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Abstract

Development of time-stretch terahertz waveform recorders for high repetition
rate accelerator-based light sources

by Christelle HANOUN

THz science lacks of non-destructive waveform recorders for single-shot measure-
ments of ultrafast signals with high repetition rates. This need is particularly crucial
in accelerator-based light sources where electrons are accelerated to the speed of
light, and holds substantial significance for researchers in the realm of time-domain
THz spectroscopy, especially when investigating ultrafast irreversible phenomena.
Existing detectors still present limitations in terms of recording window lengths, ac-
quisition rates and sensitivity. This thesis aims to develop novel THz detectors that
overcome existing limitations and capable of recording single-shot THz signals emit-
ted by storage rings and free-electron lasers. In a first investigation, an experimental
setup, based on single-shot electro-optic sampling combining photonic time-stretch
and phase diversity techniques, is tested at the coherent diffraction radiation THz
source at ELBE reaching up to 26 MHz acquisition rate with a sub-picosecond reso-
lution. As this setup can provide systematically both the carrier and envelope of THz
waveforms, we were able to measure for the first time ever the startup and turnoff
of the free electron laser at ELBE in single-shot and offer valuable information on
carrier-envelope phase. A second part of this work is dedicated to improve the per-
formance of time-stretch electro-optic sampling, allowing to increase the stretch and
consequently reduce the detection bandwidth. This study, conceived at the 1550
mm telecommunication laser wavelength, was performed at SOLEIL storage ring
allowing to measure THz signals with 1 GHz oscilloscope, a milestone achievement
in ultrafast studies. Notably, it enabled to measure unprecedentedly the complete
coherent synchrotron radiation THz pulses in single-shot.


HTTPS://WWW.UNIV-LILLE.FR/




UNIVERSITE DE LILLE

Résumé

Développement d’enregistreurs de formes d’onde térahertz a étirement temporel
pour les sources lumineuses basées sur des accélérateurs a taux de répétition
élevé

by Christelle HANOUN

Le travail de Thése concerne le développement de systemes permettant 1’enregis-
trement de signaux électriques, en single-shot, avec des bandes passantes allant
jusqu’a plusieurs térahertz (THz). Ce travail est motivé par des besoins importants
dans le développement et la recherche sur les sources de lumiere basées sur des
accélérateurs (les centres de rayonnement synchrotron et les lasers a électrons li-
bres). Ce travail est également motivé par les besoins récents de spectroscopie THz
avec des fréquences d’acquisition élevées. Cette thése se focalise sur le développe-
ment de systémes de mesure ol les ondes THz & analyser sont sondées au moyen
d’un laser femtoseconde. Plus spécifiquement, le travail porte sur le développe-
ment de la technique dite du photonic time-stretch, et vise a résoudre plusieurs prob-
lemes ouverts. Jusqu’a récemment, les techniques de time-stretch souffraient d’une
limite fondamentale qui limitait leurs durées d’enregistrement et/ou leurs réso-
lutions temporelles a des valeurs incompatibles avec de nombreuses applications
dans le domaine des accélérateurs. Dans une premiére partie, le travail a consisté
a tenter de résoudre ce probléeme en développant, au laboratoire PhLAM, un sys-
téme d’enregistrement THz monocoup associant la technique du photonic time-
stretch et la technique dite du Diversity Electro-Optic Sampling (DEOS). Le systeme
d’enregistrement, basé sur un laser de sonde a 1030 nm a ensuite été testé lors de
deux séries d’expériences sur les sources THz intense basées sur 1’accélérateur ELBE,
a Dresde. La premiére expérience s’est focalisée sur la source CDR (Coherent Diffrac-
tion Radiation) de ELBE — une source THz émettant des impulsions “single cycle”.
Le succes de cette expérience nous a ensuite mené a réaliser des mesures du ray-
onnement émis par le laser a électrons libres (FEL) Térahertz de FELBE. Ceci nous
a permis de démontrer la possibilité d’enregistrer de signaux THz a une fréquence
— record — de 13 MHz. De plus, d’un point de vue plus fondamental, 'étude ex-
périmentale du démarrage du laser a électrons libres a permis — pour la premiére
fois — de visualiser de facon directe le démarrage d’un laser impulsionnel, en en-
registrant completement les impulsions émises (c’est-a-dire leur amplitude et leur
porteuse). Finalement, cette these s’est focalisée sur un probleme ouvert différent,
concernant le colit — extrémement élevé — des systéemes de mesures THz de type
time-stretch. En effet, ces systémes de mesures requierent des oscilloscopes avec
des bandes passantes élevées (généralement au-dela de 10 ou 20 GHz). A partir
d’une étude comparative détaillée, et de mesures effectuées a SOLEIL, nous avons
démontré la supériorité d’une stratégie basée sur des lasers de sonde a 1550 nm, au
lieu des lasers (essentiellement a 1030 nm) usuellement employés dans la littérature.
En permettant 'utilisation d’oscilloscopes avec des bandes passantes relativement
faibles (de 1’ordre du GHz), ceci nous a permis de réduire les cofits de fagon impor-
tante, permettant d’envisager une popularisation beaucoup plus importante de ces
méthodes de time-stretch dans le domaine des accélérateurs et en spectroscopie.
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Introduction

Accelerators-based light sources have emerged as powerful scientific tools em-
ployed to reveal the secrets of matter. These machines provide an intense radiation
with unique properties over a wide of electromagnetic radiation in the infrared,
ultraviolet and X-rays ranges, inaccessible by conventional sources. These wave-
lengths are of high interest in fields such as biological studies [1], chemical analyses
[2] and material science.

Within accelerators, electrons are accelerated to relativistic speeds close to the
velocity of light, serving as sources of synchrotron radiation. With the progress
of accelerators, electrons have been generated with enhanced characteristics,
including higher energies, shorter time scales from subnanoseconds to picoseconds,
resulting in the generation of Terahertz (THz) radiation, both incoherently and
coherently. This THz radiation has attracted researchers from diverse disciplines
and started to find applications in various sectors such as in medicine, science,
industry and technology [3, 4]. It has expanded rapidly after the development of
THz time-domain spectroscopy since the early 1990 [5]. Diverse advancements have
been consequently achieved to generate this THz radiation with various properties
such as coherent synchrotron radiation, coherent transition radiation, coherent
diffraction radiation, free-electron lasers, etc.

In accelerators, exploring the dynamics of electrons is crucial to get an under-
standing of their behavior and control their emission of radiation. This can be
achieved either by characterizing electron bunch shapes by measuring the electric
field inside the vacuum chamber or by measuring the THz emitted radiation that
reflects the properties of electrons bunches within the accelerator. Consequently,
measurements within these facilities are important to understand and control these
machines. Measuring the shot-by-shot electrons behavior, allows to study the dy-
namic of the particles. Moreover, characterizing the coherent THz emitted radiation
helps in getting information on the electron bunches. These observations serve as a
validation and refinement tool to simulations models, helping with designing and
optimizing accelerators. Additionally, the study of THz emitted radiation holds
significant importance for THz spectroscopic applications, extending scientific
exploration and provide ultrafast measurements tools.

Nevertheless, these ultrafast measurements are not straightforward and require
advanced diagnostic tools with THz bandwidths. A popular technique for THz
detection, called electro-optic sampling (EOS), consists in probing electric fields
using a laser probe pulse. Based on this technique, many research studies have been
conducted at various THz sources [6-8] and have been upgraded progressively
to allow single-shot operation detection of high acquisition rates [9, 10]. Current
available systems still exhibit certain limitations with challenges increasing continu-
ously with the emergence of more sophisticated THz sources operating at high THz



frequencies and higher repetition rates (such as FELBE, PITZ, etc.).

The main objective of this PhD thesis is to go beyond existing limitations and
to develop a novel real-time observation tool, based on optics and photonics, that
encompasses all these needs into a single setup capable of performing single shot
measurements at high repetition rates and a sufficient temporal resolution. This
detector tool will be based on single shot EOS with photonic time stretch, enabling
to reach high repetition rates. Additionally, a technique for numerical signal recon-
struction will be employed to achieve the required temporal resolution. The second
purpose consists in applying and using this diagnostic tool to study machines such
as storage rings and free-electron lasers. Experiments will be conducted at three
different THz sources, the coherent diffraction radiation at ELBE, the free-electron
laser FELBE, and the coherent synchrotron radiation at SOLEIL storage ring. We
will see how with combining photonic time stretch with single-shot EOS we will
be able to measure repetition rates up to 13 MHz. A part of this work will be
dedicated to work, using photonics, on reducing the cost of the diagnostic tool as
existing techniques impose the use of expensive digitizers with high bandwidth,
thus making these techniques more cost-effective and more accessible for scientists.

This thesis is organized as follows: Chapter 1 serves as an introduction to
accelerator-based light sources, with a particular focus on those generating THz
coherent radiation. It discusses the necessity of single-shot THz measurement
in accelerators, existing detection methods and address briefly the associated
challenges.

In Chapter 2, we will focus on the techniques involved for the development of
the THz detectors that will be presented in the subsequent chapters. We will give
a brief review on THz single-shot techniques, with a specific emphasis on spectral
encoding electro-optic sampling using chirped laser pulses. We will introduce
after the photonic time stretch technique that allows to reach repetition rates of the
accelerators going up to the MHz range. The chapter also discusses the implemen-
tation of the phase diversity technique to overcome a known resolution limitation
in THz single-shot detection. A substantial portion of this thesis is devoted to
the development of a data analysis numerical algorithm for signal reconstruction
with sufficient temporal resolution to retrieve accurately THz profiles from raw data.

Chapters 3 and 4 describe the experiments conducted at various THz sources
to test our experimental setups using a 1030 nm Ytterbium laser, a common wave-
length employed in accelerators, as used at DESY and KARA. These experiments
provide practical insights into the performance and adaptability of the diagnostic
tool for different THz sources. In Chapter 3, we describe the experimental setup we
have developed with the first tests at the coherent THz diffraction source at ELBE
with the measured signals and the data analysis protocols for signal reconstruction.
Chapter 4 extends the exploration of our THz detection tool for the measurement
of another THz source, which is the FEL THz source, emitting adjustable THz
frequencies at a 13 MHz repetition rate.

In Chapter 5, a special purpose emerges, aiming to reduce the detector cost by
exploring the capabilities of photonic time stretch at the 1550 nm telecommuni-
cation wavelength to further slow down signals, thereby reducing the detection
bandwidth required. This approach offers the potential for cost reduction while



maintaining an efficient performance. This experimental setup is tested at SOLEIL
storage ring to measure the complete coherent THz pulses in single-shot.

And to sum up, Chapter 6 offers reflections on the achieved outcomes through-
out this thesis and their significance in advancing our understanding of THz radi-
ation sources. It outlines potential avenues for future research work and develop-
ment.






Chapter 1

Accelerators-based THz sources

This chapter gives a brief introduction about accelerators-driven light sources trac-
ing their evolution with time followed by a description of several sources of THz
radiation emitted by relativistic electron bunches. A second section is dedicated to
electron beam diagnostics in accelerators, emphasizing on the need of single-shot
measurements for signals with THz bandwidth and the challenges faced for these
types of measurements.

1.1 Introduction on accelerators-based light sources

Particle accelerators are the biggest scientific tools and among the most expensive
instruments for research. Their development improved on a rapid scale with
different operation modes and configurations to produce an intense radiation
uncommonly generated by conventional techniques, particularly in the X-ray and
THz range.

The development of accelerators-based light sources started with the devel-
opment of storage rings conceived to investigate nuclear and particle physics
phenomena [11, 12]. As charged particles are accelerated, they emit an electro-
magnetic field, known as synchrotron radiation (SR). At that time, this emitted
radiation was considered as a limitation in accelerators [13], hampering high-energy
experiments. Its utilization in research was limited [14, 15] because the machines
were primarily optimized for other experiments rather than the production of SR.

After discovering synchrotron radiation, the potential uses of this radiation
in research became apparent, leading to the emergence of a new generation of
accelerators-based light sources in the early 1970s, storage rings designed and
dedicated to produce SR, such as UVSOR [16] and SuperACO [17] using bending
magnets. The high demand pushed researchers to expand existing facilities or
construct new ones, such as Synchrotron SOLEIL [18], capable of generating more
intense and higher energy X-rays with insertion devices such as wigglers and
undulators to boost brightness.

An upgraded generation of accelerators-driven light sources is currently opera-
tional and features free-electron lasers (FEL)s where relativistic electrons are used
to develop lasers, that provide an intense, coherent X-ray radiation like FELBE [19],
FLASH [20], FERMI [21], etc.

On the ongoing advancement, a new light sources generation [22] is currently
under development, based on laser wakefield acceleration towards ultra compact



6 Chapter 1. Accelerators-based THz sources

electron
bunch

Incoherent Synchrotron
Radiation (SR) with a
broadband spectrum and
intensity proportional to N jectrons

FIGURE 1.1: Emission of synchrotron radiation (SR) when an electron

bunch passes through a bending magnet. As each electron forming the

bunch emits at shorter wavelength than its length, the total synchrotron
radiation results in an incoherent emission.

accelerators [22-25].

These light sources have become indispensable, performing milestone advance-
ments in many research fields, medicine and technology. Their applications span
across various disciplines, ranging from fundamental sciences such as physics, spec-
troscopy, and structural biology, to practical applications in medicine [26-29].

1.2 Relativistic electron bunches-based THz light sources

We will describe, in this section, the physical techniques on which are based
accelerators-driven light sources that use relativistic electron bunches to generate
THz radiation, and in particular on the THz sources that will be investigated in this
thesis. Our work concerns the measurement of the coherent synchrotron radiation
in a storage ring, the coherent diffraction radiation in a linear accelerator, on the THz
emitted pulses by a free-electrons laser.

1.2.1 Synchrotron radiation

According to classical electrodynamics principles, an accelerated charge radiates en-
ergy in an electromagnetic pulse [30]. Based on this concept, a charged particle mov-
ing on a curved trajectory in the presence of a magnetic field emits an electromag-
netic wave under the so-called synchrotron radiation (SR). Thereby, when an accel-
erated electron bunch traverse a magnetic field, it emits an incoherent synchrotron
radiation with a broadband spectrum and an intensity proportional to the number
of electrons N forming the bunch. A clear representation of this traditional phe-
nomenon is schemed in Figure 1.1. This radiation was observed for the first time
in 1947 [31, 32]. The intensity profile of this emitted SR represents the longitudinal
bunch profile, serving as a tool for longitudinal beam diagnostics [33].

