% in which
the fiber supports an accelerating mode. The behavior outside the linear trend indicates
that the higher modes have been excited in the core leading to an increase of the imaginary
part of the effective refractive index and therefore to the loss (red). d) Real part of the
defect mode’s effective refractive index and phase velocity as function of wavelength.
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(um) | Ry=141=091;dg=261 | R=12r=085d=259 R=15 =093 d =268
nd; = 1,00369 fops = 1.04081 fepp = 1.01753

Longitudinal
Electric Field

Figure 5.4: Effect of manufacturing imperfection on the longitudinal electric field distribution and
on the effective index of refraction. On the left, the longitudinal electic field employing
the parameters of 5.1. In the other figures, a casual change of the parameters leads to a
curvature of longitudinal electric field into the core and to a change of the effective index
of refration.

determined by a combination of the permittivity contrast and geometrical parameters which can
tune the effective refractive index for the mode n.g = ng + ¢ ny where ¢ is the imaginary unit.
The real component describes the phase velocity vy, of the mode

nRr = c/vpn (5.4)

where ¢ is the speed of light, while the imaginary part represents the diffractive loss due to
Poynting flux escaping in the transverse direction:

ny = a2k, (5.5)

where « is the loss coefficient and k, is the propagation constant in the material [111].

Another important figure of merit is the Q-factor for the mode which is linked to its bandwidth:

where f, is the resonant frequency and Af is the mode’s bandwidth.

To accelerate particles efficiently, the phase velocity vpp of the confined TM-like mode must
match the electron velocity v.. In the ultra-relativistic regime v, ~c and for synchronous mode,
where vpn ~ ¢, the longitudinal accelerating fields in core become transversely uniform. If the
geometric parameters (e.g. defect radius, capillary radii and pitch) change then the mode will
shift in the dispersion diagram, yielding a new vpp, (Eq. 5.4).

Figure5.3 (a-c) show the neg behavior scanning each parameter independently. To study the
change in neg we have used CUDOS and within the range where it shows a linear relation to
the defect radius we find that d(ngr/n%)/d(R/Ry) = —0.13 in agreement with the literature
[111]. The linear trend is also present as we modify the underlying crystal. By scanning the
capillaries radius and pitch we find d(ng/n%)/d(r/ro) = —0.47 and d(ngr/n%)/d(d/dy) = 1.3
, respectively. Figure 5.4 shows how the manufacturing imperfections act on the neg and thus
on the longitudinal electric field distribution. We note that the mode dispersion line is strongly
dependent on the capillary radii and the pitch rather than the defect radius. Finally, a rough
trend of neg as function of the input laser wavelength has been presented in Figure 5.3(d). The
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possibility to shift the phase velocity of the mode tuning the wavelength may be an useful tool
to select the right neg to accommodate manufacturing imperfections.

5.3 Quality factor

In the np linear range of Figure 5.3, the fiber supports an accelerating mode of which ny is about
2x10~* which corresponds to a very large loss coefficient a (see Eq. 5.5).

Figure 5.5 shows that the confinement could be improved as we increase the number of sur-
rounding layers. The exponential decay behavior of the loss coefficient leads to an improvement
of the Poynting flux confinement and thus could increase the length of the fiber (neglecting the
phase slippage):

S, ~ e %, (5.7)

There is a tradeoff between the loss coefficient and quality factor. It is crucial to note that as the
number of layers increases, the loss factor becomes exponentially better (Figure 5.5); however,
with additional layers, the mode bandwidth also decreases exponentially. This implies that a
efficient acceleration in a Lin fiber is incompatible with short, high bandwidth laser pulses.
From Figure 5.5, for a loss factor of a=1/m, we would require ~12 layers, suggesting an
associated quality factor of 300,000. This corresponds in turn to a transform limited pulse
duration of 880 ps for a Gaussian pulse. From [8], we estimate a fluence threshold of ~40 J/cm?.
We are assuming negligible variation of the damage fluence F from 1pum to 2pm. On a bulk
fused silica, the damage fluence threshold of 1pm is 17 J/cm?. The peak electric field is given
by [17]
2F
VerT

where ¢, is the fused silica permittivity, 7 is the pulse length and Zy = 3770 is the vacuum
impedance. From the above equation a peak electric field of about 1.5 GV/m can be calculated.
As discussed in the first section of this chapter, the ratio between the peak field outside the
core and the longitudinal electric field is 1.5, leading to a maximum acceleration gradient in the
core of ~1 GV/m. For a pulse length of 880 ps, due to the pulse phase slippage between the
relativistic electron beam and the laser pulse, the maximum fiber length is 0.5 m calculated by

Ei, = Z, (5.8)

I = T ula (5.9)

where v, is the group velocity evaluated as %9 = 1/¢, for synchronous propagation [17].

The SINBAD facility at DESY [22] will begin research on DLA after commissioning is complete.
The 2pm laser system employed for these experiments has a transform limited pulse duration
of 1.25 ps, which corresponds to 350 GHz of bandwidth. To gain some insights with the compat-
ibility of a Lin fiber, eq. 5.6 yields a Q-factor of ~450 which corresponds to an a ~ 1100m™1
for 6 layers. Taking into consideration Eq. 5.7, 70% of the incoupled power will be lost into the
matrix along a 1 mm long structure.
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Figure 5.5: Loss coeflicient and Q-factor as function of number of layers in a log scale plot.

5.4 Propagation of the accelerating mode

Finally, we present results for an in-coupling simulation using FDTD software, VSIM [117].

An effort for the coupling study was pursued by SLAC [112, 118]. In their theoretical papers,
they show that from the far-field pattern is possible to obtaine the free-space mode profile which
can be used to produce optimal coupling to the accelerating mode if propagated in reverse into
the fiber. Their simulations show that a “6 petals” radially polarized gaussian beam resembes
the required far-field pattern. It can be shown that a TEMg3 Laguerre-Gaussian laser mode
resembles the “6 petals” far-field pattern. Figure5.6 a) shows TEMg3 (LG) given by [119]

rv2 R
1+Z/ZR)2 [W(ZQ)}llLlf'[j(z)Q}e w()2.

2
2R il ,—ip I+ axctan(Z,)

LGpl(r> ¢7 Z) =
(5.10)

—ikr©z

where (7, ¢, z) are the cylindrical coordinates system, p > 0 and [ are the radial and azimuthal
index, zp is the Rayleigh length, w(z) is the beam size, Lé is the associated Laguerre polynomial
and C is a constant. Naidoo [120] demonstrated experimentally that 6 petals modes are a
coherent superposition of LGgts modes generated by SLM (spatial light modulator). Coupling
efficicency is predicted to be about 20% [118].

Here, we launch a radially polarized gaussian mode and focus it at the entrance of the fiber.
The input field has a central wavelength of 2 pm and it has been simulated as the superimposition
of the Hemite-Gaussian HGg; and HGjp modes. Figure 5.6 b) shows the calculated modes by
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Gauss-Laguerre mode TEM
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Figure 5.6: a) 6 petals radially polarized gaussian beam and b) Hermite-Gaussian radially polarized
beam. The first is given by the superimposition of LGo+3; the latter is a combination of
the modes HG1¢ and HGo;.

the formula [121]
2

1 1 X 7% Yy *yiz
HGunte ) =\ gt S Vg e " (V2T Es)e S

-e:r:p( —i[k:z —(1+n+m) arctan(i) + W}),

(5.11)

with HG1g and HGg; are x- and y- polarized, respectively. In eq. 5.11, n and m are the nodes in
the horizontal and vertical direction, respectively, H, ,, is the Hermite polynomial and R(z) =
z(1+ (2r/2)?) is the radius of curvature of the wavefront.

The results, shown in Figure 5.7, show the mode pattern along 50 pum of propagation. It is
interesting to see that at 5 um far from the end side of the fiber, the field profile resemble quite
close the projection of Poynting flux obtained in [112] for 5\ distance from the PBF/vacuum
surface.

Due to the time-consuming need for the calculation of the field pattern over longer distances,
our simulations are based on 40 pm as fiber length. The incoupled mode is very lossy due to the
small number of layers around the core which leads to big loss coefficient as demonstrated pre-
viously. The initially longitudinally polarized excitation pulse adapts into the PBG accelerating
mode but due to the topological differences of the modes, a significant amount of energy is lost,
see Figure 5.8.
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Figure 5.7: Sketch of the PBGF with incoupled mode at different position in the fiber.
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5.5 Conclusions

5.5 Conclusions

In this chapter, we have presented a tolerance study assuming realistic manufacturing imperfec-
tions and showing that the geometrical PBG fiber properties play a crucial role for getting and
confining the optimal accelerating mode into the defect. Moreover, the defining a tolerance range
in which the mode properties in the fiber can be recovered tuning the laser wavelength seems
to be very useful for the manufacturing, where a tolerance range of 10% is generally required.
Finally, we have pointed out that a strong limitation of a Lin fiber is the tradeoff between the
loss coefficient and allowed bandwidth of the accelerating mode. An investigation into the com-
patibility of Lin fibers with narrowband ~ ns pulses could be very interesting; however, we have
shown that efficient acceleration using short, high bandwidth pulses in Lin-fibers is incompatible.
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6

Electron beam manipulation with

laser-driven anti-resonant fiber

The small aperture of the photonic bandgap fiber comparable with the driven wavelength makes
both fiber fabrication and electron beam parameters challenging. Due to its bigger aperture,
the anti-resonant fiber (ARF) could be an interesting candidate for beam acceleration and beam
manipulation. Furthermore, under anti-resonant conditions, ARF allows for guiding light in
broad range of frequency. In this chapter, we present the numerical ASTRA simulation results
about the interaction of an electron beam with both accelerating mode TMy; and dipole mode
HEq; inside the ARF. We propose a novel scheme using laser-driven anti-resonant optical fibers
and show several appealing cases consisting of single-bunch acceleration, energy modulation, the
production of microbunches and beam streaking. The findings of this chapter will be reported
in "Attosecond bunch trains and sub-attosecond temporal resolutions with laser-driven anti-
resonant fibers" manuscript. Submission of the paper on PRX is ongoing [122].

6.1 ARF design

The large core sizes of ARFs compared to grating DLAs potentially enable their application
with conventional charged particle beams with micron-level emittances. Here we investigate the
application of the two most elementary modes, the HE1;, which is primarily used in deflect-
ing/streaking cavities and the TMy;, which is used for beam acceleration.

In order to meet the needed conditions for the use of an ARF in the field of accelerators
and at the same time to respect the anti-resonance conditions an intensive collaboration was
undertaken with the Max Planck Institute in Erlangen, in particular with P. Russell’s division.
Intense discussions were held in order to simultaneously satisfy the demands of a large hollow
core, intense accelerating electric field, phase velocity of the interested mode as close as possible
to the speed of light, and anti-resonance conditions for a wavelength of 2 pm, resulting in the
fiber design shown in Figure 6.1. Here, ten capillaries are attached to the fiber cladding allowing
for the propagation of a largely broadband spectrum in the central core about the reference
wavelength of 2.051 pm. The theoretical transmission band is about [1550-2650] nm. Table 6.1
reports the most important geometrical parameters.

d

Since the ratio §; &~ 0.127 the fiber can support and confine several modes being an multi-

modes fiber. It was demonstrated that a ratio of 0.682 [123] is sign of hollow core endlessly
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Figure 6.1: Schematic of an anti-resonant fiber (ARF) with an inner diameter D, supported by 10 anti-

resonant elements (AREs) with wall thickness ¢ and inner diameter d (a). The numerically
calculated loss diagram is shown in (b), illustrating the anti-resonant low-loss bands.