1.2.1.1 Undulators

An undulator consists of a pair of alternating magnets of the same length faced to
each other, as seen in Figure 1.2. The electron bunch travels in the sinusoidal periodic
magnetic field supplied by the undulator leading to periodic alternating oscillations
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Undulator: series of alternating magnets

Narrowband
electron | FUL T[TV LV ] emitted
bunch radiation

FIGURE 1.2: The electron bunch passes through an undulator, which con-

sists of a pair series of alternating magnets faced to each other. Electrons

undergo oscillations due to the periodic magnetic field of magnets and
thus emit a narrowband radiation.

at the beam axis. Electrons radiate by spontaneous emission due to this periodic
motion of particles and results in the emission of a narrowband radiation with high
brilliance, improving the emitted beam quality and intensity with respect to bending
magnets [34].

The emitted light wavelength A depends on the electron energy E, = ym,c? and the
undulator parameter K, satisfying the following equation:

Ay K?

_ A 212

A—272(1+2+79) (1.1)
where A
eDAy

K= 1.2

27Tm,c (1.2)

Ay is the undulator period, B the magnetic field strength, 6 the observation angle
with respect to the electron beam (this angle is small in the undulator) and 7 the
relativistic Lorentz factor v = 1/+/1 — v?/c%. K-value is dependent on the magnetic
tield, and can be modified by adjusting the field strength applied on the undulator
axis or by changing the electron beam energy.

1.2.2 Coherent Synchrotron Radiation (CSR)

The total emitted synchrotron radiation (SR), previously discussed, is given by [35]:

P(17) :Pe(ﬁ)Ne + PeNe(Ne - 1)|f(17)|2 (1.3)
= incoherent(ﬂ) + Pcoherent(ﬁ) (14)

with 7 the radiation wavenumber, N, the number of electron forming an electron
bunch, P, the power emitted by a single electron and f the bunch longitudinal form
factor! expressed by:

f(w) = /+0Q e p(z) dz (1.5)

—00

where p(z) the normalized longitudinal density of the electron.

IThe bunch form factor of electron bunches is given by the Fourier Transform of the electron beam
distribution.
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FIGURE 1.3: Emission of coherent synchrotron radiation (CSR) when an

electron bunch with microstructures pass through a bending magnet. As

electrons emit at longer wavelengths than the bunch length, the total ra-
diation presents a coherent behavior.

The first term describes the incoherent emitted synchrotron radiation showing
a linear evolution with the number of electrons, explained in paragraph 1.2.1. The
second term corresponds to the coherent synchrotron radiation (CSR) with intensity
proportional to N2, the square of the number of electrons forming the bunch. This
radiation exists only when f(7) > 0. And as N, is extremely large (~ 10° - 10'°), this
coherent part becomes clearly dominant on the incoherent radiation, even when a
small spectral component appears along the longitudinal bunch profile.
The SR emission at long wavelengths (low 7 in Figure 1.4(a)) is not transmitted due
the shielding of the vacuum chamber [35, 36]. To allow a coherent emission, spectral
components should appear in the Fourier Transform at higher frequencies either by
microbunching instability (will be detailed in next paragraph) as in Figure 1.4(b)
when microstructures result in fast oscillations appearing along the electron bunch
density or by using short electron bunches (below the shielding cutoff) [37, 38] as in
Figure 1.4(c) where the spectral emission occurs over a large band of frequencies or
even using laser bunch slicing [39]. This coherence enhances enormously the power
of the emitted radiation.

CSR was first observed in 1989 [40] and in 1999 at NSLS VUV (National Syn-
chrotron Light Source Vacuum Ultraviolet) [41, 42] and the investigation of CSR
became experimentally possible in the 2000’s where electron bunches were stored
in storage rings. Thereafter, stable CSR was generated with the use of short bunches
at BESSY [38] and at ANKA later [43]. Many experiments were performed after at
different facilities, allowing to observe and measure CSR microbunching instability
[44-53] with active investigations in many storage rings [42, 44, 46,47, 50, 51, 54-571].

We will focus, in the next paragraph, on the CSR emitted by the microbunch-
ing instability as this will be a one of the THz sources where we will perform the
experiment described in Chapter 5.

1.2.2.1 Microbunching instability: a source of CSR

Above a certain beam current, electrons interact with their own emitted radiation,
causing “collective effects” [58]. This effect results in the formation of microstruc-
tures longitudinally along the bunch in the mm scale, as represented in Figure 1.3.
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FIGURE 1.4: Spectral emission properties (in green) of synchrotron ra-
diation emission for configurations of electron bunches distributions (in
blue): (a) electron bunch distribution for an emission by a magnetic field
resulting in a broadband spectrum at long wavelengths. This emission is
suppressed by the shielding of the vacuum chamber. (b) Small modula-
tions in the electron bunch distribution result in the emission of a trans-
mittable frequency out of the chamber. (c) Short electron bunches with
broadband spectrum at high frequencies engender high spectral compo-
nents resulting in an emission of a coherent synchrotron radiation (CSR).
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FIGURE 1.5: (a) Generation of Coherent Transition Radiation (CTR) by

placing a metallic foil on the electron beam path resulting in the gener-

ation of a coherent radiation revealing the characteristics of the electron

bunch profile.(b) Generation of Coherent Diffraction Radiation (CDR) op-

erating similarly to CTR with the presence of a hole in the foil allowing

the electron bunch to continue its path with a smaller perturbation with
respect to the CTR.

As these microstructures are short, they emit radiation coherently with an intensity
quadratically proportional to the number of electrons inside the bunch. This effect,
known as microbunching instability [59, 60], can occur in storage rings, particularly
in high-brightness electron storage rings and it is a source of coherent synchrotron
radiation (CSR), as represented in Figure 1.3.

This phenomenon has been of particular scientific interest due to its dual nature,
being both a limitation and serving a source of coherent THz radiation, typically
10* — 10° times more intense than incoherent synchrotron radiation. Consequently,
this duality has motivated researchers to delve into a thorough investigation of this
phenomenon by conducting theoretical studies and simulations on the CSR or mi-
crobunching instability to simulate CSR formations and predict thresholds using
the Vlasov-Fokker-Planck equation or the particle tracking approach [59-61] [62-65].
Many techniques such as feedback control system [66] and elimination of collective
effect have been developed to eliminate this instability effect.

1.2.3 Coherent transition radiation and coherent diffraction radiation

When a charged particle passes by an inhomogeneity such as a medium, it encoun-
ters a change in the electromagnetic properties of its surroundings and the field
carried by the particle induces alternating currents or polarizations in the medium,
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giving arise to an emission of electromagnetic radiation [67].

Based on this concept, techniques such as transition radiation and diffraction
radiation are used as sources of radiation.

In practical, the generation of transition radiation is done by placing a metallic
foil on the electron bunch, as shown in Figure 1.5(a). The electron bunch sets up
currents in the metallic foil which re-radiate the induced field reflecting the electron
bunch properties. One can measure then the reflected emitted radiation.

Diffraction radiation operates similarly to transition radiation with the difference
that the charged particle or the electron bunch travels through a slit or an aperture
of a screen placed on its path as in Figure 1.5(b). The electric field is deflected in this
case and the electrons continue their path without interception.

When the electron bunch length is shorter or comparable to the emitted radiation
wavelength, electrons emit coherently, leading to a coherent transition radiation
(CTR) as seen in Figure 1.5(a) or equivalently to a coherent diffraction radiation
(CDR) as seen in Figure 1.5(b).

CTR and CDR provide a broadband source of THz and are commonly employed
as a tool to monitor the transverse and longitudinal parameters of a charged beam.
The spectral distribution of the emitted radiation represents the distribution of
electrons within the bunch, providing valuable information for characterizing the
bunch. The intensity of the emitted radiation is directly related to the current
density of the bunch, allowing to deduce the information on the electron bunch
longitudinal distribution profile.

CTR has been served, mostly in linacs, for analyzing the longitudinal bunch
shape [68, 69]. Even though, this technique allows the generation of a coherent
radiation, the interaction with the metallic foil has a destructive effect on the
electron beam. Alternatively, CDR is a non-destructive technique offering a minimal
perturbation and non-invasive nature [70], and is commonly used for longitudinal
bunch profile measurements [71, 72].

1.2.4 Free-electron laser (FEL) operating principle

We have seen, in paragraph 1.2.1.1, that an electron bunch travelling in an undulator
emits an electromagnetic radiation incoherently due to spontaneous emission. The
configuration of an electron bunch travelling in an undulator can also operate as
an amplifying medium for an external electromagnetic wave, as seen in Figure 1.6
where the light pulse propagates with the electron bunch all along the undulator.
The electron bunch provides a gain and transfer a part of its energy for the electro-
magnetic wave that gets amplified. In this case, the electron bunch will emit not
only due to the undulator field but also in the electromagnetic wave field due to
stimulated emission.

This is the concept of a free-electron laser (FEL) which is a type of laser where high
energy electrons traveling through an undulator are used as the amplification
medium to generate a coherent monochromatic radiation at a wavelength defined
by Eq. 1.1. The first operation of a FEL started in 1977 [73].
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FIGURE 1.6: Electrons in Figure 1.2 emit due the magnetic field of the un-

dulator. When a laser pulse is sent with the electron bunch, the electron

beam not only due to the periodic magnet field but also due to the electro-

magnetic wave by stimulated emission and thus giving part of its energy
to the laser pulse getting amplified.

The operation can be through a single passage of the electron bunch in a long
undulator as in Figure 1.6 or an undulator within a resonant optical cavity, as in
Figure 1.7.

An electron bunch travelling through a long undulator in a single pass can

also operate as an amplifier for its own emitted radiation which is the case of a
self-amplified spontaneous emission (SASE) FEL, where the spontaneous emitted
radiation, travelling in a long undulator gets amplified and results in a coherent
radiation.
Another type of FELs is the oscillator FEL based on a resonant optical cavity
where the FEL generates its own radiation with the electron bunch wiggling in the
undulator and trapped in its resonant cavity. The generated light interacts with the
electron bunch and undergoes stimulated emission at each turn, resulting in the
production of intense and coherent radiation.

In both operating modes, the emitted photons, in phase with the radiation
tield, are amplified by extracting energy from the electron bunch and results in an
emission of a coherent radiation.

We will focus in this next paragraph on the oscillator FEL, which is the case of
the FEL at ELBE where we will perform some THz measurements.

1.2.4.1 FEL with an optical resonator cavity: Oscillator FEL

The system described in Figure 1.6 is implemented into a laser system to store the
electromagnetic wave in an optical resonant cavity. Electrons are then injected in a
laser cavity formed of an undulator and an optical resonator as seen in Figure 1.7. In
this way, the electron beam can give continuously its energy to the electromagnetic
wave. The amplified photons are reflected back and forth in an optical resonator,
made of a pair of mirrors. One of the mirrors of the cavity has an outcoupling hole
to allow the bunch to exit the cavity. The mirror positions are adjusted so that the
round-trip of the generated radiation coincides with the next electron bunch arriving
at the entrance of the undulator. This synchronization is important to allow stimu-
lated emission and amplify correctly the radiation to result in intense coherent light
pulses.
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FIGURE 1.7: FEL operational principle: the previous system in Figure 1.6

is placed in a resonant cavity where the electron bunch gives it energy

continuously to the light pulse trapped inside. This results in an emission
of an intense coherent narrowband radiation.

1.3 Need for single-shot longitudinal beam diagnostics in ac-
celerators

The operation of electron accelerators-based light sources requires advanced ultra-
fast longitudinal diagnostic tools to characterize electron bunches and measure their
longitudinal bunch shapes. The time scales of these relativistic electron bunches
with femtoseconds or picoseconds duration make their detection challenging,
demanding diagnostics tools with THz bandwidths. Moreover, diagnostic tools are
needed to characterize THz light sources such as CSR, CDR, CTR, FEL, etc.

In the last recent years, there have been many studies to measure the longitudinal
bunch shapes and temporal profiles. A common used technique, called electro-optic
sampling (EOS), consists in probing the electric field of electron bunches using a
laser probe pulse (this method will be detailed in section 2.2).

A first approach of applying this technique can be done in the near field by plac-
ing an electro-optic crystal inside the tunnel in the vicinity of the electron beam and
probe the Coulomb electric field of the electron bunch, as depicted in Figure 1.8(a).

A second strategy involves measuring, in the far-field, the THz radiation
emitted by these relativistic electrons using THz detection systems, as illustrated in
Figure 1.8(b) [69, 74]. THz sources such as CSR, CDR, CTR, etc. emitted radiation
present viable diagnostics tools to provide information on the electron bunch profile.

EOS measurements started in 1982 for characterizing ultrafast electric transient

signals in semiconductors [75, 76]. The first single-shot EO operation was done in
1998 to measure a THz pulse generated by a laser [77].
This EOS technique was applied for the first time in the realm of accelerators in
the near-field at FELIX [78] to measure the electron bunch shapes. Many facilities
introduced this technique to characterize electron bunches in the near-field and in
the far field [7, 52, 79-82].
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FIGURE 1.8: (a) Near-field diagnostic of electron bunches in accelerators.

An electro-optic (EO) crystal is placed in the vicinity of electrons inside the

vacuum chamber. By EO effect, this technique allows monitoring electron

bunch shapes. (b) Far-field THz detection of relativistic electron bunches.

This can be done by probing the radiation emitted by electrons reflecting
the properties of electron bunches.

Then the question of single-shot measurements was opened, specially the
need for nondestructive measurements. This is particularly necessary to allow an
accurate capture and study shot by shot the electron beam dynamics.

Wilke et al. demonstrated the feasibility of near-field single-shot EOS for electron
bunch measurements in the linear accelerator FELIX FEL facility [6]. The first far-
field EOSD measurements were performed at SLS using laser bunch slicing [83] and
for CSR measurements [8]. Single-shot measurements of near-field measurements
were possible for the first time at the ANKA storage ring (KARA) by placing an EO
crystal in vicinity of electron bunches [33].

The high repetition rates in accelerators-driven light sources has pushed re-
searchers to upgrade single-shot EOS based diagnostic tools to achieve acquisition
rates up to revolution frequencies in accelerators in the order of MHz (this chal-
lenge will be detailed in Chapter 2). The first demonstrations of MHz acquisition
rate single-shot EOS have been performed independently by the KIT-DESY and
PhLAM-SOLEIL collaborations, using different strategies [9, 10, 84].

Existing detectors still present limitations and encounter tradeoffs in terms of
single-shot operation, acquisition rates, sufficient temporal resolution and sensi-
tivity. The specificities and challenges of these measurements will be described
gradually in Chapter 2.

The main work of this thesis is to develop a single-shot diagnostic tool based on
electro-optic sampling that overcomes existing THz single-shot tradeoffs capable
of reaching repetition rates in the order of MHz and provide non-destructive
recordings of THz signals.
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Chapter 2

Fundamental methodologies for
THz detection

2.1 Introduction

This chapter gives an overview of the fundamental methodologies employed for the
development of our single-shot THz-TDS (Terahertz Time-Domain Spectroscopy)
based detector explaining their operating principles and limitations. We begin by in-
troducing the most popular technique for THz detection, the so-called electro-optic
sampling, and its single-shot versions. A special emphasis will be dedicated to the
spectrally encoded electro-optic sampling on which is based our detector to enable
a single-shot operation and allow real-time measurements. To reach high repeti-
tion rates and overcome speeds of commercial cameras, we integrate the so-called
photonic time-stretch concept into the single-shot electro-optic sampling setup. Fur-
thermore, we incorporate a balanced detection scheme, a commonly used noise re-
duction technique to improve sensitivity. Thereafter, we will discuss the limitation
on temporal resolution by defining the transfer functions of the detection system
and introduce the phase diversity strategy that will overcome constraints and lead
to a sufficient sub-ps temporal resolution. Each method offers a specific property,
the combination on which will lead to the development of a single-shot THz oscillo-
scope with a high acquisition rate.

2.2 Electro-optic sampling (EOS) and its single-shot versions

2.21 Classical (non single-shot) electro-optic sampling

Electro-optic sampling (EOS) is a popular detection technique capable of measuring
temporal evolution of electric fields, up to THz signals. It is based on the electro-
optic effect or Pockels effect, stipulating that when an electric field is applied to an
isotropic electro-optic (EO) crystal, it modifies its optical properties by creating a
birefringence equivalent to the electric field. More precisely, the electric field causes
an anisotropy in the crystal, resulting in two different refractive indices along the
slow and fast axes ns and 1y respectively, both proportional to the applied electric
field !, as represented in Figure 2.1. This birefringence can be probed by sending
a laser pulse simultaneously with the THz applied on the EO crystal, as in Figure
2.2. This will modify the laser polarization, usually initially linear, by creating an
ellipticity. The phase shift A¢g;,, between the ordinary and extraordinary components
of the probe laser beam is proportional to the THz applied electric field Erp,. This
phase shift is directly linked to the laser wavelength A in vacuum, the EO crystal

LA full mathematically study can be found in [85].
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FIGURE 2.1: Electro-optic crystal with a [110]-cut plane and a thickness d

on which the laser electric field and the THz electric field are sent parallel

to each other and parallel to the [-110], perpendicularly to the (110)-plane.

This induces a birefringence in the crystal inducing two indices of refrac-

tion 15 and 1y along the slow and the fast axis. Note that this representa-

tion is for the classic electro-optic configuration where the angle between
the THz field and the [-110] crystal axis « = 0.

thickness 4 and electro-optic coefficient r4; and to the untroubled refractive index ny
by [7, 86]:

27td 27td d
Apin(t) = %An = %Wf —ng| = %ngml V' 1+ 3cos?aErp () (2.1)
= BETh(t) (2.2)

where « is the orientation of the THz field with respect to the [-110] direction of the
EO crystal.

The coefficient § depends on the relative orientations of the crystal axes and on the
polarizations of the laser and THz field.

When no electric field is applied, ns = ny = ny.
In the standard EOS configuration, the THz is sent parallel to the [-110] crystallo-
graphic axis, i.e. « = 0 as in Figure 2.1, and f is equal to:

27td
B= 1 n8r41 (2.3)

This induced ellipticity or polarization modulation is converted into an intensity
modulation with the use of a quarter wave plate (QWP) and a polarizer so that it
can be detected by a photodetector (see Figure 2.2).

This technique scans the time delay between the laser pulse and the studied THz
signal and the acquisition is made in consecutive recordings enabling to cover each
portion of the THz signal and thereby provide the full information on the THz
electric field. The resolution of detection is limited by the duration of the laser
probe pulse Ty and the EO crystal properties. The EO crystal efficiency is limited by
phonon resonances frequencies fy, summarized for each crystal in Table 2.1, around
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FIGURE 2.2: Classical electro-optic (EO) sampling operating scheme: the
THz signal under interest is sent to an EO crystal. This electric field in-
duces a birefringence in the crystal that will change the laser probe pulse
polarization, initially linear, by creating an ellipticity that will be trans-
formed to an intensity modulation with the use of a quarter wave plate
(QWP) and a polarizer. This technique uses a mechanical delay stage to
vary the time interval between the THz and the laser pulses and scan the
complete electric field of the THz signal.

Detection
EOQ arystal | fo (THz) wavelength (nm)
ZnTe 5.3 800
GaP 10.98 1060
GaAs 8.025 1550

TABLE 2.1: Suitable EO crystals according to laser wavelengths with
fo the frequency of phonon resonance in the THz range.

which strong absorptions are defined in the crystal lattice. Thereby, this technique

enables the electric field to be measured completely with a sub-picosecond temporal
resolution [78, 87, 88].

For an optimal EO effect with a maximal A¢;,(t), « should be null, according
to Eq. 2.2, which means that the THz signal and the laser probe pulse are aligned
parallelly to the [-110] axis of the crystal, as in Figure 2.1. The selection of the appro-
priate EO crystal usually with a zinc blende symmetry such as Zinc telluride (ZnTe),
Gallium arsenide (GaAs), Gallium phosphide (GaP), ... is critical to achieve a phase
matching condition between the laser and the THz signals. This choice depends
on factors such as the laser wavelength and the frequency of the THz signal being
measured. This is of high-importance as it presents a trade-off between sensitivity
and frequency response: thinner EO sensors provide a broader frequency response,
reaching a wider range of THz frequencies, but results in a lower sensitivity due to
the shorter interaction distance. On the other hand, thicker EO crystals offer higher
sensitivity but at the expense of a reduced bandwidth due to the group velocity
dispersion. A more detailed study of the selection of the EO crystal can be found
in Appendix A and the appropriate EO crystal choices are summarized in Table 2.1
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FIGURE 2.3: Single-shot electro-optic sampling (EOS) THz detection tech-
niques: (a) Classical EOS. (b) Spectral encoding EOS using chirped laser
pulses. (c) Amplitude encoding spectral interferometry using a chirped
laser pulse and a short laser pulse having a time delay between each other.
(d) Time-to-space encoding with non-collinear crossing or tilted geome-
try. (e) Time-to-space encoding with second harmonic generation cross
correlation. (f) Time-to-angle mapping encoding with transmissive dual
echelons. Figure taken from [93].

according to the most adapted laser wavelength detection.

The application of EOS initially focused on the measurement of ultrafast repetitive
transient electric signals [76, 89], on THz characterization [87], and found applica-
tions in various fields such as spectroscopy [90], tomography [91] and imaging [92].
In the field of accelerators, this technique helped in measuring relativistic electron
pulses at FELIX [78] and has been tested as well in storage ring using laser bunch
slicing [52].

While classical EOS allows the measurement of ultrashort signals with pi-
coseconds and femtosecond resolutions [78], it can be only applied to stable and
repetitive THz signals. Moreover, this technique is time-consuming, limited by the
varying speed of the delay and does not provide immediate access to the complete
information on the electric field. This impracticality becomes evident when dealing
with low-repetitive or non-repetitive events and physical irreversible phenomena
in fast THz spectroscopy experiments. More particularly, it fails to meet the
requirements of real-time measurements in storage rings and FELs to study electron
beams dynamics, especially when there is a time jitter between electron bunches.
Alternative approaches can be adopted such as parallel detection or multichannel
acquisitions to overcome these problems but may be impractical.

We will see in next paragraph, how this technique was adapted in several ways
to allow a single-shot operation.

2.2.2 Single-shot EOS methods

Many single-shot methodologies, based on EOS were developed for THz detection
[93]. These techniques include three classes: time-to-frequency mapping, time-to-
space mapping and time-to-angle mapping.
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* time-to-frequency mapping consists in using chirped readout pulses, having a
chirp of frequencies versus time. The temporal profile of the THz signal under
interest is encoded in the frequency spectrum of the laser pulse. This category
includes methods such as :

spectral encoding (see Figure 2.3(b)), explained in section 2.3.1

photonic time-stretch EOS, detailed in section 2.3.3

temporal cross-correlation using linear spectral interferometry [94]: this
technique resolves the problem of resolution but requires a high resolu-
tion interferometer and a precise alignment for longer temporal window

amplitude encoding spectral interferometry (see Figure 2.3(c)): it is lim-
ited by the time window duration

* time-to-space mapping consists in using a titled optical readout and map the
THz signal on it. It includes:

— Non-collinear crossing (see Figure 2.3(d)): this technique consists in en-
coding transversely the information under interest, making it less sensi-
tive compared to other methods. The acquisition rate is limited by the
speed of commercial cameras

— Non-collinear SHG cross correlation, with non-collinear geometry or
collinear tilted optical readout intensity front, with time domain non-
collinear second-harmonic cross-correlation (see Figure 2.3(e))

Schemes of these techniques make it complicated to implement bal-
anced detection configuration needed for a better SNR.

¢ time-to-angle mapping (see Figure 2.3(f)) consists in encoding with transmis-
sive dual echelons [95]. It involves some requirements on the thickness and
quality of optics.

Among all these techniques and others, methods in Figure 2.3(d)(e)(f), in
addition to their limitations, present low acquisition rates due to camera speeds.
Thereby, we opted for spectral encoding EOS using chirped laser pulses, as this
technique can be implemented with photonic time-stretch to allow to reach the high
repetition rates (MHz) involved in storage rings and FELs.

We will focus in the next paragraph on the frequency-to-time mapping spec-
tral encoding EOS using photonic time-stretch to overcome speeds of cameras,
keeping aside its temporal resolution limitation that will be discussed in section
2.5.1.

2.3 High repetition rate single-shot EOS based on chirped
laser pulses

2.3.1 Basic principle of single-shot EOS based on chirped laser pulses

Electro-optic spectral encoding or decoding (EOSD)[77] is a single-shot technique
for THz detection that involves the use of long chirped laser pulses to record the
complete THz waveform.
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FIGURE 2.4: Schematic of the single-shot electro-optic sampling or spec-
tral encoding electron-optic sampling technique: an upgraded version of
classical EOS with a chirped laser pulse. An initial laser pulse is chirped
spectrally, defining the acquisition window. The THz signal under inter-
est is encoded on the spectrum of the chirped laser pulse resulting in a
polarization modulation, through the Pockels effect. A set of wave plates
and a polarizer is used to transform this ellipticity modulation into an in-
tensity modulation. The modulated signal is measured using an optical
spectrum analyzer.

By dispersing an ultrashort laser pulse with a certain bandwidth AA in a disper-
sive medium such as a fiber, a crystal glass, a grating stretcher or a chirped fiber
Bragg grating, the different wavelengths of this pulse travel at different velocities,
resulting in a ramp of frequencies varying in time, ideally linearly. This results in a
longer pulse duration defined by :

Tc = DAA (2.4)
with D the total dispersion introduced.

When the chirped laser pulse co-propagate with the THz signal (see Figure
2.5), the THz waveform gets encoded onto the chirped spectrum, inducing a bire-
fringence by some amount equivalent to the electric field of the THz signal under
interest. A QWP and a polarizer are used to transform the polarization modulation
into an intensity modulation. The spectrum of the modulated laser pulse is mea-
sured using a spectrum analyzer, as shown in Figure 2.4. The spectrum is measured
with and without THz and are then subtracted to extract the information on THz
signal electric field. To allow complete single shot measurements, the chirped pulse
duration must be longer than the THz pulse duration of interest. More details can
be found in [96].

The application of EOSD with chirped laser pulses started in the THz domain
to measure transient electric signals with low repetition rates [77, 98] and has
demonstrated its value in accelerators for the measurement of temporal profiles and
lengths of electron bunches in single shot at FELIX [6] [99] and longitudinal bunch
diagnostics at FLASH [7]. It has allowed to monitor the electron bunch length in
single shot at SwissFEL [100] and found utility in storage rings for characterizing
electron bunches in far field [101] and near-field [33] at KARA. Single-shot mea-
surements of sliced electrons bunches were possible using this technique at Swiss
Light Source [8] as well in a recent development, Steffen et al. used this latter
technique to develop a very compact electro-optical detection system for single-shot
longitudinal monitoring of electron bunch lengths down to 200 fs at accelerators [10].
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FIGURE 2.5: Schematic of the single-shot electro-optic sampling or spec-
tral encoding electro-optic sampling technique for high acquisition rates:
an upgraded version of classical EOS with a chirped laser pulse. An initial
laser pulse is chirped spectrally to define the acquisition window, longer
than the THz signal. The THz signal under interest is encoded on the
spectrum of the chirped laser pulse resulting in a polarization modula-
tion, through the Pockels effect. A set of wave plates and a polarizer is
used to transform this ellipticity modulation into an intensity modula-
tion. The output measured modulated spectrum can be analyzed using a
grating and an ultrafast camera such as KALYPSO as in (a) or by slowing
down the signal before recording it using photonic time-stretch as in (b).
(KALYPSO camera photography taken from [97]).
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Nevertheless, the use of EOSD imposes a tradeoff with respect to the temporal
resolution [102] where a careful consideration on the amount of chirp introduced
should be considered taking into account the time constraints imposed by the
detector (more details in section 2.5.1).

EOSD-based techniques typically utilize a spectrometer or a diffraction grating
along with a camera to analyze the modulated spectrum of the EO signal. However,
the use of standard commercial cameras that can typically measure up to few hun-
dreds of kHz restricts the range of EOS applications.

Reaching higher (MHz and above) repetition rates requires specific research on the
readout strategies. Two main options have been envisaged. The first option over-
come the problem electronically and the second one using photonics.

2.3.2 High repetition rate single-shot EOS: Spectral decoding with ultra-
fast cameras

To deal with low acquisition rates, a first option involves the development of ultra-
fast electronic cameras capable of reaching high repetition rates. This is the case of
KALYPSO (KArlsruhe Linear arraY detector for MHz-rePetition rate SpectrOscopy),
a linear array detector that has been developed at KARA [97, 103, 104] for high
repetition rate with an excellent spatial resolution. This advanced detection system
offers a 4 MHz frame rate (with a envisaged 12 MHz in the future) in continuous
readout mode over long time periods with 512 pixels specifications. This camera
meets demands of high-speed EOS applications and enables the capture of fast
dynamics. By utilizing advanced cameras like KALYPSO, the utilization of the EO
technique can be significantly enhanced, allowing for the measurement and analysis
of fast phenomena with higher acquisition rates.