Table 6.1: Hollow core anti-resonant fiber parameters

description symbol value
hollow core inner diameter D 157 pm
number of capillaries - 10
capillary inner diameter d 40 pm
capillaries wall thickness t 1.5 pm
fused silica refractive index n 1.4373
@ -1 - 1.15-1074
’UHE

2 ] - 4.54-1075

single-mode which means that the fiber is anti-resonant for the fundamental core modes and
resonant for higher order modes allowing for their propagation toward the cladding.

As mentioned in chapter 4, field descriptions were first discussed by Marcatili and Schmeltzer
|73| in a simple case of hollow core dielectric waveguides with infinite cladding based on a deriva-
tion from Stratton [74]. Modern analytical approaches describing fields in more complex e.g.
ring-type ARFs rely on these general field formulations albeit with modified propagation con-
stants [94]. We note that this derivation assumes non-resonant conditions and a large core
diameter compared to the wavelength (D >> )); this leads to propagation constants near free
space (k. ~ ko). We are particularly interested in the accelerating TMp; and fundamental
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Figure 6.2: Field maps for the TMo; (left) and HEq1 (right) modes. The fields maps were gener-
ated with COMSOL and imported to ASTRA. The anti-resonant elements are especially
noticeable in the outer portions of the longitudinal fields.

deflecting HE; modes which take the form [73],

Er = iklszl(klr)
TMOl = EZ = k%Jo(]ﬁ?“)
\CBG = ikokljl (]ﬁ?“)

(
E, = i(k222, Bollar) | %Jl(,fllr)) cos(0)

Ee—z<k2J2<’“1’”> RIRIRNG
= ko Jl(klr) cos(#)

cB, = —ikg k‘ 2( 1) sin(6)

cBy = ikok, JQ(klr) cos(#)

\CBZ = —ko% sin ()

(6.1)

HE;; =

where w is the angular frequency, ko = 27/\ = w/c is the wavenumber in free space, k. = w/vp, is
the propagation constant, J, is the Bessel function of the first kind, 6 is the angular coordinate
and k1 = +/ kg — k2; for brevity, the complex propagation phase e!(@i=k=2) hag been omitted from
the equations. ARFs operating in vacuum support phase velocities beyond the speed of light
(vpn, > ©).

The fields were also calculated with the wave optics module in COMSOL [53] using the finite
element method to solve Maxwell’s equations in the frequency domain. The field maps for both
the TMp; and HE1; modes are shown in Figure 6.2. Both fieldmaps are normalized to 1 W of
input power. Figure6.3 shows that the calculated fields are in good agreement with the analytical
descriptions but toward the AREs, significant discrepancies appear. The difference between the
integrals of the field normalized calculated (E,gc)) and analytical (E; B )) fields within the core is

(@) (C)
7 arE (f ~11%.

Finally, in Figure 6.4 we show the calculated n.rs and dispersion as a function of wavelength
for both the TMy; and HE;; modes for a fiber with dimensions described in Table 6.1.
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Figure 6.3: Longitudin(a% electric field of TM mode calculated by COMSOL E! and analytical for-
mula6.1 E.*.

6.1.1 Considerations about ASTRA simulations

In this section the assumptions took for running simulations in ASTRA will be discuss. As
aforementioned, first ARF modes have been simulated by COMSOL, then the fieldmaps were
adapted to ASTRA format. In order to reproduce the electro-magnetic fields supported by
the fiber, in ASTRA the travelling wave consists of the superimposition of two standing waves
with relative phase of 7/2 as discussed in [48]. In addition, the inner surfaces of the fiber were
simulated by inserting a cylindrical aperture with a slightly smaller diameter than the original
fiber. The reason for this difference is that in the vicinity of the capillaries, electromagnetic fields
interact with the electron beam producing electron loss. Our assumption is that an electron beam
propagating inside the simulated aperture (without particles loss) is able to propagate into larger
fibe aperture without collisions with the fiber boundary.

Due to the relatively long simulation times required with space charge, we also compared
results without space charge, to support the exploration of a large parameter space. Since the
low-charge electron beam is considered in the ultra-relativistic regime (100MeV), the effect of
the space-charge is anticipated to be negligible. In fact, we found negligible differences between
simulations with and without space charge for the ASTRA parameters described in Table 6.2.
However, the final simulation results are reported including the space-charge forces and stated
explicitly.

Finally, an important consideration has made about the maximum accelerating gradient sup-
ported by the fiber. Figure 6.7b) shows the typical donuts-shape of a T'My; mode radially polar-
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Figure 6.4: The effective refractive index (n.ss) and dispersion are shown in (a) and (b) respectively,
for the HE{; and TM(; modes.

Table 6.2: ASTRA parameters

description symbol value
magcroparticles - 10°
charge e -500 {C
radial SC bins Nrad 30
long. SC bins Nlong 100
max. Runge-Kutta timestep  Hnaz 1fs

ized; the average power of the electromagnetic fields is estimated by integrating the time-average
Poynting vector over the ARF cross-section, which is given by eq.6.2,

(B x H"), (6.2)

where F and H* are the electric and the complex conjugate magnetic field, respectively.

Due to the laser induced damage threshold, we assume 0.5 m.J as laser energy which is com-
patible with the 2 ym ARES/SINBAD laser system (see chapter 7 for laser parameters) and
leads to the maximum accelerating gradient of ~180 MV /m. Larger gradients could be possible
but preliminary experimental investigations into coupling/damaging seem to confirm as 0.5 W
the maximum imput power supported by the ARF employing the SINBAD/ARES laser system.

6.2 Accelerating mode TMy;: energy gain, energy modulation,

microbunching

The TMp; mode is the backbone of conventional radiofrequency (RF) accelerators supporting
a longitudinal accelerating field routinely used to increase beam energies. It is often desired to
utilize a relatively small bunch length compared to the accelerating wavelength to minimize the
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6 Electron beam manipulation with laser-driven anti-resonant fiber

energy spread of the accelerated beam. While RF linacs generally have insignificant RF focusing
in the ultra-relativistic regime, the phase velocities supported by ARFs are larger than the speed
of light, supporting azimuthally-symmetric transverse forces. Here we investigate the utilization
of a laser driven TMp; mode with an electron bunch.

As aforementioned, ARF was simulated using the finite element modelling COMSOL which
provides the field map plotted in Figure 6.5 and n.rs = 0.999884970800487 as effective index of
refraction for the mode. Thus, the phase velocity of the mode exceeds the speed of light.

a) X )

" "3 l
. 1

Figure 6.5: a) Electromagnetic field profile in arbitrary unit; b) Amplitude of electric and magnetic

field of TMy: mode for the simulated ARF.

b) i

yin

A primary limitation to electron beam interactions in ARFs is the distinction between massive
particle velocities (ve) being bound below the speed of light, in contrast to the phase velocities
of modes in ARFs being bound beyond the speed of light. However, while that fiber seemingly
does not support synchronous modes, it does permit mm-scale interaction lengths between the
phase velocity (vpy) and electron bunch velocity before the dephasing affects the electron beam
quality. The interaction length before slipping by a half wavelength A/2 is given by,

A
2(%h 1)

Ve

L < (6.3)

leading to an interaction length for efficient acceleration of ~8 mm for a beam energy of 100 MeV.
Millimeter scale structures powered with sub-mJ pulses are sufficient to impart significant longi-
tudinal and transverse momentum distributions in the ultra-relativistic regime, as discussed in
the following.

The fields employed in our simulations were calculated with COMSOL|53] and imported di-
rectly into ASTRA[48] for beam dynamics simulations. Figure 6.5a) illustrates the electromag-
netic fields profile in arbitrary units for the simulated accelerating mode T'Mj; while the evolution
of the electric and magnetic field along the horizontal x- and vertical y- direction are plotted in
Figure 6.5b). Since vy, # ¢, the longitudinal electric field, E;, is transversely dependent, i.e.
particles at a same phase will gain different energies for different radial offsets. This effect comes
from Maxwell equation which for the longitudinal electric field reduces to

V2E, = (k- K)E.#0 (6.4)

resulting in F, parabola-like shape shown in Figure 6.5b). This behaviour comes from the
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6.2 Accelerating mode TMy;: energy gain, energy modulation, microbunching

Bessel function in the eq. 6.1. This effect increases the energy spreads and also transverse
focusing/defocusing forces. The general forces acting on an electron with velocity ¥ = v.2 can
be calculated by the Lorentz force:

F = e((E,, — BeBy)i + (Eg + BeB,) + Ez) (6.5)

where e is the electron charge, (f,é,é) are the identity vectors for the cylindrical coordinate
system and 8 = ve/c is the normalized beam velocity for the simulated 100 MeV high energy
electron beam. From eq. 6.5, the transverse forces within the ARF can be calculated, using the
field approximations eq. 6.1,

F, = ekikoJi(kir) (B — nesy) sin(®), (6.6)

where U = wt — k,z. This results in the formation of focusing (¥ € (0,7)) and defocusing
(¥ € (m,2m)) forces along the bunch and also admits points with no transverse forces for ¥ = 0
and ¥ = 7, as illustrated in Figure6.6a).

@) = "l b) —

— F

\ defocusing

focusing

0 10 20 30 10
fum)

Figure 6.6: Longitudinal electric field E, and transverse forces F, for T'Mo1 mode: a) Cosine- and
Sine-like propagation behavior along the axis fixing distance from the core r = 30um of
E., and F,, respectively, and b) an example of their evolution along the radial direction
setting the longitudinal phase of ¥ = 3/4x.

In addition there are additional transverse force contributions due to the radial coordinates
of different particles due to k1 # 0, as shown in Figure6.6b). Electrons at various longitudinal
phase and offset will feel different accelerating and defocusing/focusing forces which will affect
their dynamics producing acceleration and energy modulation. We also note that the transverse
force dependence is generally undesired since it leads to emittance growth, here we mitigate this
effect by employing a relatively small beam size compared to the structure aperture.

6.2.1 Electron beam energy gain

For relatively long bunches o, > A, equal portions of an electron beam will be accelerated and
decelerated in the different polarities of the longitudinal electric field, E,. The utilization of
short bunches, o, < /2, overcomes this issue and provides a way to accelerate bunches with
relatively small energy spreads. It has to be noted that with micron-scale wavelengths, this can
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6 Electron beam manipulation with laser-driven anti-resonant fiber

be challenging to accomplish due to limitations in laser-RF synchronizations O(100 fs). In this
section a relative short bunches will be injected into ARF powered by TMy; mode. From eq. 6.3,
the maximum length for efficient energy gain is limited to 8 mm. As shown in Figure 6.8, the
electron beam has to co-propagate with the driven laser inside the ARF. It needs to be noted
that for the net acceleration application it is required any further equipment. Collimator and
dispersive section will be required for the applications which will be investigated in the next
section.

Figure 6.7a) shows the preliminary scan of the relative phase between the travelling wave
and a 100 MeV electron bunch. The plots show that an injection phase of 250 deg allows for
maximizing the energy gain and the transmitted charge while the beam quality is preserved. The
injected electron beam parameters are reported in Table 6.3.
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Figure 6.7: a) Final beam parameters as function of the injection phase for 8 mm long ARF: at 250
deg as relative phase the energy gain is maximized while minimizing energy spread and
emittance growth. b) COMSOL electromagnetic normalized intensity for the simulated
TMo1 mode and (on top) the twist period, the selected wavelength and the complex effec-
tive index of refraction.

Table 6.3: Electron beam parameters

initial final
bunch length (oy) [fs] 0.02  0.02
transverse beam size (04 4)[um| 5 2.9
emittance (eg,,)[nm| 20 20.3
aver. energy (E)[MeV] 100 100.77
energy spread (dE)[keV] 50 50
charge [fC] 5 5
accelerating gradient [MV /m]| 180
ARF structure length (L) [mm| 8

We first investigated how to efficiently match the electron beam into laser-driven ARF by
performing a parameter scan over the electron beam size (o0,.) and the correlated beam divergence
(0]) at the entrance of the structure. Figure 6.9 shows that certain matching conditions are
preferred to mitigate emittance growth and energy spread while maximizing energy gain and

transmitted charge through the structure. Figure 6.9 b) shows only the final beam emittance in
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6.2 Accelerating mode TMy;: energy gain, energy modulation, microbunching

Figure 6.8: Schematic of the presented microbunching setup. An electron beam passes through a
laser driven anti-resonant fiber (ARF). The resulting laser excitation produces an energy
modulation, and also strongly defocuses electrons periodically. The resulting defocused
or spoiled electrons are absorbed on a collimator, producing a high quality microbunched
electron beam beyond the collimator. Finally, the addition of a weakly dispersive element
can be used to further improve the form factor of the beam by converting the energy
modulation into a density modulation.

x-direction but it should be noted that for symmetry the interaction of the bunch with the TMg;
mode affects both the x and y transverse beam parameters similarly.

Here the initial electron beam parameters are described in Table 6.3 and are consistent with
anticipated beam parameters of the ARES linac based on recent beam parameters measured at
REGAE [124]. However, to avoid increasing in energy spread, 20 as (attosecond) long bunch
has been taken in consideration which is not achievable at ARES/SINBAD. An electron bunch
of 5 fC with initial electron beam parameters of (0,07 ,)=(5 pm,-1 mrad) has been simulated
in ASTRA considering 100000 electron including space-charge. The final beam parameters are
summarized in Table 6.3. Due to the extremely short bunch, only 5 fC charged beam has been
simulated to mitigate the space-charge effects.

Figure 6.10(a) illustrates the average energy and energy spread evolution in a 8 mm long
fiber. While the first increases achieving ~0.8 MeV as energy gain, the latter doesn’t show
relevant amount of change. The injection phase of 250° provides transverse focusing forces and
also maximizes the energy gain via phase slippage. As shown in Figure 6.10(b) the transverse
beam size is heavily influenced by the transverse forces leading to a focusing of the beam before
relaxing in a portion of phase which is less influencing. The transverse emittance growth is
especially small for such a nonlinear high-frequency structure making the fiber very promising.
Furthermore, bunch compressor simulation results show that 1 fs compressed electron beam is
achievable at ARES/SINBAD. Using such a short bunch (1 fs), more recent ARF simulations
still show energy gain of 0.6 MeV while emittance and energy spread rise up to 150 nm and
312 keV, respectively.

Although these results are promising, there is at the moment no method to properly syn-
chronize an electron bunch into such an injection phase. In such an experiment, the full range
of phases would be sample, therefore the investigation of long bunches seems to be extremely
interesting for a future experiment.

6.2.2 Beam manipulation via T'M,; mode

In this section, we investigate the utilization of a laser driven TMy; mode with an electron bunch
significantly longer to sample several oscillations along the bunch. The transverse beam dynamics
are critical in a velocity mismatched structure, to especially understand the development of
the electron beam quality. The transverse forces in an ARF are anticipated to be very large
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Figure 6.9: Scans of the electron beam transverse size and convergence/divergence into the fiber, i.e.
matching. Various final beam parameters are illustrated for an injection phase of $p=250
deg. (a) shows the kinetic energy gain, (b) the final beam emittance, (c) the energy spread,
and (d) the transmitted beam charge.

since the accelerating fields and driving frequencies are large and the velocity of the electron
bunch and phase are mismatched. Via the oscillatory component, the transverse force focuses
and defocuses the beam (see Figure6.6) and therefore a relatively long bunch is anticipated to
experience interesting longitudinal bunching dynamics.

The transverse forces in the fiber are large and lead to strong focusing and defocusing of the
bunch. By controlling the beam size and divergence in the fiber, the final beam properties can
largely vary. We therefore first investigated how to efficiently match the electron beam into a
relatively low-power laser-driven ARF by performing a parameter scan over the electron beam

size (0,) and the correlated beam divergence (o]

’) at the entrance of the structure.

In Figure 6.11 a) and b), the resulting rms energy spread and final beam emittance are shown
for a 6 mm and 8 mm long fiber, respectively. The initial and final electron beam parameters
are described in Table 6.4 with reduced maximum on-axis longitudinal electric field of E, =
12 MV/m. For a properly matched beam there is no emittance growth and the resulting energy
modulation is smooth and sinusoidal, as shown in Figure 6.11 c¢) and d). In this preliminary
example, there is no collimator or dispersive section and the maximum peak-to-peak energy
modulation strength (Epop) is 254 keV and 265 keV . Comparing the two cases, while 6 mm
fiber would provide the best final beam quality, the 8 mm fiber could be easier to handle achieving
higher peak-to-peak energy modulation. The simulation results are reported in Table 6.4 and
include the space-charge.
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Figure 6.10: Beam parameters for the longitudinal evolution of a short electron bunch; a ~ 180 MV /m
acceleration gradient is assumed for an injection phase of 250 degrees. a) The evolution of
the kinetic energy (red trace) and energy spread (blue trace) is illustrated. b) Transverse
beam dynamics: the evolution of the transverse beam size (red trace) in the longitudinal
direction while the normalized emittance is quite constant (blue trace).

Table 6.4: Energy beam manipulation: electron beam parameters for a relatively long bunch.

6 mm | 8 mm

| initial | final | initial | final |

| bunch length (o¢) [fs] | 20 | 20 | 20 | 20 |
‘ transverse beam size (0,4 )[pm| ‘ ‘ | 5.1 ‘ 1.2 ‘
‘ corr. divergence beam (o, , )[mrad] ‘ -1.5 ‘ | -0.5 ‘ -0.45 ‘
| emittance (ezy)[nm| | 50 [509| 50 | 55 |
| aver. energy (E)[MeV] | 100 | 100 | 100 | 100 |
| P2P energy mod. (Epop) [keV] | 0 | 254 | 0 | 265 |
‘ energy spread (dE)[keV] ‘ 20 ‘ 37 | 20 ‘ 41 ‘
| charge [fC | -500 | -500 | -500 | -500 |
‘ accelerating gradient [MV /m)] ‘ 12 ‘ - | 12 ‘ - ‘

6.2.3 Microbunching with TMy; mode

As mentioned in chapter 2, one of the main goal at SINBAD/ARES in the context of ACHIP is
to demonstrate net acceleration in a dielectric grating structure. ARES/SINBAD will provide
a phase spread across the electron bunch less than 7/4 allowing energy gain. To achieve this
goal, i.e. a bunch length less than 1 fs, the microbunching scheme composed by undulator
and magnetic chicane has been implemented. In this section we introduce a new concept of
microbunching scheme based on a combination of ARF and a collimator placed downstream of
the ARF as shown in the sketch of Figure6.8. A similar scheme was proposed in THz-regime by
F.Lemery and coworkers in [125] employing a dielectric loaded waveguide (DLW) to modulate
the energy of a sub relativistic bunch <10 MeV and then ballistically bunched to produce the
final density modulation by mean drift section. Previously, Antipov et all. [126] demonstrated
energy modulation in a chirp electron bunch (with energy ~ 57 MeV) passing through a DLW
induced by wakefield.
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Figure 6.11: Electron beam matching into a low-power (E.(r = 0) ~ 12 MV /m, corresponding to an
energy of ~9 uJ) laser-driven fiber with an excited T M1 mode in a 6 mm and 8 mm
long ARF. The 2D parameter scan of the initial beam size at the structure entrance
(o+(z = 0)) and the correlated beam divergence (o)) is shown. (Top) The resulting
energy spread and normalized emittance are displayed in (a) and (b) for 6 mm and 8 mm
long fiber, respectively. (Bottom) The sinusoidal energy modulation with the Epap of
254 keV and 265 keV is also shown for ¢) 6 mm and d) 8 mm long ARF . Plots ¢) and d)
are space-charge included.

Here we investigated the beam dynamics associated with a high-power laser field near the
damage threshold of the fiber, corresponding to E, = 180 MV/m (and an input energy of
0.5 mJ, see [127] for an overview of damage thresholds in ARF and chapter 7 for preliminary
damage threshold experiment at SINBAD/ARES laser lab).
after the 700 um diameter collimator located 1 m downstream of the 6 mm ARF are displayed in
Figure 6.12. The strong transverse forces yield structured beams for both converging or diverging
beams. For converging beams (i.e. negative beam divergence), the periodic defocusing forces

The resulting beam properties

reduce the beam convergence, leading to larger transmission through the collimator. Likewise
for a diverging beam, the focusing forces reduce the divergence of the bunch periodically, also
leading to larger local charge transmission through the collimator, as shown in Figure 6.13.

Maintaining a low emittance beam requires the use of smaller beam sizes <5 pum. Beyond
the collimator, the beam has a significant correlated energy spread which can be converted into
a density modulation by incorporating a dispersive element. The necessary dispersion required
for this transformation can be calculated, Rsg ~ A/20 ~ —70 um, where 6 = AFEpop/E=
1.4 MeV /100 MeV is the fractional energy spread; here Epyp is the peak-to-peak energy mod-
ulation strength. The resulting spectral content of the bunch containing N macroparticles at a
particular angular frequency, w, can be calculated with the numerical bunch form factor (BFF)
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Figure 6.12: Electron beam matching into the a laser-driven fiber with an excited T'Mp; mode in a
6 mm long ARF; the maximum on axis accelerating field is £, = 180MV/m. The 2D
parameter scan of the initial beam size at the structure entrance (o.(z = 0)) and the
correlated beam divergence (o7,.) is shown. The final beam properties after the collimator
(placed 1 m downstream) are illustrated in the scans: energy spread (a), charge over
normalized emittance (b), charge times the bunch form factor (c), and charge (d). Good
matching regions are observed with large energy spreads, little emittance growth, and
maximum charge transmission.

of the macroparticle distribution,

2

(6.7)

N N
BFF?*(w) = el ‘ ZCOS(WCZZ)‘ + ‘ Zsin(wf)
=0 =0

where z; is the position of i*" particle in the distribution.

In Figure 6.14 we explore how dispersion influences the final spectral content of the distribution
following the collimator with radius r=350 um. Here we apply a linear transformation to the
distribution, z; — zy = z; + Rs560, and the resulting form factor across a spectral range is shown
in (a). Strong harmonic content extends to higher frequencies and is limited by the uncorrelated
energy spread of the initial beam distribution. We provide an example of the longitudinal phase
space and projected current profile of the distribution immediately after the collimator without
dispersion in (b) and finally in (c), we show the resulting longitudinal phase space and projected
current profile with Rsg = —25 pm, corresponding to dispersion with the largest spectral content.
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Figure 6.13: Microbunching after ARF and collimator: For a collimated beam (o’ = 0), larger trans-
mission through the collimator is foreseen for particles in the beam which experience
transverse force phases with minimum transverse momentum. For converging beam
(¢! < 0), defocusing forces will reduce the convergence of the bunch for certain phases
leading to larger local charge transmission while other phases will lead to blow up the
beam with losses of particles on the collimator. Likewise, for a diverging beam, the main
part of the beam passing through the collimator is related to the focusing phases.