This camera KALYPSO has been installed along with a single-shot EOS scheme to
allow measurements of longitudinal charge density profiles of electrons bunches in
the near-field at storage ring KARA [105] and for longitudinal bunch studies [106] as
well as an EOSD system using KALYPSO allowed to monitor electron bunch profiles
in single-shot at the European X-ray Free Electron Laser (XFEL) [10] and FLASH
[107].

2.3.3 High repetition rate single-shot EOS with photonic time-stretch

An alternative solution, called photonic time-stretch (PTS), based on photonics can
overcome the speed of commercial cameras. This technique consists in manipulat-
ing time of ultrafast signals before recording them. This can be done by introducing
some dispersion by real-time Fourier transformation, mostly known as Dispersive
Fourier Transform [108] using dispersive mediums such as a dispersive fiber or a
chirped fiber Bragg grating [109]. As a result, signals get slow down in time and
can be recorded using a photodetector and an oscilloscope, as represented in Figure
2.5(b).

Associated with single-shot EOS as in Figure 2.6, photonic time-stretch is per-
formed in several steps: femtosecond laser pulses are chirped in a dispersive
medium with a dispersion Dj, here a fiber with length L; so that their durations
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FIGURE 2.6: Concept of photonic time-stretch combined with electro-

optic sampling: a pre-chirped laser pulse is spectrally modulated by the

THz signal. A second dispersion is introduced by sending the modulated

signal in a very long fiber so it gets slow down in time and can be recorded
by a photodetector and an oscilloscope.

become in the order of picoseconds. The electric field of the THz signal under inter-
est is encoded into the chirped laser pulse by EO effect. The modulated laser pulse
is then sent in long fiber of length L, with some dispersion D;. In this way, the pulse
is stretched from picoseconds to several nanoseconds and can be recorded by a pho-
todetector and an oscilloscope.

The detected output signal is a replica of the modulated input pulse, slowed down
by a stretch factor or magnification factor M defined by [110]:

M=1+D,/D; (2.5)

with Dy and D,, the respective total dispersion before and after EOS. Both the
chirped laser pulse and the THz signal are slow down in time.

For the case of fibers (such as dispersion-compensating fiber, etc.), the amount of
dispersion introduced in a fiber results in a pulse stretched to a duration T defined
by :

Tc = DiAA = DLAA (2.6)
where D is the dispersion of the fiber and L the length of the fiber and AA the spectral
width of the laser. The dispersive fiber decodes the spectrum of a pulse into a time
domain waveform using chromatic dispersion, offering high dispersion with low
losses.

Equivalently :

(2.7)
with L; and L the total fiber before and after EOS, respectively. L; defines the

recording window, and the fiber L, slows down the signal. In most cases for THz
signals, L, >> L; and D; >> D;.
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FIGURE 2.7: Schematic diagram representing the conditions on photonic
time-stretch: It is crucial that the dispersion introduced by a fiber does not
result in an overlap between successive laser pulses.

As an example, if L; = 16 m and L, = 4 km, then M = 250, which means that 4
GHz detected on the oscilloscope corresponds to 1 THz at the input.

The use of PTS allows replacing the diffraction grating and the camera in Figure
2.5(a) array by a fast photodetector and an oscilloscope, typically with multi-GHz
bandwidth as in Figure 2.5(b) and overcome speed limitation of commercial existing
detectors.

PTS was firstly concepted for increasing bandwidth of analog-to-digital con-
verters for electronic signals in 1998 [111, 112] [110, 113]. It was introduced with
single-shot EOS after for THz measurements in accelerators [9, 114, 115] and
recently for table-top THz experiments [109, 116-118].

Important parameters need to be taken in consideration when using PTS such
as the pulse bandwidth, the pulse duration, the repetition rate and the amount of
introduced dispersion. In terms of stretch, one would like to stretch as much as
possible to reach a higher sampling rate and to minimize the required bandwidth
detection. However, many effects can be limiting as pulses overlapping and limiting
the losses in fibers.

In Figure 2.7, f., refers to the laser repetition rate, T, the chirped window du-
ration and D the total temporal dispersion with D = D; + D, ~ D, (D2 >> D).
The pulse repetition rate f,., should be smaller than the pulse duration to avoid
overlapping between the stretched consecutive pulses:

frep < 1/Tc (2-8)

By means that:
frepDAA < 1 (2.9)

For a digitizer with Ny, sampling rate, the number of points N to be sampled be-
comes:

N = f4isTe = faigDAA (2.10)
This defines a maximal number of sampled points by:
N < Nmax = fdig/frep (2-11)

Thereby, when applying photonic time-stretch conditions f,,,DAA < 1 and
N < Nuax = faig/ frep should be verified to optimize its performance.
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By associating single-shot EOS with PTS, this technique allows to reach high
repetition rates and overcome the limitations imposed by commercial cameras
and explore new applications and scientific investigations in the field of ultrafast
measurements. Real time measurements are possible using acquisition tools such
as oscilloscopes or FPGA allowing continuous processing. Nevertheless, this
technique requires high bandwidth lasers, commercially limited by existing lasers.

To conclude, we can say that both KALYPSO and PTS allow high acquisition
rate. PTS present the advantage to push the acquisition rate to the hundreds of MHz
range by using commercial devices and off-the-shelf components. It can be also
easily implemented with balanced detection to improve the signal-to-noise ratio.
However, single-shot EOS has suffered from the temporal resolution limitation Tg
(Eq. (2.12)), until recently [119] (more details in section 2.5.1).

2.4 Single-shot EOS time stretch with balanced detection

Another important property of time-stretch and spectral decoding is the sensitivity,
i.e., the lowest electric field that can be measured. A classical way to optimize the
sensitivity consists of using a balanced photodetector (see Figure 2.8(b) and (c)), in-
stead of single photodetector as in Figure 2.8(a).

First, it is important to notice that each EO signal (P;(t) and P»(t)) are constituted
of a small modulation (down to 2% in the case of the SOLEIL experiments in
Chapter 5) on top of a laser pulse. The needed information is occupying few
number of bins on the digitizer, as seen in Figure 2.8(a) reducing the dynamic range
of detection and affecting the signal-to-noise ratio (SNR) of detection. Hence, a first
advantage of balanced detection is to remove the unmodulated background Py(t),
so that the ADC bins get exclusively used for resolving the EO signal. A second
advantage of the balanced detection is the possibility to cancel out a large part of
the probe laser noise (in particular the laser excess noise, and of amplified emission
noise when an amplifer is used at the output of the probe laser).

In BD, identical photodiodes or amplified photodetectors are used to detect the
two optical signals. The resulting photocurrents generated by these photodiodes
are then amplified differentially to produce an electrical signal of the difference
between them.

Numerical balanced detection

BD can be performed numerically, as in Figure 2.8(a), by using two identical
photodetectors to measure each EOS output corresponding to the two polarization
states of the modulated signal. As seen, the recorded signal, amplified by the gain
factor G of the detector, includes the full laser pulse with the noise and the THz
polarization state. The signal under interest, i.e., the polarizations P; and P,, occupy
few number of bins. As the two outputs are recorded separately, the extraction
of the important information can be done by a numerical processing to suppress
the common laser shape and shot-to-shot fluctuations resulting in the difference
between both polarizations or separate subtraction of modulated pulses from
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FIGURE 2.8: Balanced detection (BD) implementation methods. (a) Nu-
merical BD performed using two identical photodetectors allowing sep-
arate recordings of THz polarization states or a common noise suppres-
sion at the expense of a low dynamic range. (b) Analog BD using a
balanced detector allowing a common noise suppression with a high dy-
namic range. (c) Analog BD with adding a delay of one laser period to al-
low a separate recording of polarization states with a high dynamic range.
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FIGURE 2.9: Concept of balanced detection implemented with single-shot
time-stretch electro-optic sampling detection: The two polarization states
of the modulated signal are separated using a polarizing beam splitter
(PBS), stretched to several nanoseconds and measured with a balanced
detector (or separate photodetectors), generating the difference between
both inputs with a high dynamic range and a better sensitivity. Figure
from [120] using the balanced detection configuration explained in Figure
2.8(b).

unmodulated pulses to eliminate the common laser shape to retrieve two separated
information on each polarization state with a better sensitivity. This technique
works well but requires a detector with a high resolution which is not the case of
ultrafast detectors.

Analog balanced detection

Alternatively, BD can be performed analogically with the use of a balanced
detector composed of two photodiodes, as in Figure 2.8(b). In this case, the two
input signals are subtracted from each other and the resulting intensity is amplified
and can be recorded by an oscilloscope at a higher dynamic range. In this way, the
common noises and laser shape are directly suppressed between both arms and
the resulted difference is amplified and recorded with a higher dynamic range.
This technique allows increasing the SNR and optimizing the dynamic range. The
bins ADC are exclusively used for the THz signal. This technique has found a
particular interest in THz time-domain spectroscopy (THz-TDS) detection and
has been widely adopted in various EOS measurements [9, 114, 121]. However,
as simultaneous laser pulses are suppressed from each other, this will give the
difference between both polarization states and will not allow to measure both
polarizations separately.

Analog balanced detection with delay

As a separate recording of the two polarization states of the THz signal will be
needed in our detector (this will be discussed in the next paragraph), the idea
is to benefit from the dynamic range and increase the SNR while recording two
polarization states separately. To do this, an innovative idea, implemeted in our
experimental setup, consists of adding a delay of one laser period on one arm of
detection, as schemed in Figure 2.8(c). This will delay the arrival of pulses of this
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arm with respect to the other arm. Thereby, the subtraction will occur between
different laser pulses. The advantage of this technique is that it allows to record
each polarization separately but does not allow removing common laser fluctua-
tions since the subtraction is not effectuated between same laser pulses on both arms.

To achieve optimal BD, it is necessary to have a symmetric wavelength-
dependent transmission between both arms to guarantee a good cancelation of the
noise. In addition, optical delay lines can be employed to carefully adjust the time
delay between both arms and variable optical attenuators can be used to provide
equal powers to ensure a better suppression of common signals. In most EO BD
experiments, the probe laser pulse is split in two equal beams, with the use of a
splitter or a coupler, one serves as a reference and the other carries the encoded
information of interest.

Note that this technique can be implemented with photonic time-stretch to allow
reaching high repetition rates at high sensitivity [122] but it cannot be implemented
with spectrometer, i.e. with spectral encoding EOS.

Until now, we have seen that the combination of single-shot EOS with the photonic
time-stretch technique has resolved two main problems: measuring in single-shot and achiev-
ing high repetition rates. But this has not mitigated the limitation of temporal resolution.
Achieving higher resolutions in single-shot measurements remains a significant challenge for
researchers in the field due to the limitations imposed by bandwidth. The bandwidth limita-
tions of electronic components and measurement devices can restrict the ability to accurately
capture and analyze ultrafast signals in real-time. In the next section, we will focus on the
temporal resolution limitation and discuss the solution to overcome it.

2.5 Numerical reconstruction algorithm using phase diver-
sity (DEOS) for a better temporal resolution

2,51 Temporal resolution / bandwidth limitation

While EOSD enables single-shot measurements, the use of a chirped pulse results in
a limitation on the temporal resolution compared to conventional EOS. To tackle the
question on temporal resolution, let us see how does this property affect measured
signals by checking if the output waveform measured by the spectrometer or
photodetector corresponds exactly to the input signal (Figure 2.11).

To answer this question, simulations were performed [119] by considering sev-
eral THz pulse durations and simulating the output spectrum measured by a spec-
trometer after background subtraction and normalization, as seen in Figure 2.10.
It has been approved that for long pulse durations, of 2 ps for example, the out-
put measured signal is accurate and corresponds to the input signal. However, for
shorter pulses, some distortions begin to appear in the output spectrum to some
point that for ultrashort pulses (250 fs for example), this technique loses totally its
reliability to provide the exact THz information.

It turns out that this technique is valuable to a certain limit whereas, above a cer-
tain bandwidth or chirp duration, the measured does not correspond to the encoded
signal due to distortions appearing as seen in Figure 2.10.
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FIGURE 2.10: Simulation of THz measured signals measured by a spec-

trometer for several THz pulses durations. Output signals are identical

for THz pulse duration of 2 ps whereas for short durations, distortions

appear in the measured spectrum due to low temporal resolution. Figure
taken from [119].

This matter is a problem of temporal resolution known since 1998 [98] that limits
the measurement of signals below a certain duration T defined by:

TR =~ 4/ TOTC (212)

where Ty is the probe laser pulse duration (unchirped pulse duration) and T¢ the
chirped pulse duration. Tr represents the minimal duration that can be recorded
without significant distortion.

As an example, a 100 fs input laser pulse duration, chirped to 10 ps brings about
a temporal resolution of 1 ps, which is above the duration of the input pulse. This
resolution limitation, commonly faced, has hampered the application range of
single-shot EOS.

To solve this obstacle, we will study in the next paragraph the origin of the prob-
lem by considering the notion of the transfer function of the system, defined in Fig-
ure 2.11, to see what is happening from the input to the output of the detection
system, passing by the crystal and waveplates.

2.5.2 Transfer functions of the system

A transfer function defines the relation between the input signal X(Q2), here the THz
signal under investigation, and the output signal Y (Q)) measured by the detection
system, as represented in Figure 2.11, according to the relation applicable in Fourier
space, defined by:

Y(Q) = HQ)X(Q) (2.13)

where Q) is the frequency in the Fourier space.

To determine this function H, we will consider the classical spectrally encoded
EQS, represented in Figure 2.12 and follow step by step the physical phenomena of
encoding and recording with a spectrometer. Note that all calculations figuring in
this section are summarized and can be found in [119].

Let us consider a linearly chirped laser pulse of the form:

Eo(t) = A(t)e 5t (2.14)
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FIGURE 2.12: Classic electro-optic setup arrangement for Jones matrix cal-
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where A(t) is the slowly varying envelope passing over the carrier frequency and
C = dw/ ot the chirp rate of the laser.

When measured by the spectrometer without any modulation, the observed laser
spectrum is defined by the Fourier transform:

. +00 co
Eo(w) = / A(D)e 15wt gp 2.15)
where the sign ~ refers to the Fourier transform,

and the resulting detected spectrum is equal to:

w

~ 21
E 2-_""1A
[Eo(w)? = F1A(= ¢

)|? (2.16)

with an established equivalence between the input time t and the output frequency
w defined by:

F=— (2.17)

il
C
A detailed demonstration of calculations can be found in the Supplementary

Material of [119].