We note this final density modulation has microbunches with individual FWHM bunch lengths
of approximately 140 as. In Table 6.5, we show the initial electron beam parameters (initial),
the resulting beam parameters after the ARF (ARF) and the final collimated beam parameters
(collimated).

In the stage 2 of ACHIP experiment, the installation of a XFEL phase shifter is planned.
The phase shifter is a permanent magnetic device providing enough longitudinal dispersion in
order to compress the bunch into fs microbunches. The specifications of this dispersive device
are presented in ref. [128] and adapted for ACHIP experiment in F.Mayet dissertation [16].
The possibility of tuning the gap between the magnets allows for controlling the momentum
compaction Rsg achievable with the XFEL phase shifter which can be evaluated as [128, 129]:

A K}
Rsg = 2214+ -2 6.8
where v is the average energy of the electron bunch express in unity of electron rest mass, A, is
the phase shifter periodicity and K, is the phase shifter parameter which is proportional to the
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Figure 6.14: The spectral range of the distribution achieved with matching parameters
(02,00) =(5 pm, 0.5 mrad) is illustrated. Figure (a) shows the BFF evolution as a
function of the momentum compaction Rs¢. In (b) an example of the longitudinal phase

space and current profile without dispersion is shown. We also display the resulting lon-

gitudinal phase space and current profile for the case of Rs¢ = —25 um, corresponding
to the case of maximum harmonic content. Space charge forces are included in these
results.

peak of the magnetic field and its period.

The magnetic field peak is highly influenced by the device design while the effect of the Rsg
on the electron bunch also depends on the energy of the bunch itself. For the high energy
bunch simulated in this work the achievable momentum compaction ranges approximately from
-54 pm to -0.6 pm corresponding to the minimum and maximum gap of 10 mm and 100 mm,
respectively. Thus, the magnetic dispersion for the stage 2 of ACHIP project could be used for

providing enough momentum compaction to the ARF microbunching scheme proposed in this
thesis.
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6 Electron beam manipulation with laser-driven anti-resonant fiber

Table 6.5: Electron beam parameters for microbunching.

parameter initial ARF collimated
bunch length (oy) [fs] 20 20 20
transverse beam size (0,4 )[pm] 5 8.4 140
emittance (e, )[nm| 50 970 140
aver. energy (E)[MeV] 100 100 100
P2P energy mod. (Epap) [MeV] 0 1.4 1.4
energy spread (dE)[keV] 20 442 368
charge [{C] -500  -500 -162
ARF structure length (L) [mm] 6 - -
accelerating gradient [MV /m] 180 - -

6.2.3.1 A different approach: Microbunching with 8 mm ARF

In this section, we present another approach to investigate the microbunching scheme introduced
above. Here the simulations are setup in a similar way to the previous section. Using 8 mm long
fiber we first investigate electron beam-ARF matching conditions. Then, we set the aperture of
the collimator and its position downstream the ARF. Finally, we add the dispersive section.
The electron beam was matched to the ARF (only) by running simulations to find matching
conditions mainly taking in consideration the emittance growth and the transmitted charge.
Figure 6.15 a) shows the beam size and the beam divergence range optimizing the beam quality
after the ARF. The simulated beam parameter are gathered in Table 6.6 with an electron beam

10
beam size (um)

Figure 6.15: a) Beam matching: certain initial parameters mitigate the energy spread and emittance
growth while maximizing BFF and transmitted charge. b) Evolution of final beam param-
eter and BFF while changing the distance between ARF and collimator and its aperture.

divergence of -1 mrad and transverse beam size of 5 p m.
Figure 6.16(a) shows the phase space and the side view of the modulated beam after the ARF.

The large beam divergence for certain phases of the bunch leads to spoiled beam parameters.
To improve beam quality by eliminating unwanted particles we locate a collimator downstream
the ARF. Thus, we introduce a beam collimator to dispose of these unwanted electrons that
deteriorate the beam parameters. In ASTRA a cylindrical aperture has been simulated changing
its aperture and location downstream of the ARF.

The range of beam size and divergence which maximizes the BFF and transmitted charge while
optimizing the other beam parameters is shown in Figure 6.15b). For a fixed collimator aperture,
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Table 6.6: Electron beam parameters for microbunching using 8mm ARF.

parameter initial ARF  collimated
bunch length (oy) [fs] 20 20 20
transverse beam size (0, 4 )[um| 5 3.36 93
emittance (g, )[nm| 50 170 65
aver. energy (E)[MeV] 100 100 100
P2P energy mod. (Epap) [MeV] 0 2.3 2.2
energy spread (dE)[keV] 100 552 530
charge [{C] -500  -500 -222
ARF structure length (L) [mm] 8 - -
accelerating gradient [MV /m)| 180 - -

longer distance between ARF and collimator more particle losses and thus larger BFF. Likewise,
fixing the distance and changing the aperture will lead to a larger BFF for smaller collimator
radius. The resulting distribution after the collimator appears in Figure 6.17. To dispose the
unwanted electrons, a beam collimator with aperture of 200 pm at a location of 20 cm downstream
of the ARF has been simulated. A large portion (55%) of electrons are lost into the collimator,
see Table 6.6. The remaining phase space and cross section distribution after the collimator is
illustrated in Figure 6.17a) while the BFF contents in Figure 6.17b) show that a significant form
factor is present at the fundamental frequency with some component in the second harmonic.
Finally, the energy modulated microbunches is compressed via a magnetic element which provides
dispersion Rs6. The BFF as function of the momentum compaction appears in Figure 6.18a).
An example of the 1D BFF for Rs=55 pum along with the accompanying longitudinal phase
space and current profile are shown in Figure 6.18 b)-c). A peak current of 40 Amps appears in
the current profiles.

In this case, as foreseen from the microbunching model presented in the previous section and
illustrated in Figure 6.13, a positive momentum compaction is required. Since the beam after
the collimator has a negative energy chirp, a special chicane needs to be implemented in order to
provide a positive Rsg. For negative chirped energy bunch, the head particles of the beam has
higher energy than the tail particles, thus quadrupoles needs to be included into the dispersive
section, as reported by [130]. Quadrupoles flip the trajectories of the particles in order that the
higher energy particles follow a longer path w.r.t. the lower particles resulting in a negative chirp
bunch compressor.

69



6 Electron beam manipulation with laser-driven anti-resonant fiber

LPS and side view after VARF

07101 “ _ 5

= i f ]

= i .,

£ 100 *g Bt
g0

>

_207 T T T T T

7.98 7.99 8.00 8.01 8.02
z (mm)

Figure 6.16: Longitudinal phase space and side view of the electron bunch after the ARF
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Figure 6.17: a)Longitudinal phase space (LPS) and cross section distribution of the electron bunch
after the ARF. b)BFF contents with peak at the fundamental harmonic
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Figure 6.18: a) BFF evolution as a function of the momentum compaction Rs¢ provided by a phase
shifter. Assuming an Rs¢ = 55um. b) Illustrates the 1D bunch form factor for the

compressed microbunches. ¢) The longitudinal phase space and current profile are shown
for the case of b).
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6.3 Streaking mode HE

The ARF fiber also supports a linearly polarized HE{; mode with an effective refractive index
Nepr = 0.999954599707247. In conventional accelerators, the hybrid dipole HE1; mode is rou-
tinely used for longitudinal bunch diagnostics, supporting the measurement of electron bunch
lengths and longitudinal phase spaces when used with a spectrometer. The large transverse
forces shear the bunch such that the head and tail of the bunch are transversely stretched onto
a screen. The electromagnetic field profile for the simulated ARF is showed in Figure 6.19. The

)RORS)
IORORN

Figure 6.19: a) Electromagnetic field profile in arbitrary unit and b) Electric and magnetic field com-
ponents of HFE711 mode for the simulated ARF

b)

field components of the streaking modes H FEq; are reported in eq. 6.1. All the components are
not null leading to a more complicated expression for the transverse forces which have both radial
and azimuthal dependency:

F. = %(A + B) cos(0)ie’” (6.9)
1

Fy = %( — A+C) sin(0)ie’™ (6.10)
1

defining A = 5.7y (kir), B = k.ko(nepp — B) Jo(kir) and C = k2(1 — neppB) Jo(kir).

Transferring the eq. 6.9 and 6.10 in Cartesian coordinates, it yields to:

F, = % [(A+ B) cos®(0) + (A — C) sin®(6)]ie"” (6.11)
i
F, = ;%(B + C) cos() sin(8)ie’” (6.12)

As for the accelerating mode, a long bunch w.r.t. the wavelength will experience different field
polarities and transverse forces intensity at various location in the bunch. Figure 6.20 shows
the transverse forces in x- and y- direction. While in the streaking direction the deflecting
force will hardly affect the beam, in the y-direction a small transverse force is present due to
the asynchronous propagation. In fact, for the synchronous relativistic case 8 — Lnepr — 1,
k, — kg, k1 — 0, the Bessel function can be expanded as:

lim Jo(kir) v

= A
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Figure 6.20: Transverse forces for HE;; asynchronous mode. The streaking force in x-direction will
heavily deflect the electron beam while in the y-direction the strength of the forces slightly
affects the beam dynamics.

which simplifies the eq.6.11 and 6.12 to the well known streaking forces:

Fy
FZ/

Q

gieiq’ — F, ~ —gsm(@) (6.14)

0 (6.15)

Q

while the longitudinal electric and magnetic fields read as:
E, =~ gkoxei‘i’ (6.16)

cB, —gkoye@ (6.17)

Q

where ® = wt — kgz. For the synchronous mode the deflecting force Fj is constant and F), is
zero within the core while the longitudinal electric and magnetic fields are shifted by 7/2 w.r.t.
the deflecting force, as reported in [77, 131]. In case of synchronous motion, the electron beam
in rigid beam approximation experiences the deflecting forces F, and due to the longitudinal
magnetic field component it is also affected by a force in the direction perpendicular to the
streaking direction leading to an emittance growth. For the ARF, the phase velocity of the
mode doesn’t match the electron bunch velocity thus synchronous propagation never happens.
Hence, an emittance growth in both streaking and perpendicular to the streaking direction is
anticipated.

6.3.1 Microbunching with HE;; mode

In this section, the linearly polarized mode, HEq1, is investigated. As aforementioned, this mode
is conventionally used to stretch the beam on a screen and not for energy gain. Thus, in the
following the effects of the mode with a relatively long bunch will be presented resulting in an
improvement of the microbunching scheme. In order to have a longitudinal electric field vertically
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6 Electron beam manipulation with laser-driven anti-resonant fiber

polarized the field maps in ASTRA has been rotated by -0.62 radians and the relevant beam
parameters are gathered in Table 6.7.

Table 6.7: Electron beam parameters for a relatively long bunch.