The THz input signal under interest is chosen to be monochromatic, defined by:

Xin(t) = acos(Qt + ¢) (2.18)
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In spectral encoding EOS, the spectrum of the laser pulse is temporally modulated
by the applied electric field X;,(#) under interest. This induces an amplitude and a
phase modulation of the laser pulse, resulting in:

E(t) = T(t)Eo(t) (2.19)

where T(t) = To[1 + 11, X;, (t)]e™#Xin(!) the transmission function with Ty generally
complex and m, and m, the amplitude and phase modulations.
For small modulation, the transmission function can be simplified in the form:

T(t) = To[1 + me'™ X;, ()] (2.20)

with m,; = mcos ¥ and my = msin'¥ with ¥ dependent on the ratio of the EO effect.
The modulated laser pulse spectrum is given by:

- -~ oo . .
E(w) = ToEo(w) + [ Tome™ X (1) Eo(t)e"at (2.21)
and can be simplified by:
~ ~ v i w
E(w) = T()Eo(w)[l +me e 2C Xm(—E)] (2.22)

The recorded optical spectrum on the spectrometer is |E(w)|?>. As we are interested

in small signal response, the optical spectrum becomes:

2
2C

) Xin(—2)] +0(m?).  (2.23)

|E(w)|* = | TEo(w)|?[1 + 2m cos(¥ + C)]

The output signal, i.e., the measured electro-optic signal, after subtraction and nor-
malization is given by
|E(w) | — [ToEo(w)/?

Y(t) = TG (2.24)

For small input signal X, (), the output signal becomes:

2

Y(t) =2 Y+ —
(t) ~ 2m cos( +t5¢0

) Xin ). (2.25)
The analogy with Eq. (2.13) implies that the transfer function H(Q) is of the form:
2

H(Q) =2mcos(¥Y + %) (2.26)

2.5.2.1 Transfer functions in the case of classical EOS configuration

In this paragraph, we derive the transfer functions H;(Q)) and H>(Q) in the case of
the standard EOS arrangement displayed in Figure 2.13 where:

e The THz field is sent parallel to the [-110] crystallographic, i.e., « = 0 with the
[-110] axis assumed to be in the horizontal plane for the calculation.

¢ The birefringence axes of the crystal are at 45° with respect to the horizontal
direction (y = 45°).
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FIGURE 2.13: Optical components orientations for the standard EO sam-
pling: both the laser and the THz electric field polarizations are parallel
to the [-110] crystal axis.

¢ The quarter wave plate axes are at 45° with respect to horizontal, having the
same orientation as the crystal birefringence axes.

¢ The laser polarization is horizontal or vertical.
¢ The half-wave plate is not needed and can be removed.

For this configuration where « = 0, the induced phase shift A¢ is proportional to
the THz electric field by Eq. (2.2):

2

Ap = Ap™ = %dnngTHz(t) (2.27)
(°** stands for the standard EOS configuration).
The Jones matrix of the whole system, skipping the HWP, as in Figure 2.13 can be
written: . -
Z)MQWPMXtulR(Z
where Mqgwp and My, are the Jones matrices of a QWP and of the crystal, respec-
tively and R() the rotational matrix by an angle .
Considering a horizontal laser polarization, the Jones vector of the input laser is:

M = M = R ), (2.28)

Jister = Eo(t) (é) (229)

where Ey(t) is the complex electric field of the laser.

This results in an output Jones vector J5! that can be written as:

Estd t
Zfﬁ = MStd]luser = <E%td(t§

_ Eo(t) cos(%d(t)) + sin(A‘PS;d(t)) (2.30)
- : std std
V2 \ifcos(A1) — sin(A271))

Each component of this Jones vector correspond to the complex field of a polariza-
tion state that will be recorded by the optical spectrum analyzer.
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For a small phase modulation, A (t) < 1:

std E Ap(E)
@%mg) ~ \0/@ ' (,1 i N (2.31)
2 2 i[1 — =5
Corresponding with section 2.5.2, Eq. (2.19) can be written in the form:
Ef(H)) _ Ty (t)
defining the two transmission functions, as in Eq. (2.20), by:
T (1) = Top[1 + mye¥1 Ap™ (t) (2.33)
T (t) = Top[1 + mae'2 A (1) (2.34)

with Ty, = 1/\/5, Ty = l/\@, my =1/2,my =—1/2and 91, = 0.

The two measured optical polarizations are defined, according to Eq. (2.24)
by:

~ std ~
Yi(t) = B (w)? - | ToEor (w)/? (2.35)
N | To1 Eo1 (w)|?

~ std ~
|E™ (w) 2 — | ToEpp(w) 2

| TozEoz(w) 2

Yo (t)

(2.36)

As the input signal, equivalent to the phase shift A (t) is linked to the output
measured signals by the transfer functions in the Fourier space:

V1(Q) = H(Q)A¢(Q) (2.37)

Y2(Q) = H3(Q)AF(Q) (2.38)
with Y1 ,(Q) and A¢**(Q) the Fourier transforms of Y7 »(t) and A¢** () respectively.

By corresponding Eq. (2.20) and Eq. (2.26), the transfer functions for the stan-
dard EOS can be written:
0?2
H"(Q) = cos(==) (2.39)
0?2

H(Q) = —cos(5)

(2.40)
We can see that the transfer functions of the system have the same module and
present some zeros at some frequencies as in Figure 2.14. This shows that some
information is missing at certain frequencies, leading to the appearance of distor-
tions in the recorded waveforms of output signals. As to retrieve the phase shift
Agin(Q) (A¢in(t)) or equivalently the input signal E(Q)(E(t)), one needs to divide
the output recorded data using a single channel Y;(¢) or Y>(t) by the transfer func-
tions H; and H; (division by zero) (Eq. 2.13), it is impossible to retrieve the full infor-
mation on the THz. These nulls correspond to the dispersion penalty phenomenon,
which is observed in the photonic time-stretch digitizer [123].
It limits the bandwidth of the system to the position of the first zero in the transfer
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FIGURE 2.14: Norms of the transfer functions |H; | and | Hy| of the two EO

arms in the standard EO configuration (|H;(Q)| and |H3(Q)). Both

transfer functions are identical and reveal the presence of zeros at some
frequencies.

function which is defined according to [110, 124]:

|H(fruz)|* = cos*(2m* oL f21,) (2.41)

with B, the group velocity dispersion of the fiber. It is linked to the dispersion pa-
rameter by D = —27cf,/ AZ. The first zero of the transfer function, and thereby the
bandwidth of the detection system is limited to :

1 cAA
- - 2.42
fo \/ 47B,L \/2/\2T1 242)

The position of this first zero is inversely proportional to the fiber length L before
EOS, implying that for longer acquisition windows (chirped pulse duration T7), the
first zero position will shift to shorter frequencies, and thereby reduce the detection
bandwidth of the system.

As the input signal cannot be reconstructed by deconvolution, the limitation in
temporal resolution persists, reducing single-shot EOS application range.

An alternative technique appeared to resolve the problem, which is the phase
diversity. It consists in using diverse information from two measured output signals
corresponding to the polarization states of the modulated signal, to have interleaved
zeros and allow a deconvolution operation.

2.5.3 Transfer functions in a special EOS configuration: Diversity EOS
(DEOS)

As classical EOS does not allow deconvolution, diverse information on the phase is
expected to overcome this limitation. This has been previously done in the case of a
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FIGURE 2.15: Optical components orientations for the phase diversity EO

sampling: the THz electric field polarization is perpendicular to the [-110]

crystal axis and the laser polarization is at 45° with respect to the [-110]
crystal axis.

Mach-Zehnder modulator with photonic time-stretch, providing diversity informa-
tion and allowing to reach high bandwidth detection [123]. Based on this previous
work, we consider in this section a special configuration, the diversity electro-optic
sampling (DEOS) where the angle a # 0, i.e. the THz field is not parallel to the [-110]
axis of the EO crystal. The value of «, providing a diverse phase, is not unique, but
we will limit the study to « = 71/2, where the THz field is perpendicular to the [-110]
crystallographic axis. The [-110] is assumed to be horizontal for calculations.

The DEOS scheme is represented in Figure 2.15. A similar reasoning is done as sec-
tion 2.5.2.1 butfora = 7t /2:

¢ 1 = 0, by means that the birefringence axes of the crystal are horizontal and
vertical.

e The phase modulations ¢; # 0 and ¢ = 0.

¢ The laser polarization is taken at 45° with respect to horizontal, i.e., at 45° from
the crystal optical axes.

¢ The quarter wave plate axes have the same crystal orientations, horizontal and
vertical.

¢ as the detection directions should be at 45° with respect to the input laser po-
larization, the half-wave is fixed at 22.5° with respect to the horizontal.

The birefringence A¢*" induced by the electric field in Eq.(2.2) in the case of phase

diversity becomes:

APPM(t) = i (t) = 7;? - nyra Ernz (t) (2.43)

and it is reduced by half compared to the classic EOS configuration where a = 0.
The total Jones matrix of the system, represented in Figure 2.15, is :

M = MP" = Mywp(7t/8) MowpMxyal (2.44)
with :

phd o phd (€90
My = My~ = < 01 (2.45)
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The Jones vector of the input laser is:

St = Eo(t) G;g) , (2.46)

with Eo(t) the complex electric field of the laser.
The output Jones vector is:

hd 1+41) (eiA‘P”hd(f) — i)
phd _ prphdgphd _ ETV()) _ Eo(t) ( 2.47
Yout Viaser (Eghd(t) 22 —(1+1) (eiA‘/’phd(t) + i) 247

For small phase modulation A¢?"(t) < 1, the two polarization components can be

approximated by
hd . hd
B0 o Bolt) (14 (<140) %50 .49
E"(t) V2 \ i1 (14 0) 220

According to Eq. (2.19) and Eq. (2.48) can be written in the form:

EP) TP (1)
(E%hd(t)> = Eo(t) - (T;phd(t) / (2.49)

with the two transmission functions:
() = Ty, [1 + myelt Aqb”hd(t)} (2.50)
(1) = Ty [1 + mze“!’zmpphd(t)} 2.51)
with Ty = 1/v2, Ty = —i/v/2, my = V2/2, my = \/2/2, %1 = 37t/4 and ¢, =
/4.

In this case, using Eq (2.20) and Eq. (2.26), the transfer functions of the setup
become:

Hfhd(Q) = —v/2cos (?é — Z) (2.52)
H"(Q) = V2 cos <?é + Z> (2.53)

These transfer functions, represented in Figure 2.16, show interleaved zeros at
different frequencies, implying missing information but at different frequencies. By
this way, the diverse information on both transfer functions is complementary. It
is necessary to take notice that the relative positions of the zeros depend on the
crystal orientations [119]. Many methods can be used to retrieve the unexplored
input electric field. One can benefit from the first transfer function H; at a certain
frequency when the other transfer function H is null and inversely use the second
H, when the first is null and thereby retrieve the input signal E(t) (or A¢;,) using
both recorded outputs Y1 (f) and Ya(f).

Alternatively, we will use the so-called Maximal Ratio Combining (MRC) tech-
nique that will be described in the next paragraph.
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FIGURE 2.16: Norms of the transfer functions |H1| and |Hz| of both EO
arms for the diverse EO special configuration. |H; | and |H,| expose inter-
leaved zeros at different frequencies.
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FIGURE 2.17: Schematic of the phase diversity EO sampling concept:

as the measured spectra present some distortions, this DEOS technique

uses two different outputs information, corresponding to the polariza-

tions states of the modulated signal, to retrieve the THz input signal with
a reconstruction numerical algorithm. Figure from [119].

2.5.4 Phase diversity with MRC reconstruction algorithm

In order to benefit from phase diversity previously elaborated and solve the
temporal resolution problem, we will make use of an advanced technique called
maximal ratio combining (MRC) technique [125]. This technique finds a large
utility in telecommunication, specially in wireless communication to improve the
performance of receivers and avoid fading effects due to interferences [126, 127]. It
was implemented with photonic time stretch ADC in order to reach high bandwidth
RF signals [123]. Thereafter, this technique was combined with spectral encoding
for single-shot measurements of THz signals with sufficient resolution [119].

We will review the problem from the beginning to show how with phase di-
versity we will be able to determine the THz signal using MRC algorithm by
considering the system represented in Figure 2.17.

The input signal under interest is the THz electric field E(f) . This electric
field induces by the Pockels effect a proportional phase-shift A¢;,(t) inside the
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crystal linked by a constant j :
Adin(t) = BE(t) (2.54)

with g
= %ngm (2.55)

where 1y is the refractive index when no electric field is applied, d the crystal thick-
ness, A the laser wavelength in vacuum and ry4; the electro-optic coefficient of the
crystal. The coefficient § depends on the relative orientations of the crystal axes and
on the polarizations of the laser and terahertz field.

The measured output signals Y7 > (t) are coupled to the input field E(¢) by transfer
functions Hj, in Fourier space. An approximation can be considered for a small
electric field:

Y1(Q) ~ Hy(Q)Agin(Q) (2.56)

Y2(Q) = Ha(Q)Agin () (2.57)

with Q) is the terahertz frequency at the input.

The transfer functions H; »(Q)) depend on the orientations of the waveplates, the
crystal as well as on the polarizations of the laser and the THz. As we consider the
case of phase diversity, the transfer functions of the system can be expressed by?>:

Hy(Q) = H™(Q) = vV2cos(BO? + ¢) (2.58)

Hy(Q) = HY(Q) = —v2cos(BO? — ¢) (2.59)

as previously demonstrated, where B = 5= depends on the chirp rate and

250)
ot C '

To retrieve A¢;,(Q2), instead of dividing Y;(Q) or Y>(Q)) by Hy or Hj respectively
(Eq. (2.56) and Eq. (2.57)), MRC uses a combination of both to minimize the error
and can be applied as:

Hi(Q)Y1(Q) + H,(Q)Y2(Q)
H(Q) + H3(Q)

AGT(Q) = (2.61)
However, the parameter B in Eq.(2.58) and Eq.(2.59) is unknown experimentally,

causing a problem for determining the transfer functions. To bypass this issue, we

have developed an algorithm which recover the parameter B from experimental

measured spectrum Y;(Q) and Y»(Q) to retrieve the induced phase shift.

First, we consider a set of values for B and calculate for each the transfer functions

H*'" and H5'", using Eq. (2.58) and (2.59).