Initial ARF
bunch length (o) [fs] 20 20
x beam size (o, )[um| 1 0.8
y beam size (o)[um| 1 28
x emittance (€;)[nm]| 50 50.4
y emittance (e, )[nm| 50 12000
aver. energy (E)[MeV| 100 100
energy spread (dE)[keV| 20 26.3
charge [{C] -500  -500

As in previous section a benchmark has been provided by beam matching and the most promis-
ing results are shown in Figure 6.21. Unlike the microbunching scheme implemented using the
accelerating mode, for the streaking mode the microbunches are achieved by mean the ARF with-
out collimator or phase shifter. Figure 6.21a) shows the resulting distribution of the modulated
and spoiled beam after ARF. The current distribution in the bottom shows a peak of ~ 90 amps
with microbunch length of & 0.2 ps full width at half maximum (FWHM). For this distribution
the BFF has been calculated and illustrated in Figure 6.21b). A BFF peak of 0.4 at the second
harmonic(f=291 THz) as well as spectral contents for higher frequencies is also reported.

a) Longitudinal phase-space b) BFF vs frequency
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Figure 6.21: a)Longitudinal phase space and current profile of an electron microbunch after the ARF.
b)BFF contents with peak at the second harmonic of 0.4 and other contribution for the
higher frequencies. Space charge is included

In this case the simulation has been carried out considering a 2 mm long fiber; the large trans-
verse forces of the streaking mode allow for the generation of a microbunched beam with very
small input beam powers or with a relatively short fiber. The emittance increase is primarily
due to the curvature of the fields and the large beam size employed in the simulations. Further-

more, being the mode not synchronous the emittance growth affects both horizontal and vertical
direction as foreseen in the previous section.

6.3.2 Longitudinal bunch diagnostics and metrology with HE;

In conventional accelerators, the hybrid dipole HE; mode is routinely used for longitudinal bunch
diagnostics, supporting the measurement of electron bunch lengths and longitudinal phase spaces
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6.3 Streaking mode HEqy;

when used with a spectrometer.
The resolution of the streaking action is given by,

R € enmoc2
=0 =,
oyS oyekV

(6.18)
where € is the geometric emittance, o, is the rms beam size in the ARF, S is the shearing
parameter, moc? is the relativistic electron mass (0.511 MeV), k = 27/) is the wavenumber of
the driving field, and V is the maximum integrated voltage in the streaking plane. We note this
equation relies on a phase advance in the transverse phase space of 7/2 between the ARF and
the imaging screen.

Achieving a high temporal resolution requires a large beam size compared to the driving
wavelength which is naturally supported in ARFs. Here we explore the streaking performance
of a laser-driven ARF. Similar to the previous discussion, we first investigated proper matching
through the ARF. Here however, due the relatively short bunch length used in our example
(oy = 1 fs), the injection phase plays a significant role.

ARF length:
0.41 — L
2mm
| N — 3mm
9] - yd 6mm
0.2 /
pz \§ 8mm

vertical beam offset (um)

0 50 100 150 200 250 300 350
injection phase (deg)

Figure 6.22: The plot shows the vertical beam offset for a single particle varying the injection phase.
For a proper phase the particle will pass through the ARF without deflection. Choosing
such a phase will bring the entire streaked electron beam to the screen. For a synchronous
structure, the bunch will feel phases in order that it is streaked onto screen. For an ARF,
the phase slippage plays an important rule. The plot give the phase which provides zero
total deflection for the beam over phase experienced by the beam due to the slippage.

We limit our investigation to injecting such that the phase slippage through the structure
is symmetric through the zero crossing of the sinusoidal field. Presently, synchronization at
this level is beyond the scope of conventional radio frequency accelerators. However with data
sorting with e.g. the beam position on a detector screen, a useful measurement could be realized.
Alternative laser-based acceleration techniques e.g. plasma, dielectric-laser, or DC accelerators
could possibly more easily incorporate this approach.

Here we consider a simple setup consisting of a 2 mm long laser-driven ARF and a screen placed
50 cm downstream. The distance is sufficient to support a phase advance of 80° which only
limits the resolution by ~1.5%. The Astra parameters are tabulated in Table 6.8, the resulting
resolution power from Eq. 6.18 is ~0.5 as. In Table 6.8 are also reported the parameters used
for shorter and longer ARFs. In order to support full transmission charge through the fibers
with different length, the maximum field strength needs to be reduced. Changing the beam size
and fiber length, along with the field strength, leads to a different power resolution which is
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Figure 6.23: The resulting beam parameters 50 cm downstream of the laser driven 2 mm long ARF
with an HE;; mode. A large range of available initial beam parameters lead to full
transmission through the ARF.

limited by the phase advance. For each fiber we performed beam matching. The resulting beam
matching scans for 2 mm ARF are illustrated in Figure 6.23 and show the final beam distribution
parameters after the subsequent drift. A large range of initial beam parameters are found which
show full charge transmission. For a simple configuration without focusing optics between the
ARF and screen, a collimated initial beam is desired. We show the resulting streaked beam on
the downstream screen for various injection phases in Figure 6.24 with initial beam parameters
, (62,0"), reported in Table 6.8. In order to avoid particle losses, for a longer fiber is needed
to reduce the field strength. For a properly injected phase, the electron beam is simmetrically

sheared onto the scream located downstream.

Finally, we now provide an example of the temporal resolution power of the ARF streaking
mode. Here we use a modified electron bunch from previous discussion with the following initial
parameters: Q=50 fC, 05=20 keV, €,=50 nm, o,=15 pm, o.=0 mrad, we energy modulate the
bunch with Epop=30 keV and use Rss=-1.5 pum to produce a microbunches with a period of
10 attoseconds, see Figure 6.25. For these considered beam parameters and a field strength of
2 GV/m, the resolution power from Eq. 6.18 is ~0.45 as. Figure 6.23 and show the final beam
distribution parameters after the subsequent drift. This field strength has been achieved em-
ploying a 2 pm driving wavelength and a pulse energy below the damage threshold of the fiber.
We show the resulting streaked beam 50 cm downstream of the ARF and the corresponding pro-
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Table 6.8: ASTRA parameters for the HE;; mode for various ARF lengths

description symbol 1mm 2mm 3mm 6mm 8 mm
charge [fC] Q -500  -500  -500  -500  -500
bunch length [fs] ot 1 1 1 1 1
transverse beam size [pum] Oy 15 15 5 15 5
correlated beam divergence [mrad]| ol 0 0 0 0 0
emittance [nm)| €y 50 50 50 50 50
energy spread [keV] dE 20 20 20 20 20
phase advance to the screen |degree| o) 83 80 83 63 7
maximum field strength [GV/m] E, 2 2 14 021 021
drift length to the screen |cm]| - 50 50 50 50 50
zero-crossing phase [degree] (0 230 238 241 260 270
resolution power |as] R 093 046 132 147 331

jected distribution in Figure 6.25(b). Here the corresponding microbunch spacing is ~ 0.17 mm.
In experiment, the distributions could be sorted in single-shot measurements to attain bunch
length information. In addition, this could also be used to provide information on the bunch
arrival time for the development of femtosecond feedback systems.
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Figure 6.24: The resulting streaked beam 50 cm downstream of a laser-driven ARF with an HEq;
mode. A 1 fs electron bunch is injected into an ARF with an HE{; mode with initial
matching parameters reported in Table 6.8. The resulting streaked beam 50 cm down-
stream of the ARF is displayed for various injection phases; for comparison the unstreaked
beam is also shown in red. This simulation includes space charge.
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6 Electron beam manipulation with laser-driven anti-resonant fiber

6.4 Conclusion

We have proposed and explored the application of laser-driven anti-resonant fibers to accelerator
physics. We have shown that the use of the TMy; mode could be used to facilitate energy modu-
lation in conventional accelerators. In a more extreme case where the laser power is increased, we
also showed that the fiber support an accelerating gradient to produce electron beam energy gain
and that the resulting transverse forces could produce ~ 140 attosecond microbunched beams
at the driving wavelength by using a collimator to remove the spoiled electrons. In addition, by
using a small dispersive element we showed that beams with large harmonic content could be
produced. We expect the simple technique to have applications for beam manipulation, radiation
generation and also electron microscopy [132, 133, 134, 135].

We also discussed how the fundamental HEq{; mode could produce microbunches train and
be employed as a bunch length diagnostic with sub-attosecond resolutions. Such a powerful
diagnostic could be used to provide information on complex processes in X-ray free electron
lasers, but would require data sorting due limitations in synchronization.
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7

Preliminary coupling efficiency and

laser induced damage threshold tests

One of the main limits for the dielectric laser accelerator is the damage due to the high field inten-
sity of the driven radiation. Exceeding this limit may damage the dielectric material irreversibly.
In literature it is common define the damage threshold fluence Fy, = %(unit J/em?) as the
maximum pulse energy before the damage occurs for laser spot size. Furthermore, for example in
a DLA grating structure, assuming 100% coupling efficiency to the first harmonic, the maximum
accelerating gradient can be estimated as the ratio between the root square of the fluence Fj, and
the pulse length 7 of the driven laser. Being the damage threshold limit of a dielectric materials
several order of magnitude higher than metallic structures at optical frequencies, dielectric laser
accelerators are pointed out as the potential candidates for high gradient accelerators.

For hollow core fiber, coupling efficiency plays an important role in the fluence damage thresh-
old since a better confinement will prevent for damage. ARF usually allows for low loss propa-
gation and high-power transmission. Michieletto and coworkers [136]report an efficiency of 85%
with maximum output power of 70W assuming 22 ps pulse 40 MHz rep.rate at 1032 nm laser
shot into a 7 capillaries antiresonant fiber.

In this chapter, an overview of the processes leading to laser damage as well as coupling
efficiency will be first presented. In the second part of the chapter the first preliminary ARF
laser induced damage threshold (LIDT) and coupling experiment at ARES/SINBAD will be
reported. There, we are targeting to explore the limits of ARF in terms of laser intensity for
future beam manipulation experiments in ARES/SINBAD using laser-driven ARF.

7.1 Basic of laser induced material damage

Damage induced by high intense laser pulses is an event that can arise from several phenomena
such as the generation of free-carriers from non-linear ionization, absorption of the laser energy
by free-carriers and deformation of the material due to thermal mechanisms. For pulses longer
than a few tens of picoseconds usually the damage is described as being mainly due to the transfer
of energy from the electrons in the conduction band to the crystal lattice; once the material has
accumulated enough energy to be melted, boiled or fractured, then the damage occurs. In this
range, the damage threshold fluence shows a trend proportional to the square root of the pulse
length 71/2 [8]. On the other hand, for shorter pulses, it is usual to describe the damage by
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7 Preliminary coupling efficiency and laser induced damage threshold tests

first ionization process (PI). In fact, for pulses with 7<10 ps the radiated energy is more quickly
absorbed by the electrons than transferred to the crystal lattice. In this case the breakdown is
therefore produced by photoionization and then avalanche. This multiphoton ionization is able
to produce a plasma of electrons with a density sufficient to generate damage. As reported by
Stuart [8] and shown in Figure7.1 a), the transition from the regime dominated by melt, boil and
fracture (7>50 ps) to one characterized by PI (7<10 ps) is gradual and described by Keldysch
formalism.

Wavelength plays also an important role in the LIDT since small changes can affect drastically
the damage threshold fluence. Simanovskii et al. [137] demonstrated that for wide-bandgap
dielectrics the optical breakdown is due to tunneling ionization followed by avalanche and thus
laser absorption by the made plasma considering 1ps laser pulses in the range of frequencies
between 4.7 ym and 7.8 um. For narrow-bandgap dielectric, the tunneling ionization is enough
to generate plasma and subsequent damage. Soong [9] using a model based on multiphoton
ionization and plasma resonance showed that silicon illuminated by 1 ps pulse within the range
of [1200 — 2200]nm exhibits a quasi-oscillating trend of the damage fluence, as reported in
Figure7.1 b). In 2015 Gallais |138] demonstrated both theoretically and experimentally that
materials with bandgaps in the range [1-10] eV exhibit a linear trend of the damage fluence with
A €[310-1030] nm assuming 100 fs pulse length. A theory including pulse length, laser intensity,

Damage Threshold: Model and Experiment
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Figure 7.1: Threshold damage fluence for fused silica as function of a)pulse width and b) wavelength.
Adapted from [8] and [9], respectively.

repetition rate and wavelength is not yet implemented. In particular for wavelengths of 2 pym
and pulse length of 2 ps there is a lack of literature making LIDT test very attractive also in
view of future experiments.

7.1.1 Photo-ionization processes

The time range of interest in this work is below the 10 ps, due to the characteristic of the 2 pm
ARES laser. As aforementioned there is not a unique theory to describe the damage fluence
but the scientific community agrees to identify photoionization followed by avalanche as the key
process for laser induced damage materials.

Dielectric or semiconductor materials has an energy bandgap (BG) between conduction and
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7.1 Basic of laser induced material damage

valence band ranging from few eV to tens of eV [9]. In the interaction between matter and
light, sufficient energy needs to be supplied promoting an electron from the valence band to the
conduction band. If the energy of the single photon is greater than the BG, linear absorption
dominates and the valence electron is promoted to the upper band. Viceversa, if the energy of
the single photon is not sufficient then photo-ionization can take place either by tunneling or by
multi-photon absorption. These processes are described by Keldysch theory and depending on
the value of the so-called Keldysch parameter 7, one of the two effects is dominant [138]:

vtk (71)

= el

where w is the laser frequency, m*

is the electron reduced mass, E, is the bandgap energy, e
the electron charge and E is the applied electric field. For long wavelength or intense electric
field v << 1, tunneling effect is the dominant process. Correspondingly, v >> 1 is meaning of
multi-photon absorption dominant mechanism.

Free electron produced by the early photo-ionization gains energy by absorbing photon from
the radiated laser until it achieves sufficient energy to ionize another electron from the valence
band by collision (the so-called avalanche or collisional ionization) creating plasma. Once the

plasma density reaches a critical value n. [138]:

= (7.2)
the material changes its properties drastically, e.g. refractive index, showing strong absorption
and metal-like properties; the energy is accumulated within a thin layer due to the finite pen-
etration depth (I oc \) with damage threshold fluence inversely proportional to the wavelength
for fs laser pulse length [139]. The absorbed laser energy is then transferred to the crystal lattice
causing damage.

Impurities, dust or damage on the surface of the material can create interference between
the scattered and the incoming waves leading to a decrease in damage threshold fluence [140].
Finally, the number of pulses plays an important role in the damage due to the thermal effect
which can cause the formation of defects on the surface which trap additional energy causing
an initial decrease in damage fluence and reaching saturation after a given number of pulses, as
shown by Wang [10] for sapphire in air and with 150 fs 775 nm source lasers (see Figure7.2).
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Figure 7.2: Damage fluence of a sapphire sample for different number of pulses at the same position
in semi-logarithmic scale. Adapted from [10].

7.2 Basic of fiber coupling efficiency

Coupling light into a multimode optical fiber can be calculated by the overlapping integral
between the fiber mode ¥y, and the laser beam ¥p [11]:

S 0l ) Vi )y

n= 2 2 (7.3)
ff“lfb(w,y)‘ dwdyff(\lfp(%y)‘ dady
a) :
T :::::::::::::::;j:t“::j:;::;. 7

Figure 7.3: Coupling efficiency dependencies: To optimize the coupling into a hollow core fiber is
needed to match (a) the acceptance angle and (b) the fiber core diameter with the beam
divergence and beam waist, respectively. The sketch is not in scale and shows the afore-
mentioned parameters for focusing lens with different focal distance.

Figure 7.3a) and b) show the parameters to be matched raising the coupling efficiency. From
a geometric optics point of view, laser beam will be efficiently coupled into the fiber if the light
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enters the core entirely with an incident angle 6 smaller than the fiber acceptance angle 4.,
reading to [141]:

_ 270acc ) 2

n=(1—e "wo (7.4)

where r and w are the fiber radius and the laser beam size, respectively.
The acceptance angle is defined as the maximum angle of a ray w.r.t. the fiber axis over which
the light can be guided by the core:

0ycc = arcsin (LNA) (7.5)

no

where ng is the refractive index of the medium around the fiber (=1 for air) and NA is the
numerical aperture which depends on the fiber properties and, for an hollow core fiber, is given

by [142]:
NA— 1 (7.6)

TA
1+ )\lef

While A is the incident laser beam wavelength, Ay is the effective area indicating the transverse
cross-section over which the total radiation propagates. For a sake of completeness, it needs to

Lens

Optical fiber

Figure 7.4: Fiber-laser beam misalignments: defocus Az, lateral displacements Az and Ay, and tilt
angle 0. Adapted from [11].

be mentioned that a phase mismatch between the incoupling laser beam mode and the fiber
mode will lead to a zero efficiency coupling [141]. Finally, Kataoka in his paper [11] calculates
the coupling efficiency by Near-Field Method pointing out the effect of setup misalignments.
Assuming longitudinal defocusing Az, transversal displacements Az and Ay, a tilt angle 6
between the laser and the fiber axis (see Figure7.4 for details), the coupling efficiency reads
as:

= NxTyNo (77)

The defocus contribution is included into the lateral displacements coupling factors 7, and n,.
Transverse misalignment may be extremely detrimental in fundamental mode coupling as it could
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introduce higher order modes [136].

Wu [143]| demonstrated that for an ARF, the only contribution to material absorption is due
to the distribution of the electric field inside the cladding. For PBGs carrying the fundamental
mode, only 0.2% of energy propagates in the dielectric, making them, together with other hollow
core fibers, very attractive for very high power laser propagation unlike solid core fibers where
all the energy is concentrated in the dielectric, lowering the damage fluence [144]. Michaille et
al. [145] showed that the damage threshold power of an air core is ~ 25 times greater than
for an equivalent solid core and also they demonstrated ~95% of input laser coupling into the
fundamental mode for a PBG pointing out the Gaussian nature of the fundamental mode. It is
clear that other modes will have less coupling due to the different topology.

For a hollow core fiber, the damage also occurs due to other non-linear effects such as self-
focusing, two-photon absorption, photoionization of the filled-gas [127] and optical discharge
(OD). The latter propagating through the entire fiber in the direction of the source at a speed
between 1m/s and 1 km/s could destroy it irreparably (hence the name ’destructive wave’)
[146, 147]. The effect of OD on hollow cores is less than on solid core fibers simply because the
density of the gas filling the core is several orders of magnitude lower than inside solid core fibers.
This observation is of great interest for the application of an ARF in a beam line, where vacuum
conditions are required, since in a vacuum environment OD may have less impact on the hollow
cores allowing to increase the laser intensity.

In 2019, Bufetov et al. [147] showed that 6 ps pulses with intensity up to 1.5-10'2 W/em? can
be propagated in a hollow core fiber at a distance of 1 m without OD. ACHIP laser with a peak
power of 1 GW focused in an ARF of 80 um of radius produces a maximum intensity of about
6- 102 W /cm? which could therefore induce OD. The simulations carried out in this thesis work
have been made considering this effect and for this reason the pulse energy was limited to 0.5 mJ
which would produce an intensity of about 1- 10'2 W/cm? resulting below the limit value. The
assumption made therefore makes the obtained simulation results even more realistic for a future
experiment.

7.3 Experimental setup

7.3.1 Ho:YLF Amplifier System

For ACHIP experiments at ARES, the DLA is driven by a 2pum Ho:YLF laser amplifier system
provided by F. X. Kaertner group and managed by H. Cankaya. In April 2019 the laser system
has been transported from the CFEL to the SINBAD photo-cathode laser laboratory and re-
aligned for delivering a ~2 mJ pulse laser energy with 2 ps pulse duration to the experimental
area. The output laser parameters are gathered in Table 7.1 while Figure7.5 a) shows the clean

Table 7.1: 2um laser parameters

Value
Wavelength |pm)| 2.051
Pulse Duration [ps] 2.2
Beam Size [mm|] 3.9x4.0
Rep.Rate [kHz| 1
Compr. Pulse energy [mJ| 2
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room environment of laser laboratory which is equipped with temperature and humidity air
system control. The laser system is based on the chirped pulse amplification technique which is
detailed in ref.[148] while the design of the system can be found in ref.[149]; in the following an
overview of the whole laser system will be presented.

¥
‘l‘-

S ‘ -
; B8 Holmium fiber [
oscillator

| Ho:YLF Regen. ‘
Amplifier .

Figure 7.5: (a)A photograph of 2 ym laser amplifier system, (b) optical system for seeding and output

The near infrared laser system consists of a mode-locked homemade Homlium fiber laser oscil-
lator which seeds a prototype Ho:YLF regenerative amplifier (RA) whose output signal is further
amplified by a single-pass amplifier stage (SPA). The seeding and the output optical setup are
shown in 7.5 b). Homlium fiber oscillator provides 95 pJ energy pulses and 1 ps pulse duraton
at 41.6 MHz repetition rate [150]. This signal is stretched to ~300 ps pulse duration by mean a
chirped volume Bragg grating (CVBG) and injected into the amplifier system. As anticipated,
the amplifier system is composed by RA and SPA which are both pumped by a continuous-wave
(CW) 50 W Tm: pump laser. Figure 7.6 a-b show the efficiency curve of the amplifier system
and the spectra for the stage with and without SPA.

The RA is a doped 40 mm long HY:YFL crystal delivering up to ~700 pJ at 1 kHz repetition
rate. The number of round trip (RT), which intrinsically defines the signal amplification, is fixed
by a Pockels cell in combination with a quarter-wave plate (QWP) and a thin-film polarizer
(TFP). This signal is subsequently amplified in the SPA stage which is a doped 70 mm long
Ho:YFL crystal achieving a pulse energy up to =2 mJ. The output amplified signal is then
injected into a Pockels cell-based pulse picker (see Figure 7.5 b)) in order to control and match
the repetition rate to the ARES linac. Furthermore, it will give an opportunity to conduct a
systematic damage study of the DLAs to explore the effect of accumulation of the pulses on
damage mechanism. Finally, the pulses are compressed to ~2 ps pulse duration using another
CVBG which brings the laser system to the working parameters of Table7.1. This compressed
pulses are characterized by an home-made second harmonic frequency resolved optical gating
technique (FROG) and illustrated in Figure 7.7 a-d.

7.3.2 Tested fiber and experimental setup

The fiber used in this experiment was fabricated using the stack and drawn method described in
the chapter 4, on behalf of the collaboration undertaken with Erlangen MPL. Figure 7.8 a) and
table 7.2 show a sketch of the fiber cross section and the geometrical parameters, respectively.
Unlikely the fiber used in the simulations of the previous chapter, the tested fiber has a smaller
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Figure 7.6: a) Output pulse energy of the amplifier system consistent of RA and SPA as a function of
pump usage. b) Spectra of the pulses in the amplifier system.