Using the retrieved transfer functions, we calculate, for every single value of B, the

value of A¢/“"(Q)) defined by:

_ HFMO)N(Q) + HY" (Q)Y2(Q)

Tret
A(Plr?ir( ) H{Eti‘Z(Q) +H£etr2(Q) (262)

2Gee Appendix D for demonstration.
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FIGURE 2.18: Representative diagram summarizing MRC reconstruction

algorithm adopted for retrieving the phase shift induced birefringence

AP from two recorded outputs Y1 (t) and Y, (t) by going through trans-

fer functions in Fourier space. As a parameter B is unknown, a square

fit is done revealing an optimal B parameter corresponding to a minimal

error and thus, allowing the reconstruction of the THz signal under inves-
tigation.

and pretend the spectra of both polarizations signals Y] (Q)) and Y}¢"(Q) using the
following equations:
Y[ (Q) ~ Hi™ (Q) AP (Q) (2.63)

Yretr (Q) ~ retr( )A(Pretr( ) (2.64)

We perform a classical least-square fit to find the reconstruction error e:
oo .
& = / (|1 = V[ 2 4 | ¥, — V2 2) dO2 (2.65)

that minimizes the error between retrieved signals and experimentally measured

signals. This leads to an optimal value of B and ¢ for which the error is minimal.

Once the value of B and ¢ are known, the correct functions H;(Q)) and Hp(Q)) can

be found allowing to retrieve the phase shift induced A¢!*""(Q)) without distortions

according to:

Hi(Q)Y1(Q) + Hp(Q)V2(Q)
H3(Q) + H3(Q)

AFIET(Q) = (2.66)

By simply applying the inverse FT, one can obtain A¢/“" (¢)

AGE™ = Hyire (Q) Ain (2.67)
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Hyrc(Q)) =1 (2.68)

with
AP (1) = Adin(t) (2.69)
and thereby deduce the THz electric field E[* (¢):

in
_1
B

This algorithm is summarized in Figure 2.18.

By doing so, one can benefit from diverse phase information to reconstruct
the THz input signal without any limit on the temporal resolution for any long
duration of chirped pulses or analysis windows. This phase diversity tech-
nique has been demonstrated efficient with single-shot EOS to measure THz
signals and have been tested in context of particle accelerator by measuring the
shape of a 200 fs RMS electron bunch at European X-FEL [119]. Recently, it has
been efficient to measure the CTR THz spectra in single-shot at the TeraFERMI [128].

Eii"(Q) = ZAPET(Q) (2.70)

This chapter reviewed optical, photonic and numerical techniques, each offering a distinct
measurement property. As previously mentioned, single-shot EOS has been previously com-
bined with photonic time stretch allowing to perform THz single-shot measurements at high
acquisition rates. Balanced detection integrated with EOS have been confirmed to reach high
dynamic range with a better SNR. Single-shot EOS has been demonstrated efficient when
combined with diversity EOS as well to reach sufficient temporal resolution in single shot
measurements. Nevertheless, combining all these techniques together is not straightforward
and is challenging in single shot THz detection.
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Chapter 3

Photonic time-stretch electro-optic
sampling associated with phase
diversity at ELBE

3.1 Introduction

As outlined in Chapter 2, several techniques exist to perform single shot THz
measurements enabling to overcome limitations, such as repetition rate, temporal
resolution and sensibility. In 2015, Roussel et al. demonstrated the effectiveness of
combining the single-shot electro-optic sampling (EOS) with photonic time-stretch
[9] by performing single shot measurements of CSR THz signals with a 850 kHz
repetition rate at Synchrotron SOLEIL. In 2021, Roussel et al. presented a novel
method, based on the so-called diversity concept [119], that increases considerably
the time resolution of EO systems using chirped laser probes. Nevertheless,
achieving both high acquisition rate and high resolution simultaneously when long
duration or/and a broadband signals are involved, remained an open challenge as
the only demonstrations have been done using EO systems with a camera readout
(see section 2.3.2).

The aim of this chapter is to design and develop an experimental scheme that
combines single-shot EOS with photonic time-stretch and phase diversity tech-
niques. In this chapter, we present our experimental setup that combines the three
techniques together for the first time and conducted tests at the coherent diffraction
radiator (CDR) THz source at ELBE, known as TELBE, in order to measure the THz
signals in single-shot configuration with a sufficient sub-ps resolution.

The chapter is divided into three main parts. The first part presents the ELBE
THz source to be measured and provides a detailed description of the experimental
setup design, including its specifications, and highlighting on the challenges faced
during its construction. We emphasize, in a second part, on the importance of imple-
menting the phase diversity technique and present the experimental measurements
obtained. We show how the maximum ratio combining (MRC) reconstruction algo-
rithm enabled to obtain the CDR THz signal with a sufficient temporal resolution. In
the last part, we investigate the ELBE machine, using the experimental EOS scheme,
by performing sets of measurements versus some machine parameters.
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(a) electron bunches
LA,
micropulses
at 13 MHz
repetition rate
(b)
macropulse duration
0.1-40 ms
—>
macropulses micropulses
at 1-25 Hz at 13 MHz
repetition rate repetition rate

FIGURE 3.1: Emission of electron bunches at ELBE at different regimes:

in quasi-continuous wave and macropulses. (a) Electron bunches can be

emitted continuously up to 13 MHz repetition rate (b) or in macropulses
of ms durations at adjustable repetition rates.

3.2 ELBE facility

ELBE is an Electron Linac for Beams with high Brilliance and low Emittance cen-
ter located at Forschungszentrum Dresden-Rossendorf, Germany, user operational
since 2002 providing high power radiation sources. It is a superconducting compact
linear accelerator that can operate in high average power mode and delivers short
electron bunches with a 40 MeV energy.

The cryogenic technology of this accelerator allows continuous wave (cw) operation
(as in Figure 3.1(a)) between 26 MHz and 101.6 kHz, as well as macropulse mode (as
in Figure 3.1(b)), according to user requirements. ELBE parameters can be found in
Table 3.1.

The electron linac at ELBE is designed to guide the accelerated electrons towards
several experimental areas. It serves as a primary electron driver for generating
various types of secondary radiation sources and particle beams, as seen in Figure
3.2, such as 2 FELs (FELBE), Bremsstrahlung, electrons, neutrons (nELBE), positrons
(pELBE), hard-X-ray radiation and a superradiant THz facility, having diverse
applications across different scientific fields.

We will focus in this thesis on the investigation of two THz sources at ELBE: the
CDR source within the THz facility at ELBE in this chapter and on the study of one
of the two FELs housed in FELBE in Chapter 4, highlighted by circles in Figure 3.2.

3.2.1 THz facility at ELBE

One of secondary radiation delivered by the accelerator is the superradiant THz
source known as TELBE. The THz facility includes two THz sources: a broadband
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Parameter

Electron beam energy / MeV

Max. bunch charge /pC

Max. average beam current /mA

Normalized transverse emittance /mm mrad (rms)
Normalized longitudinal emittance /keV ps (rms)
Micropulse duration /ps

Micropulse repetition rate /MHz

Macropulse duration /ms

Macropulse repetition rate /Hz

5-40

<200 pC

1.6

<20

<100

1...5(>150 fs)

<= 26 or Single pulse
0.1-40o0r cw

1-25

TABLE 3.1: ELBE linac parameters. Data from hzdr.de.

electron source

accelerator

A/ N\ oo LN (11
SAANAS SAAAS I

neutrons

electrons @ THz

X,
\ (1)

MeV Bremsstrahlung

positrons

FIGURE 3.2: Architecture of the ELBE linear accelerator delivering rela-
tivistic electrons for several kind of radiations stations, including high-
energy gamma rays, infrared and THz radiation, neutron, positron, and
electron beams. Experiments studied in this thesis are performed at THz
stations: (1) the CDR THz source and (2) the U100-FEL. Figure modified

from hzdr.de.


https://www.hzdr.de/db/Cms?pNid=584
https://www.hzdr.de/db/Cms?pNid=538
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coherent diffraction radiator (CDR) and a narrowband undulator. These sources
operate in two different modes of operation: a high field mode and a high repetition
rate mode. This facility provides stable high-field THz pulses with adjustable
repetition rates from tens of Hz to 13 MHz. It covers the lower THz range between
0.1 and 3 THz with pulse energies up to the y] range.

We will limit our study to the measurement of the THz radiation emitted by the
CDR source.

3.3 EOS-TS phase diversity experiment for coherent diffrac-
tion radiation (CDR) THz detection

3.3.1 CDR THz generation and transport

Coulomb metallic foil with a hole
ELBE linear accelerator vacuum chamber electric field
relativistic electron \
- -
electron beam bunch

Radiated (THz)
electric field
transported to
the THz lab

FIGURE 3.3: Illustration of THz generation using the coherent diffraction
radiation (CDR) at ELBE. CDR occurs when the electron bunch travels
through the hole of a metallic foil.

The THz signal under investigation here emanates from the coherent diffraction
radiation (CDR) emitted when a metallic foil with a hole is placed on the electron
beam path exiting from the linear accelerator ELBE (see Figure 3.3). In this experi-
ment, the accelerator is operating at a 50 kHz repetition rate with a 45 mW optical
power emanating from the CDR and generating a radially polarized THz signal .
In the THz laboratory, it is transported to the EO crystal using parabolic mirrors.
Three THz polarizers are used, as seen in Figure 3.4 to change the THz polarization
into a linear vertical polarization with two polarizers fixed and an adjustable middle
one in between used as an attenuator to control the THz power, and redirected by a
mirror to the 2" diameter parabolic mirror placed on the EO board (more details in
section 3.3.2). According to Malus law, the resulting THz output power delivered to
the EOS board and to be measured by EOS is :

Preasured = PTHzCOS4® (3.1)

where Pry; is the THz power emitted by the CDR source and © is the angle of the
second THz polarizer.
3.3.2 Experimental setup

The experimental setup, represented in Figure 3.4, is formed of three main units that
are connected by optical fibers: a first unit for EOS detection in which the CDR THz



45

"SU9 < “ToxIruu ;A ‘orerd
anem 103eny) (MO ‘arerd aaem Jrer :dMH “(usa1d ur) 1aqy apour o[3urs
194y NS “(12qry anpq) Teqy Sururejurewr uonezirejod A 2d0odso[[so
ue ypm Appyeredss uonpezirejod yoes Surpiodar pue suiie Yjoq usomiaq
uondaap paduereq e 3urd[dde aioyaq ayer uonnadar jo pourad e £q urre
auo uo sasind sAe[Ep I2qy [EUOHIPPE UY ‘dWI} Ul UMOP Way} SUurmors
103 199 090 TIL WH{ § O} SIOJe[NOII Aq PajdaIrpal ‘sajeys uonezirejod ajer
-edas oyur Teults pajempowr ayy syds ggJ pareqy v winioads 1asel oy}
Sunempow ‘TeysA1d OF (Jeo) aprydsoyJ wmnifen) e uo [eudis ZE[ L D
AU} yim A[snosueynuirs pasndoj st asind 1ase] padingd (qr) wnigiapni
uy ‘senbruyoay Aysiaatp aseyd sy yiim yojaxms-awiry druojoyd Sururquiod
Surpdures orpdo-onospe joys-s[3urs 10y dnjes Tejuswadxy :§'¢ TANDOI

3.3. EOS-TS phase diversity experiment for coherent diffraction radiation (CDR)

THz detection

(wu ogQT) 1ose]
199y g A O[USIN
dMH ==
Jozirejod =—
R JI0JBINOIID
o10919pojoyd | TOTENION I7
I wowﬁmﬁﬁamﬂ ~NOﬁ—QO M.Nwmbo M\w\.ﬂw 9y INd
o[qereA dMH ~0ddeD 7 d @ wems
4 [} ] H
2d0oso[[10s0 [ <« T ﬁmH ........... H m\&a
. [ id
(@) ano
pouad -dax
os[nd J9se[ U0 Hury Ap[op JOJE[MOIID omEMwwM MmUh Q@
Kq Ae[op s[qeisnipe - ZHL o woyy

n n n pauodsuen
0 preyamospp
(zHL) parerpey

N
WX

1]
(o1qe
(paxyy) -snfpe)(paxiy)

d d d



Chapter 3. Photonic time-stretch electro-optic sampling associated with phase

46 diversity at ELBE

signal is imprinted on a chirped laser pulse, a second unit for photonic time stretch
where the modulated signal is slowed down in time and a last one for detecting and
recording the signals separately.

The probe pulse consists of a Menlo Orange Ytterbium laser with a 1040 nm
central wavelength, a 4.927 ps pulse duration specified and a 35 nm spectral width,
operating at a 78 MHz repetition rate with 180 mW output power. The laser output
is free-space with a horizontal polarization. A set of half-wave plate (HWP) and a
polarizer, from Thorlabs, is placed at the output of the laser to attenuate the laser
power. The laser is then injected, using a PAF2A-A10B collimator, into a first PM980
fiber with a length L;, towards the electro-optic (EO) sampling setup. This fiber
pre-chirps the laser pulse and its length defines the recording window length on
which the THz signal will be imprinted.

The EO part is placed on a 60 cmx 20 cm breadboard where the laser beam is
collimated in a 11 mm focal length collimator (PAF X-11C from Thorlabs) followed
by two mirrors for easier coupling. A thin film Glan-Thompson polarizer, from
Thorlabs, is used to provide a clean linear polarization. An achromatic HWP
(FBRF-AH2 from Thorlabs) is used to adjust the laser polarization, according to
the phase diversity configuration chosen here (see section 2.5 for which the laser
polarization should be at 45° with respect to the THz polarization!. The THz signal,
emanating from the CDR source, with a ¢ = 500 ym FWHM beam diameter, is
focused simultaneously with the laser pulse on a 5 mm Gallium Phosphide (GaP)
crystal AR coated, from MolTech GmbH, using a protected gold off-axis parabolic
mirror with a 2" diameter, a 2" focal length and a 3 mm hole diameter, from
Thorlabs, through which the laser travels through the hole. The electric field of the
THz signal induces a birefringence in the crystal, that will be temporally imprinted
on the spectrum of the chirped laser pulse. The laser beam is focused on the EO
crystal using a set of two plano-convex lenses with f = 100mm focal lens before
and after the EO crystal for an optimal focusing. A set of a quarter wave plate
(QWP) and a HWP, from Thorlabs, is used to transform the ellipticity modulation
into an intensity modulation and choose the polarization of the modulated signal
before being focused in a PAF-X-11-B and injected in a ~20 m PM980 fiber. For
the phase diversity configuration, a special arrangement of the wave plates should
be considered. The first HWP in the EO head is fixed at 22.5° with respect to the
vertical, as well as the second one fixed at 22.5°. The QWP is fixed at 0° and the GaP
crystal is oriented in a way that its [-110] axis is at 45° with respect to the laser and
at 90° with the THz.

In the following, Pro = 25 mW is defined as the laser power just before the second
collimator of the EO setup before injection in the PM fiber.