Table 7.2: Tested ARF parameters

Value
Core diameter [pm)| 160
ARE diameter [um] 85
ARE wall thickness [pm| 1
Number of AREs 6

number as well as thinner thickness of the capillaries. However, the COMSOL simulation based
on the scanning electron microscope of the fiber cross-section shows a phase velocity (Biested —
Bsimulated = O(1076)) and field intensity very close to those simulated in this work of thesis.

Figure 7.8 ¢)-d) show a schematic (along with a possible further optimization) of the setup
and the implemented one for coupling and damage test experiments in the ARES laser lab. Two
mirrors are used to align the delivered amplified pulsed signal to the ARF. On a three-dimensional
micro-translational stage, the CalF lens is located focusing on the ARF which is supported by
a Thorlabs V-grooves with adjustable fiber clamp placed on a three-axis micrometer stages.
Finally, the Pyrocamera captures the beam after propagation through the fiber and/or a power
meter detects the transmitted averaged power. The experiment could be optimized by using a
telescope downstream the focusing lens in order to improve the coupling efficiency by tuning the
laser beam size at focusing lens position, as discussed in the following section.
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Figure 7.7: FROG analysis for the compressed pulse: On the top, the plots show the measured (left)
and retrieved (right) FROG trace. On the bottom it is shown the measured and retrieved
spectra of the pulse (left) and the temporal pulse profile (right). Courtesy of H. Cankaya
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Figure 7.8: Experimental setup and tested fiber: a) Sketch of the used fiber and b) a picture from
optical microscope (x20); c) schematic of the experimental setup: two dielectric coated
mirrors deliver the compressed beam to a focusing lens focalizing the beam at ARF en-
trance while Pyrocam and/or power meter detect the transmitted beam. Also, a telescope
can be located upstream. c¢) The implemented setup for coupling efficiency and damage
threshold limit experiments.
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7.4 Coupling efficiency and laser induced damage experiment

7.4.1 Cleaving of fiber and bending considerations

The fiber sample preparation plays an important role in the optimization of the coupling efficiency
and the maximum power transmitted into the fiber without damage. When a laser beam should
be launched into the fiber, cleaving is an important technique providing fiber ends as clean, flat
and perpendicular to the axis as possible. Cleaving is a controlled breaking of the bare fiber which
begins with making a scratch on one side of the fiber and ends with applying a tension to the
fiber causing a break propagates from the fractured point to the full fiber cross section. Various
fiber cleaver tools are currently being developed and range from the simplest and cheapest to
much higher quality and more expensive techniques such as mechanical precision fiber cleavers
which use a vibrating diamond blade to cause the required scratch for the breaking.
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Figure 7.9: a)Cleaver fiber used in the preliminary test at ARES/SUNBAD laser lab along with a
sample fiber; b) Output power as function of input power for two differently cleaving
fibers: for the identical experimental setup parameters such as the focusing lens of 150
mm, the fiber with a better quality in the cleaving process supports higher incoupled
power.

Before cleaving, fiber coating needs to be stripped off with,e.g., a slave blade leading to the
bare fiber. On one side of the fiber, a scratch in the perpendicular direction of the fiber axis needs
to be made with, e.g., ceramic thermal insulator "blade" (usually it is used a sharp diamond).
Holding the fiber on one side and giving the other end a kick with a finger, the cleaver occurs.
Figure 7.9 a) is a picture of the fiber cleaver used in this work along with a tested cleaved fiber.
The experiment results may be dependent on the operator cleaving skill using such technique as
showed in Figure7.9 b) where it is plotted the maximum transmitted power through two different
cleaving fibers. Although the two fibers have the same coupling efficiency, the better-cleaving
one can support more power before it is damaged. This effect may be due to the fact that for a
surface not flat and /or not perpendicular to the fiber axis, the laser beam may unintentionally hit
a part of the cladding generating damage at a lower power than for a better cleaving fiber where
the beam has completely entered the fiber core and the damage is generated by an avalanche
process triggered by the radiation inside the fiber.

Finally, the author would like to point out that, as this is a preliminary test with the aim
of testing an ARF for the first time at ARES/SINBAD laser lab, the experimental setup is not
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optimized. In fact, the fiber is subjected to uncontrolled bending since it is supported only on
one end by V-grooves, as shown in the Figure7.8c). Considering a fiber diameter D and a A
laser beam wavelength, the presence of a bending introduces a bend loss becoming significant
as a critical bending radius value, which scales as R, ~ %3, is reached [104]. Due to the
curvature(R < Rg.), the light can couple from the core mode to the capillary mode resulting
into a slightly less coupling efficiency of the fundamental mode. However, by using fibers of the
same length it is plausible to assume that all the tested fibers are affected by the same bend loss,
and therefore the coupling efficiency will be decreased and suffer from the same systematic error
making the results of the tests described below comparable.

7.4.2 Results

The experiment purpose is to test for the first time an ARF at ARES/SINBAD laser lab carrying
out first coupling efficiency and power threshold. As discussed above, the coupling efficiency
strongly depends on the matching between the beam divergence and fiber acceptance angle, as
well as the beam size at the fiber entrance.

By mean the cleaving fiber technique describes above, 16 cm as fiber length has been cut. As
the laser is assumed to be a collimated beam, the beam size at focusing lens position is considered
constant. Under this ansatz, by the micrometer translation stage the focusing lens position has
been changed w.r.t. the fiber entrance. As foreseen from eq.7.7, the coupling efficiency shows a
maximum achieved value as the longitudinal misalignment is zero i.e. at beam waist position,
as shown in Figure7.10 a). Since the beam size at waist is minimum it can better match the
fiber core increasing the efficiency, here defined as the ratio of the coupled transmitted power
P,,+ and the incoupling P;, power. It is known that lens with weaker focus strength, i.e. longer
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Figure 7.10: Coupling efficiency: a) efficiency reaches the maximum value at the waist position while
decreases for defocus positions; b) maximum efficiency for the used focusing lens adding
a longer one with f=500 mm.

focus position, will bring a more relaxed divergence, viceversa the shorter focus distance the
bigger divergence angle. Figure 7.10a)- b) show the maximum coupling efficiency for different
focusing lenses whereas the results are gathered in Table 7.3. In this preliminary coupling test
a maximum value of (87.5 £ 0.1)% was achieved for a 150 mm as focusing lens. The second
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Figure 7.11: a)Measured transmitted power and b) coupling efficiency as function of the measured
incoupled signal. Transmitted power increases linearly until damage occurs leading to an
irreversible drop into the efficiency.

part of the experiment was to measure the maximum incoupling power supported by the fiber
before damage occurs. Figure 7.11 a) shows the transmitted power as function of the input
power for different focusing lens. The linear trend drops suddenly as the damage occurs into
the fiber leading to a drastically decrease of the coupling efficiency as shown in Figure 7.11 b).
Maximum incoupling power results are summarized in Table7.3. The damage is an irreversible
effect: as the fiber gets damage the coupling irreversibly drops to much lower value. It is clear
that better coupling corresponds to an increase in the incoupling supported power. In particular,
for a 150 mm focal lens and ~ 88% efficiency a maximum incoupling power of (450 £+ 1) mW
is reached. The maximum pulse energy supported by the fiber is thus estimated to be around
~ 0.45 mJ which is very close to the 0.5 mJ manufacturer’s suggested value. The discrepancy may
be due to the experimental environment and sample preparation. In view of a future experiment
at ARES/SINBAD, a properly well-designed setup needs to be implemented in order to catch
up the manufacturer’s supported energy value.

Table 7.3: Coupling efficiency and damage test results

focal lens [mm]| n|%] max incoupling power [mW]  Fluence[J/cm?]
75 66.71+0.1 254.140.1 2.084+0.05
100 75.6+0.1 495+1 2.2840.06
150 87.51+0.1 450+1 0.92+0.03
250 82.5+0.1 382+1 0.281£0.008
500 42.540.1 - —

As already mentioned at beginning of the chapter, an usual quantity to characterize the damage
is the damage fluence, i.e. the energy for irradiated area F[J/cm?] = Energy/Area. For that
reason, a spot size value as precise as possible is an important requirement. Assuming an ideal
gaussian, M2=1, in paraxial approximation and negligible aberrations, the beam waist as function
of the used focusing lens f can be calculated by:

2
wo = AT (7.8)

Tw

92



7.4 Coupling efficiency and laser induced damage experiment

where w is the beam size at focusing lens position. Figure 7.12 shows the calculated damage
fluence for the experimental used lens carrying out a maximum of ~ 2.J/cm? as damage fluence
for the tested ARF. Calculated fluence and the other experimental results of this works are
summarized in Table 7.3.
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Figure 7.12: Fluence for different focusing lenses reaching a maximum of ~ 2.3 J/cm? at f=100mm.

7.4.2.1 M-squared measurements by knife-edge method

In order to estimate the spot size but also in view of a future experiment aiming to evaluate
the fluence of different materials, a setup for the measurement of M? was implemented. This
experiment has been performed before the upgrade of the laser system and thus before the ARF
coupling/damage tests. Here the seeding laser was a Menlo System oscillator which provided
10 nJ pulses with 10 MHz as repetition rate. The seeding signal was then streaked by the CVBG,
amplified by the Ho:YFL regenerative amplifier, and compressed to 1.6 ps pulse duration.

The beam propagation factor M? is a figure of merit for the quality of the laser system. It
compares the shape of the beam laser with the ideal gaussian beam and in case the beam matches
exactly the Gaussian shape, M? is equal to 1. In the real beam this parameter is greater than

93



7 Preliminary coupling efficiency and laser induced damage threshold tests

the 1 as the laser beam has worse quality than the ideal Gaussian beam. M? is usually given by:

Twef)  Twd

M? = —
A AZR

(7.9)

where wq is the beam waist, A is the wavelength, 0 is the beam divergence and zg is the Rayleigh
lenght (distance from the beam waist where the beam radius is increased by a factor v/2. The
usual method used for M? measurements is knife-edge techniques. The sketch and the imple-
mented setup hosted in the photocathode laser lab are shown in Figure7.13.
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Figure 7.13: a)M2 setup sketch and b) implemented setup used for measurements.

As shown in Figure7.13a) 2um laser from the Ho:YLF amplifier is delivered to the 60 mm
x 30 mm breadboard by the combination of a half-wave plate (WP) and a thin film polarized
(TFP). The whole setup is as much compact as possible due to space constrains in the lab. The
measure has been automatized by LabVIEW software (implemented by another colleague [37])
which controls the linear stages and a DAQ system. A half wave plate on a motorized rotational
mount combined with a TFP works as a beam splitter to control the pulse energy delivered
to the linear motorized translational stage which can be adapted to support the razor blade.
Upstream the linear stage is located a coated CaF lens for beam focusing while downstream
the Pyrocamera monitors the beam. Finally, shutter located between the beam-splitter and the
focusing lens is used for controlling the exposure time and thus the number of laser pulses.

The implemented experimental setup is shown in Figure7.13 b). The beam is focused by 150
mm focusing lens and the knife edge on the linear translational stage covers step by step the
beam a variable longitudinal position from the waist. The transmitted beam is captured by the
Pyrocam which gives the total transmitted power. The acquired data are fitted to the error
function of a Gaussian distribution:

P max
2

P=PF+

(L(w - ”30))) (7.10)

w

(1—erf

where Py and P, are the background and the maximal power, respectively, and xq is a position
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Figure 7.14: Example of a normalized total power scanning a)x- and b) y- direction for a fixed longi-
tudinal position. The inserts show the discrepancy of the experimental data w.r.t. the
fitted ideal function 7.10.

of shift with the half of real power. Figure7.14a) shows the fit of data for a fixed z position using
the eq.7.10 from which one obtains a value of the beam radius w. This procedure is repeated
changing the longitudinal position z.

For the calculation of the waist wg and its position on the longitudinal stage zp, and Rayleigh
length zg, the obtained data have been fitted by:

2= 202
ZR )

w=woy/1+ ( (7.11)
while Figure 7.15 shows the beam evolution for the both transverse beam directions.
Finally, M? values are calculated by eq.7.9 providing a mean value M? = 1.12+0.01 and beam

waist wo, = 55.1 £ 0.3 and wogy = 55.5 £ 0.3. All the results of this experiment are gathered in
Table7.4 below:

Table 7.4: M-squared results

Parameter  x-direction  y-direction
wo [pm] 55.1£0.3 55.540.3
zZR [mm] 4.14+0.1 4.240.2
M? 1.1314+0.001  1.11740.001

The results show that the implemented setup can be used for knife-edge measurements pro-
viding M? and beam size. Thus, the setup may measure the current laser beam parameters in
order to provide precise values for the beam spot. It should be noted that the difference in the
waist position for the different scan direction is mainly due to aberration which comes from the
slight lenses and mirror misalignment in the whole setup, i.e. from the seeding laser, amplifier
and damage test setup.

7.4.3 Further remarks
From the Gaussian beam propagation theory, beam waist and beam divergence are given by:

RIVEDY
{ wo = 7D !

_ M2\ _
G_WO :G_ﬁ
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Figure 7.15: Gaussian beam parabola envelope for both transverse direction x and y. Data has been
acquired with a shorter step around the waist in order to limit the uncertainty.

Figure 7.16 shows the beam waist and the divergence evolution as function of the focusing
lens, along with their values for the experimental used lens (dot). It is clear that there is
a tradeoff between these two parameters: increasing the focal distance the divergence angle
decreases reaching value below the acceptance angle 6,.., but at same time the beam waist
increases exceeding the core radius value. The optimization of these parameters may therefore
be necessary to further increase the efficiency. For this reason the implementation of a telescope
before the focusing lens (as shown on the sketch in Figure 7.8) which changes the beam size D
at focusing lens position could allow to further increase the coupling efficiency and therefore the
maximum supported power.
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Figure 7.16: Tradeoff between the beam divergence and waist. For coupling efficiency optimization,
a compromise for the two parameters needs to be achieved in order that the beam waist
and the divergence are below the fiber core and acceptance angle, respectively. Finally,
experimental values for the used lenses are shown (dots).

7.5 Conclusion

After the moving of the 2 um laser system from the CFEL to the ARES/SINBAD photocath-
ode laser laboratory, alignment and recommissioning has been performed. A setup for the M?
measurements by knife-edge method has been implemented and tested. After the upgrade of the
seeding oscillator, a preliminary coupling and damage test of an ARF at ARES/SINBAD laser
laboratory has been performed showing that the tested fiber is suitable for the 2 pm laser wave-
length. Furthermore, the cleaving method and the experimental setup are able to confine and
propagate the laser through the fiber with a coupling efficiency of ~ 88%. Although the obtained
efficiency and maximum supported power values are slightly below the manufacturer’s limit, the
experimental results can be improved into the next experimental campaign. By employing a
telescope and high-quality fiber cleavers, the coupling efficiency may reach the above 95% value
while increasing the maximum propagating power through the fiber before the damage occurs.

Finally, the automatized setup used for beam propagation factor M? estimation could be used
for the characterization of the upgraded laser system as well as for the measurement of damage
fluence for different materials. The lack of literature for wavelength into the MIR range and the
possibility to tune the repetition rate by means pulse picker makes this experiment attractive in
the next future.
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Conclusions and Outlook

Modern accelerators are mainly based on radio-frequency technologies which limit the maximum
achievable acceleration gradient to @(100 MV /m). The utilization of laser in the accelerator
allows for higher gradients. Plasma-based accelerators are one of the advanced concepts able to
provide accelerating field intensity in the order of GV /m. However, Joule-laser systems at lower
repetition rates (up to few kHz) are required to achieve high gradients while spoiling the final
beam quality, e.g. energy spread and beam divergence. A huge amount of work has been made
to fill-in this promising accelerator concept and to overcome the related challenges. Laser-driven
optical structures are another candidate for future compact accelerators. These structures are
able to support at least one order of magnitude more than metallic cavities due to the higher
damage threshold. Modern conventional laser systems routinely produce pJ pulsed energy at
high repetition rate (up to MHz) and are used to power dielectric structures.

Laser-driven dielectric grating structures can support ~ GV/m gradient but the evanescent
fields inside the pm aperture limit the interaction path due to the spoiling of the beam quality.
Ideally, a PBG fiber may confine the light into the core with few db/km as losses enabling
meter-scale acceleration channel. For fixed lattice period, capillaries and hollow core radius,
six-hold symmetry PBG fiber supports synchronous TMg;-like mode. Since the size of the core
is comparable with the driven-wavelength, the manufacturing runs at the edge of the modern
fabrication techniques. Thus, imperfections need to be considered motivating the tolerance study
which has been performed in this work of thesis. A linear trend among the phase velocity of
the mode and geometrical parameters changes has been shown pointing out that the core radius
affects mode properties more than the others.

However, laser-driven the pulse length limits the interaction path to 0.5 m while the number
of layers of capillaries surrounding the core can improve the light confinements reducing the
losses. The trade-off between the loss coefficient and the quality factor in such a fiber is a
crucial behavior to handle to increase the confined power. As the number of layers increases the
loss coefficient decreases exponentially leading to a longer accelerating channel. Likewise, the
quality factor of the coupled mode increases exponentially too. As the bandwidth of the mode is
inverse proportional to the quality factor, it will decrease exponentially. This trend leads to the
conclusion that for an efficient acceleration in a photonic bandgap fiber, ns-pulse laser system is
required.

The current status of the 2pm ARES/SINBAD laser system would provide ps pulse duration
leading to a 70 % of incoupled power loss using 1 mm Lin-fiber with 6 layers. An upgrade of the
laser system may be a valid solution to this limitation. An optical parametric amplifier (OPA)
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could be installed to provide ns tunable wavelength pulses. Also, current commercial laser can
provide the required laser beam parameters but the costs for a preliminary photonic crystal fiber
experimental campaign at SINBAD/ARES would be challenging. Furthermore, synchronous
accelerating mode propagates into PBG fiber with hollow core radius value comparable to the
driven wavelength which for the optical regime requires an aperture O(pm) making both the
fabrication of the fiber and the electron beam parameters very challenging to achieve.

Alternatively, the larger hollow-core anti-resonant fiber (ARF) consists of only a single ring
of anti-resonant elements (capillaries) surrounding the core. The easier geometry and the larger
aperture compared to the Lin-fiber makes both fabrication and the application to the modern
electron beam technologies more suitable. Being a multimode fiber, it can support several asyn-
chronous modes. Phase velocity of the modes exceeds the speed of light limiting the interaction
path between the driven mode and the ultra-relativistic electron beam to mm-scale due to the
phase slippage. In this work of thesis we have been particularly interested in the accelerating
TMp; and the fundamental deflecting HE1; modes. We have investigate the application of laser
driven TMg; and HE;; modes onto relatively short and long bunches. From damage thresh-
old considerations based on SINBAD/ARES laser system, the fiber can support an accelerating
gradient up to 180 MV /m. Limiting the interaction of a short ultra-relativistic electron bunch
to the portion of the sinusoidal modes over which net energy gain is provided by the modes,
the beam gains almost 1 MeV as energy over 8 mm of fiber length while maintaining the initial
beam quality e.g. energy spread and emittance. Although the results are promising, there is at
the moment no method to properly synchronize an electron bunch into such an injection phase.
Synchronization between an externally injected electron bunch and optical acceleration structure
is challenging. Due to the synchronization capability, the investigation of long bunches is more
appealing. In such an experiment, the full range of phases would be sampled by the injected
bunch.

Modern concepts of electron beam manipulation rely on interaction of the electron beam
inside a laser-driven undulator providing energy modulation. Modulated beam is then injected
into a magnetic chicane resulting into microbunch trains. This scheme is foreseen to be installed
at ARES/SINBAD experimental area in the behalf of the Accelerator on a Chip International
Project (ACHIP). In this thesis we have proposed a novel scheme for energy modulation based
on the combination of ARF, collimator and dispersive section. For a simpler scheme composed
of just 6 mm ARF driven by TMy; mode far from the damage threshold limitation (e.g. E, =~
10MV/m), a peak-to-peak energy modulation of ~250 KeV has been simulated. Furthermore,
increasing the field strength inside the fiber up to the damage threshold produces microbunch
train. Longer electron bunch (0;=20 fs) experiences transverse forces amplitude varying with
the relative phase. For certain phases, portions of the electron beam are defocused leading to a
microbunch train production by geometrical effect. The spoiled electrons are then removed by a
collimator producing microbunched beam at the driving wavelength. Using a dispersive section,
the correlated energy spread of the beam can be converted into density modulation resulting into
the prodcution of = 100 attosecond FWHM microbunch trains with the periodicity of the driving
wavelength. A bunch form factor of ~0.6 is calculated at the fundamental harmonic with a peak
current of 50 Amps. We expect the simple technique to have applications for beam manipulation
and radiation generation. As the simulated beam parameters are achievable at ARES/SINBAD
experimental area, a first proof-of-principle experiments could be performed by small changes of
the hexapod base-plate in the experimental chamber. Discussion on the coupling of the optical
laser to the ARF while injecting electron beam is already ongoing and may foresee the utilization
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of a holed off-axis paraxial mirror.

In this thesis, we also have discussed how the deflecting HE1; mode could be employed. In
conventional accelerators, the deflecting mode is used for longitudinal bunch diagnostic enabling
measurement of bunch length and longitudinal phase space when combined with a spectrometer.
A short bunch (oy=1 fs) properly injected into the ARF driven by deflecting mode will be
streaked on a screen located downstream. Simulations show that ARF can be used for bunch
length measurements with sub-attosecond resolution. Such a powerful diagnostic could be used
to provide information on complex process in X-ray free electron lasers. The effect of edge
fields in the coupling process is not discussed in this thesis and could be the topics for future
investigations. Finite-different time-domain software such as VSIM or CST could be used for
further investigations. Also, ARF could be an interesting topic for the investigation of radiation
generation. High charged beam travelling through the ARF hollow core could produce high
intensity wakefield motivating investigation in such an application.

Finally, the laser induced damage threshold limits the maximum achievable gradient in the
ARF. In the SINBAD/ARES laser laboratory, we implemented an optical experimental setup
to perform a preliminary coupling efficiency and damage threshold measurements. Our results
show a coupling efficiency of ~ 88 % while a maximum laser pulse energy of 0.45 mJ is injected.
These measurements will be particularly important at ARES/SINBAD for performing first beam
manipulation experiments as they set rough limitations for this fiber.

Summarizing, in this thesis we proposed a novel scheme for beam manipulation using a laser-
driven anti-resonant fiber. We investigated the accelerating and the deflecting modes interaction
with an ultra-relativistic energy beam demonstrating energy modulation, microbunch trains pro-
duction and possible bunch length measurements with sub-attosecond time resolution. These
results are very promising and motivate further investigations and first experimental campaign
at SINBAD/ARES for a laser-driven ARF.
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