The second part includes the photonic time-stretch technique and consists in
slowing down the modulated signal by introducing dispersion by the Dispersive
Fourier Transform. A fibered polarizing beam splitter (PBS) separates the two
polarization states of the modulated signal and redirect them to two identical circu-
lators (with less than 1 dB loss), so they travel in the same 4 km HI1060 fiber, from
Corning, providing a dispersion of -38 ps/nm/km and a maximum attenuation of
1.5 dB/km @ 1060 nm and get dispersed exactly by the same amount. A homemade
delay line, adjustable over 166 ps, is added on one arm output to adjust the delay

1For classic balanced detection configuration, the THz polarization should be parallel to the THz
polarization and to the [-110] axis of the EO crystal.
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between pulses of both arms resulting from the differences between fiber lengths
as well as a variable optical attenuator used to adjust the optical power differences
between both arms.

The particularity of this setup is to allow separate recordings of both polariza-
tion states of the modulated signal. This was possible by adding on the path of
one polarization state, an extra fiber with a length equivalent to the time travel of
one period of laser pulse for a 78 MHz repetition rate. A clear explanation of this
disposition is shown in Figure 3.5.

The last part of the experimental scheme is the detection part where a bal-
anced detection is applied between both arms using a DSC-R412 balanced optical
receiver from Discovery Semiconductors, offering a bandwidth to 20 GHz, a gain
between 30 and 2800 V/W and a 40 pW/+/Hz optical noise equivalent power. The
output signals are recorded by a SDA820Zi-B20 WaveMaster 8 Zi-B oscilloscope
with a 20 GHz bandwidth with 80 GS/s, from Teledyne Lecroy, and an 8 bits 8 GHz
DSA90804A Agilent oscilloscope with a maximum sampling rate of 40 GS/s. The
oscilloscope is synchronized to the 50 kHz repetition rate of the accelerator.

Polarization 1 delay by
one laser pulse
NN ;"H rep. period
Pol 2 Pol |
THz signal I / v v . A A
EOS T I 3 oscilloscope
> L=

Balanced
photodetector

Polarization 2

FIGURE 3.5: Diagram explaining the special configuration for phase di-

versity. An additional fiber is inserted on one arm delaying the modu-

lated laser pulse by a period of repetition rate of the laser. Each polar-

ization state is recorded separately with an implementation of the analog

balanced detection applied between both outputs, suppressing the com-
mon laser shape.

3.3.3 Laser - THz beam alignment

The THz is aligned transversely with the laser on the crystal using a pyroelectric
camera, after the parabolic mirror. The delay between the THz and laser pulses
has been adjusted using a FET (Field Effect Transistor) THz detector, and a 5 GHz
InGaAs high-speed photodetector (DETO8CFC) from Thorlabs. The timing between
THz and laser was adjusted by delaying the RF reference sent to the laser repetition
rate synchronization system using a mechanical RF delay line (ARRA 2448A) in such
a way that the full THz signal is centered on the laser pulse.
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3.3.4 EO measurements

We performed EO measurements in phase diversity configuration, where each po-
larization is recorded separately. The first fiber, noted L;, defines the acquisition
recording window. The CDR THz pulse is expected to have a duration of few pi-
coseconds. At first, we considered a 3 m fiber length L, that, according to calculation,
should result in a pre-chirped laser pulse of 9 ps. The laser pulse stretched in the 4
km HI1060 fiber resulted in a stretch laser pulse duration of 6 ns. Signals are sub-
sequently recorded with a 20 GHz bandwidth WaveMaster 8 Zi-B oscilloscope and
are then interpolated and cut to the laser repetition rate. Pulses are categorized be-
tween those modulated with the THz signal and others without THz. Pulses without
THz, resulting from the response of optical components and common noise sources,
are used as residue that is suppressed from raw signals to extract the THz polariza-
tions?. The repetition rate of the laser is 78 MHz whereas the repetition rate of the
THz source is 50 kHz by means that among each 1560 pulses, only one laser pulse is
modulated by the THz radiation. We performed some measurements using different
recording modes of the oscilloscopes: in continuous recording mode and others in
sequence mode. Up to 16000 THz pulses could be recorded.

3.3.4.1 Preliminary measurements with L1 = 3m

Figure 3.6(a) displays the two polarization states of the modulated signal recorded
separately of one single shot, along with their corresponding single-shot Fourier
Transform in Figure 3.6(b). However, it appears that the laser pulse duration is in-
sufficient, resulting in truncated signal edges.

3.3.4.2 Measurement with L; = 13m

Therefore, to ensure the entire recording of THz polarizations, we opted to increase
the length of the acquisition window so that the complete signal, including the
oscillations on the sides, gets encoded on the chirped laser pulse. An extra 10 m
PM980 fiber was added before the first 3 m PM fiber, resulting in a total length L of
13 m and a stretched pulse of 24 ps as seen in Figure 3.6(c) in green. The laser pulse
duration was sufficient for recording condition for the use of the DEOS method as
observed in Figure 3.6(c). The single shot FT are shown in Figure 3.6(d).

For the rest of the experiment, the fiber with a length 13 m is kept unchanged, with
a recording window of 24 ps.

The recorded signals in Figure 3.6(a) and (c) and their Fourier spectra in Fig-
ure 3.6(b) and (d) do not correspond to what is expected for a CDR THz signal due
to insufficient temporal resolution. Additionally, the spectra of these polarizations
reveal the presence of zeros at certain frequencies, indicating that some information
is missing about the THz at these frequencies. Their positions correspond to the
same frequencies presenting zeros in the transfer functions of the system, which are
dependent on the fiber length L;, shown in Figure 3.7(a) and 3.7(b) for L; = 3m and
L1 = 13m, respectively. The position of the first zero moves to lower frequencies (to
the left) for longer fiber L;.

Hence, we can see the necessity of implementing the phase diversity that makes

2Gee Appendix B.
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FIGURE 3.6: (a) and (c) Single-shot THz polarization states recorded sep-
arately in phase diversity configuration with their respective single shot
spectrum (color code respected) in (b) and (c) using different fiber lengths:
(a) a recording window defined by a 3 m fiber L; resulting in signal cut-
offs on the edges by the short laser pulse of 9 ps, and (b) with a recording
window of L1 =13 m defining a longer acquisition window of 24 ps. (e)
Real THz single shot signal after reconstruction using both polarizations
states using L1 =13 m.
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use of both polarization states, as previously discussed in section 2.5, in order to
reconstruct the input THz signal. We will see in next section, how the real CDR THz
signal in single-shot with its exact shape represented in 3.6(e) was reconstructed
using MRC reconstruction algorithm.

3.4 Phase diversity with MRC numerical reconstruction of
CDR THz signal

The orientation of the wave plates in the EO head is crucial in adjusting the transfer
function zeros, so that the zeros of both polarizations get interleaved and do not
coincide on the same frequencies. This allows to benefit from the information of the
second polarization when the first is providing zero information.

With the MRC reconstruction algorithm detailed in section 2.5.4, we were able
to determine the optimal values of coefficients B and phi of the transfer function
(Eq. 2.58), corresponding to the minimal error as visualized in Figure 3.8.

These values are used to reconstruct accurately the Fourier transform spectra

of both polarizations, showing a good agreement with the measured spectra as
presented in Figure 3.9 for both acquisition windows. With this information,
we were able to retrieve the single shot THz input signal after normalization, as
demonstrated in Figure 3.10(a) for L1 = 3 m and in Figure 3.11(a) L1= 13 m, with
their respective optical spectra in Figure 3.10(b)(c) and in Figure 3.11(b)(c). These
reconstructed signals correspond to the phase shifts induced by the CDR THz
signals by EO effect on the pre-chirped laser pulses. This reconstruction process
was repeated for each shot, allowing to create a colormap of successive THz signals
in single shot showing electron bunches arrival time as well as their single shot
spectra, as illustrated in Figure 3.12(a) and (b) respectively. We can see that even
though a high jitter appears, the THz spectra are still the same, showing a spectral
stability of the THz exiting the CDR.
This can give an idea about the relative time jitter between the electron bunch and
the laser which is of ~ 3 ps as seen in Figure 3.12(a). This value is not the same for
all recorded data, but shows the arrival time for only 80 shots. However, a higher
jitter about 7 ps is observed for longer recordings, as in Figure 3.13(b) over more
than 14000 consecutive shots recorded in sequence mode (see Figure 3.13(a)).

Additional measurements were taken with an 8 GHz oscilloscope available at
ELBE. Measurements, shown in Appendix C, and data analysis are similar to the
one presented in this section and allow a satisfying reconstruction of the THz wave-
form in single-shot, confirming the efficiency of both acquisition tools for recording
THz signals, under the specified conditions. A more detailed discussion about both
oscilloscopes noises will be discussed in section 3.5.2.1.

3.5 Characterization of the experimental setup

3.5.1 Precise determination of the stretch factor

The time-stretch method requires knowing the stretch factor. It is straightforward to
have an estimate from the length of fibers used in the setup. However, obtaining a
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FIGURE 3.7: Transfer functions of the system for recording windows of
L1=3 min (a) and L;=13 m in (b) showing zeros at some frequencies. The
position of the first zeros shifts to lower frequencies when L; increases.
Zeros in the transfer functions correspond to the same zeros in the Fourier
transforms of recorded signals represented in Figure 3.6(b) and (d).

precise value for M - and thus a precise time calibration - requires a specific work.
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FIGURE 3.8: Color map of the relative error of the MRC reconstruction
over a range of phis and factor B as defined in equation 2.58. A minimum
of error is observed at specific values of B and phi.

In all previous figures, two time scales are represented on the x axis: a “stretched
time” corresponding to the recording time observed on the oscilloscope and a
second one “time” that corresponds to the time theoretically calculated from the
stretch factor value M detailed in this paragraph. This time is associated to the real
time of the THz radiation emitted by the electron bunch before being stretched.

A classic technique to determine this stretch factor consists in scanning the
delay between the laser pulse and the THz signal and deduce the equivalent time
calibration. However, this technique is reliable only for stable signals which is not
the case for this THz source showing a high time jitter as in Figure 3.12(a).

3.5.1.1 Approximate determination of the stretch factor

The stretch factor is directly related to the fibers lengths before and after EO sam-
pling and is defined by:
L, Ly

M=14+_—=1+
Lp Lo+ Ly

(3.2)

where L is the total length after EOS and Ly, is the total fiber lengths before the EO
sampling in the laser that includes the unknown fiber lengths in the laser denoted
as Ly and the chosen fiber L;.
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Ly =13m (b).
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FIGURE 3.10: (a) Single-shot CDR THz signal of a THz signal recorded

with the acquisition window corresponding to L1 = 3 m and reconstructed

by MRC algorithm representing the phase shift induced by the THz in

the EO crystal with its associated THz single shot spectrum in (b) and in
logarithmic scale in (c).

An estimate of the fiber length inside the laser can be deduced using the equation
T = AADL where AA is the spectral width of the laser (35 nm in this case) and D the
dispersion of the fiber (D~-44 ps/nm/km for PM980) and L the fiber length. For the
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FIGURE 3.11: (a) Single-shot CDR THz signal of a THz signal recorded

with the acquisition window corresponding to L1 = 13 m and recon-

structed by MRC algorithm representing the phase shift induced by the

THz in the EO crystal with its associated THz single shot spectrum in (b)
and in logarithmic scale in (c).

case where Tp = 4.927 ps and AA = 35nm , Ly can be estimated to be equal to 3.19
m. This results in an estimated stretch factor of 248 for L, = 4km, Ly = 3.19m and
L; = 13m. However, this value is just an estimate and is not accurate. Two methods
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FIGURE 3.12: (a) Color map showing the CDR THz signal reconstructed
showing the evolution over many shots as well as (b) their single shot
spectra, recorded with the 20 GHz oscilloscope.

were employed here to determine the stretch factor M value: THz optical filters and
water absorption lines.
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time at 17.49 ps with a relative standard deviation of 1.5 ps.
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3.5.1.2 First calibration using THz filters

In order to determine the magnification factor resulting from the photonic time-
stretch, we used optical filters at THz frequencies. With their specified frequencies,
these filters serve as good calibration tools for this kind of experiments, as one
can correspond the measured main frequency peak detected in the THz optical
spectrum on the oscilloscope with the actual filter frequency. At ELBE, we placed a
filter after the mirror that reflects the THz to the EO setup at maximum THz input
power. We used two band pass filters, with 400 GHz and 750 GHz , from Swiss
Terahertz.

For the case where L1 = 13 m:

¢ Using the 400 GHz filter, we find a stretch factor equal to 251 as seen in Figure
3.14(a).

¢ with the 750 GHZz filter, the stretch factor is approximately equal to 248. With
this filter, there is no a "main" peak for which we can determine the exact
stretch factor as shown in Figure 3.14(c) due to an absorption line at 751 GHz
verifying the value of the stretch factor.

Note that the stretch factor is determined using the average of all shots of |FT| of
the THz signal in radians.
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FIGURE 3.14: Average FT spectra recorded with EOS with insertion of

THz optical filters of 400 GHz in (a) and 750 GHz filter in (c) for deter-

mining stretch factor values when L; = 13 m with their respective inset
temporal profiles in (b) and (d).

The filters responses gave the range of the stretch factor, which is similar to the
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estimated value.

We will see in the next paragraph how to determine more accurately these
values using the water absorption rays in the THz spectrum.

3.5.1.3 Precise calibration using water absorption lines
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FIGURE 3.15: (a) Single-shot CDR THz with the acquisition window cor-

responding to L; = 13 m reconstructed by MRC algorithm representing

spectrum in (a) and in logarithmic scale in (b) showing water absorption
lines at 0.557 THz and 0.751 THz.

The THz radiation emitted by the CDR experiences absorption by water
molecules as it gets in the ambient atmosphere. This effect is clearly seen in the THz
spectrum, measured by EOS as in Figure 3.11(b) and (c), Figure 3.12(b) and Figure
3.15, resulting in the appearance of absorption lines at some frequencies. These
water absorption lines, known in THz spectroscopy experiments [129, 130], can be
utilized to determine the stretch factor by associating the measured frequencies with
the water absorption frequencies in the THz range. They can be identified according
to the range of the stretch factor determined using the optical filters in the previous
section and deduce accurately the stretch factor value. Figure 3.15(a) and (b) display
the water absorption lines in the THz recorded spectrum, which are associated with
frequencies of 557 GHz and 751 GHz, resulting in stretch factors of 250 for L; = 13m.

Note that, in addition to providing the two stretch factors, these measurements also
give Ly, i.e., the pulse dispersion at the laser output expressed in length of PM980
fiber. This value Ly = 3 m will also be useful for designing next experiments as we
will see in Chapter 4.
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Thereby, water absorption lines appearing in the spectra, helped to determine
the precise stretch factor M = 250 for L; = 13 m.
This allows the characterization of the electron bunch arrival time, and the CDR THz
duration, which is typically around 0.88 ps, with the laser pulse duration stretched
from 24 ps to 6 ns. As a result, a frequency of 1.2 GHz on the oscilloscope corre-
sponds to a 0.3 THz input frequency.

3.5.2 Noise floor and saturation of the detector
3.5.2.1 Noise floor

Sensitivity, or noise floor of a system, indicates the minimal detectable signal that
the system can resolve. This characteristic corresponds to the ratio of the detector
noise without THz signal with respect to the input laser power or, equivalently,
noise equivalent phase shift in radians or in V/m. This property depends directly
on the input laser power, with sensitivity increasing as the input power increases.

We considered different laser powers Prp of 10 mW, 15 mW, 25 mW, 35 mW and
45 mW, and calculated the noise floor as shown in Figure 3.16(b). Results confirm
that higher laser powers lead to reduced fluctuations and improve the sensitivity of
the detector. So ideally, choosing the highest laser input power (Pgp = 45 mW), will
provide the best detection sensibility.
The noise floor of our setup is found to be 0.025 radian for an input laser power
Pro = 10 mW, and ~0.015 rad and for an input power of Prp = 25 mW at which the
remaining measurements are done.

3.5.2.2 Linearity of the time-stretch detector

As previously discussed, the level of sensitivity can be regulated by adjusting the
laser power. However, it is important to note that a tradeoff is linking the chosen
sensitivity and the dynamic range of the EO system.

In this experiment, the THz signal is encoded onto the probe laser pulse and an
amplified photodetector is employed to suppress the common laser shape between
the two arms. More precisely, any balanced photoreceiver will saturate when the
differential signal (composed by the EO signal and asymetry imperfections here)
exceeds a given value. However, it is also important to note that this saturation value
depends on the laser power level used in the experiment. Hence, a compromise
should be taken in account to optimize the sensitivity while having the highest THz
detected field with the highest laser input power.

Therefore, we investigated the linearity of the EO system versus laser power Pro
and THz power.

According to Malus’ law, the THz power should vary proportionally to cos*0
with 0 the polarizer’s angle (see Figure 3.4). As we represent, in Figure 3.17, the
maximal detection phase shift max (¢rp-), the variation should be linear with cos%6.
We can see in Figure 3.17 a satisfying linearity throughout the available THz power
range for Pcp = 10mW and Prp = 15mW. Moreover, for higher laser powers
Pro = 25mW, Pgo = 35mW and Prp = 45mW, this linearity is observed only for
low THz powers (lower angles).

Therefore, when implementing balanced detection, it is important to keep in
mind this trade-off between laser power and THz power to ensure that the linearity
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mental setup for different laser input powers.

and the sensitivity are adequate to measure the maximum THz power accurately
without saturation and avoid THz waveform deformation.
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FIGURE 3.17: Dependence of the maximal phase shift measured by EOS

versus THz polarizer angle for several laser input powers. A linear re-

sponse is observed at low laser powers (Prp = 10mW and Prp = 15mW)

while a non-proportionality response is observed at higher input powers

(Peo = 25mW, Pro = 35mW and Prp = 45mW). Prg is the laser power
just before the second collimator of the EO head.

3.6 Machine study at ELBE

The development of such a diagnostic tool opens up new horizons for two main
research fields. First, for time domain spectroscopy, the single-shot operation is not
sensitive to time jitter, in contrast with classical (scanned) TDS. Secondly, the access
to the reach CDR THz pulse can be potentially used as a diagnostic tool for the

accelerator.
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FIGURE 3.18: Diagram of THz beamline at ELBE illustrating four RF ac-
celerating cavities and THz radiation production. Figure from [131].

Therefore, testing our detection scheme at TELBE, we naturally studied the EO
signal, while varying several machine parameters. Our study involved two main
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investigations. Firstly, we deduced from EO measured signals the detected THz
signal versus the bunch charge. Secondly, we recorded the THz CDR pulses for
different compression conditions of the electron bunch. Technically, this has been
performed by varying the phase of one of the accelerating cavities (see Figure 3.18).
It was conducted in parallel with a classic Martin Puplett THz spectrometer.

3.6.1 Study versus bunch charge
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FIGURE 3.19: Study of the CDR THz power measured by EOS as function
of the bunch charge in the accelerator for two fixed THz input power.

The ELBE machine utilizes a magnesium (Mg) photocathode driven by a 258 nm
laser system to extract electrons forming the initial beam. The drive laser system is
followed by a quarter wave plate and a polarizer in order to attenuate and control
the laser power sent to the photocathode. The laser power determines the bunch
charge in the accelerator by extracting electrons from the cathode. The higher the
laser power is, the more electrons will be extracted.

The present investigation explores the impact of varying the laser input power

sent to the photocathode on the electron beam quality by measuring the THz
emitted radiation.
To achieve this, we varied the bunch charge by modifying the photocathode laser
power for the injector, noted Py, which was controlled from the control room by
changing the polarizer angle of the laser power. Data were collected for each bunch
charge to evaluate the THz emitted power.

The EO laser optical power was fixed at Ppp = 25mW throughout the study
and the THz power was set on the monitor screen to PyonitorrH: = 22mW. The
THz polarizer was initially fixed at 0° to obtain higher signals, but as the bunch
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charge increased, we observed saturation in the THz emitted power and therefore
attenuated the THz signal by setting the THz polarizer at 45°.

Results presented in Figure 3.19 show a quadratic increase in THz power with
bunch charge up to approximately ~150 pC. As far as the bunch charge increases,
this quadratic behavior is not observed anymore, where we can see more like a
linear evolution. This can be due to collective effects leading to important changes of
the bunch shape at high bunch charges. In this experiment, the chicane parameters
were fixed during the experiment to maintain transverse beam parameters.
According to theory, the radiation spectral angular distribution of the electron
bunch is defined by an incoherent and a coherent component:

21 P21,
dodq — N1+ (N-DFw)}g o5

(3.3)

with F(w) the bunch longitudinal form factor of the normalized charge distribution
p(z), N the electron number constituting the electron bunch and w denoting the
angular frequency of the radiation with

—iwz

F) = | [ p(z)e™ dz| 34

The coherent part exhibits a quadratic increase only if the form factor F(w) of the
charge distribution remains unchanged.

This behavior is consistent with previous work, detailed in [131], which demon-
strated a similar dependence of the electron bunch charge on undulator radiation
power measured with a powermeter, limited to coherent emission up to 150 pC.
However, our measurements have the advantage of capturing the shape of the emit-
ted CDR THz signal of each electron bunch.

3.6.2 Study versus the RF phase of cavity number 4

The ELBE acceleration mechanism involves the use of four radiofrequency (RF)
cavities, as illustrated in Figure 3.18 to achieve electrons acceleration. The fourth
cavity was recently installed, allowing for energies up to 40 MeV [19]. Researchers
involved in machine development were interested in evaluating the performance of
the latest. This prompted conducting EOS measurements of the THz signals emitted
by CDR at different RF phases and analyzing the variation of THz detected power
as function of the phase as well as their single-shot spectra. These results were com-
pared with those detected by a commercial THz powermeter. We can see in Figure
3.20 a similitude between EOS detected power and THz powermeter measurements.
The detected THz power shows approximately a Gaussian distribution as function
of the RF phase, with an optimum at ~ 47° phase. This behavior can be attributed
to the maximum compression of electrons achieved at the optimal phase, which
allows for higher emitted CDR power. The phase of the electric field generated by
the RF determines the acceleration of electrons entering the cavity, with electrons
arriving at a maximum of field acquiring more energy and are being accelerated
more rapidly than those arriving at a minimum. Consequently, in order to ensure
an optimal effect in acceleration, the RF cavity should be adjusted at a specific phase
angle so that the electrons acquire the maximal field and get compressed to the
maximum.
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In Figure 3.21, we represented the THz reconstructed signals in the first row
with their FT spectra in the second row in single shot by our EOS system at various
phases. The third and fourth rows show, respectively, the phase shift of one THz
signal and its FT spectrum giving an idea about the bunch length.
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FIGURE 3.20: Variation of THz power for different RF phases of the cav-
ity measured by EOS versus THz power detected by a commercial THz
powermeter.

3.7 Conclusion and perspective

In this chapter, we have presented a novel experimental setup that combines the
photonic time stretch approach with the diversity electro-optic sampling, marking
the first time that these techniques have been used together. This was demonstrated
by measuring the ultrafast THz signals emitted by the ELBE CDR source at a high
repetition rate and a sub-picosecond resolution in single-shot mode. The CDR THz
radiation is measured in single shot with a broadband spectrum, ranging from 0.1
THz to above 1 THz. Notably, the measured pulses demonstrate stable behavior.
Measurements shot after shot, allowed to observe the electron bunch arrival time
revealing the time jitter. Additionally, our diagnostic tool validates the study of
machine parameters of the linear accelerator ELBE, including the bunch charge and
the RF cavity phase.

Our setup is autonomous (once adapted) and capable of continuous measurements
over long periods of time. During a single night of operation, the system recorded
automatically 301 sets of data in sequence mode, indicating that the system is
robust and reliable. The only limitation was the oscilloscope memory. If needed,
continuous (real time) operation should nevertheless be possible by an ADC board
instead of an oscilloscope.
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This optical photonic-based setup is compact and ready to be installed at ELBE,
allowing real-time measurements in single-shot and enabling the monitoring
of accelerator functionality. Additionally, the setup can be easily adapted to fit
different recording windows, within certain limits, by changing the fiber length L;.

This contribution represents a significant advancement in ultrafast measure-
ment systems and expands the range of applications such as THz spectroscopy
measurements, for table-top experiments, irreversible phenomena and improving
synchrotrons and particle accelerators functionality. Our monitoring setup has
a 26 MHz acquisition rate®, which is significantly higher than the 50 kHz repe-
tition rate of the THz source, indicating the potential for even higher repetition rates.

In the next chapter, we will explore how, with few modifications, this innova-
tive setup can be adapted to measure in real-time the full FEL pulses at ELBE in
single-shot.

3The laser repetition rate is 78 MHz. For data processing, three pulses are needed, one for each
polarization and one used as a reference without THz signal, leading to a 26 MHz acquisition rate.
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Chapter 4

First single-shot measurements of
the FEL pulses: experiment at ELBE

4.1 Introduction: Investigating the free-electron laser (FEL)
at ELBE with the previous constructed detector

Referring to previous chapter, a significant advancement has been made in the
development of THz detectors, combining photonic time-stretch with diversity
electro-optic sampling allowing to measure up to 26 MHz repetition. With this
detector, we were able to measure in single shot, with a sub-ps temporal resolution,
the single-cycle THz coherent diffraction radiation emitted by the electron bunches
at the linear accelerator ELBE, at a 50 kHz repetition rate with a broadband THz
spectrum around 0.3 THz.

Building upon this success, we looked after investigating, with our "THz oscillo-
scope", more challenging THz sources such as the THz free-electron laser (FEL). One
possibility was the FEL at ELBE emitting monochromatic radiation with adjustable
frequencies, from 1.2 THz to ~16 THz at a 13 MHZz repetition rate. This THz source
emits multi-cycles THz pulses, requiring a long acquisition window and presents a
high repetition rate of 13 MHz. Though, a full characterization of the THz pulses
emitted by the FEL in single-shot is demanding. These measurements are needed to
study the dynamics of the FEL as well as to characterize the emitted radiation. In
addition, these THz sources lack of carrier envelope phase (CEP) stability, required
for THz spectroscopic applications. Previous techniques have been developed to
get information on the CEP in single-shot [132] but do not provide the temporal
profile in single-shot.

As our experimental detection tool has technically the ability to record the
complete electric field of THz signals, we aimed in this chapter to measure in single
shot the temporal profile, carrier and envelope, of the THz pulses emitted by the
FEL at ELBE, marking the first-ever single-shot measurement of a FEL pulse or
even a mode locked laser. This piece of information will give access to the CEP and
observe the dynamics of the FEL in single-shot mode.

We will describe in this chapter the experiment conducted at the THz FEL at
ELBE to capture and characterize the THz pulses emitted in single-shot. We will
start by reviewing the FEL characteristics and evaluate through calculations the nec-
essary modifications to the experimental setup to reach and measure successfully
the chosen FEL frequency. These measurements will allow to observe the turnon
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FIGURE 4.1: Energy and wavelength range provided by undulators U37
and U100. Credits to Ulf Lehnert.

and the turnoff of the FEL pulses shot-by-shot. By characterizing the temporal pro-
file, envelope and carrier of the FEL pulses, we seek to address the challenge of CEP
instability and provide insights for optimizing FEL performance. We will explore in
a second part the impact of detuning the FEL by varying the mirror position to find
the optimal configuration for generating CEP-stable pulses.

4.2 FELBE: FEL at ELBE

| U3z U100
Undulator period Ay 37mm 100 mm
Number of periods Ny 54 38

Undulator parameter Ky | 0.4-1.35 0.5-2.8

TABLE 4.1: Parameters of the undulators of the FELs at ELBE.

Wavelength 5-40 ym  Undulator U37
range

18 -250 ym  Undulator U100

Pulse energy 0.01-2u] depending on wavelength

Pulse length 1-25ps  depending on wavelength

3 modes:

- continuous wave

- macropulse >100 us, <25 Hz

- single-pulse switched at kHz/Hz

Repetition rate 13 MHz

TABLE 4.2: Parameters of the FEL radiation at ELBE.
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FIGURE 4.2: Operating principle of an oscillator FEL, consisting of a pair
of mirrors forming the resonant cavity for the electron accelerated beam
emerging from the accelerator and wiggling in the undulator.

ELBE is equipped with two FEL systems using two different undulators: U37-
FEL and U100-FEL with a 37 mm period and a 100 mm undulator period respec-
tively. The undulators properties outlined in Table 4.1. They produce an intense, co-
herent electromagnetic radiation that can be tuned from the mid to the far infrared
covering wavelengths from 5 ym-250 ym emitting pulses with durations ranging
from 1 to 25 ps, and pulse energies varying from 0.01 to 2 uJ, depending on the
wavelength, as seen in Figure 4.1. Among the wide range of wavelengths covered
by both operational FELs at ELBE, we are interested in measuring FEL pulses with
relatively low frequencies and long wavelengths and decided to conduct the exper-
iment at the U100-FEL for THz radiation.

The undulator U100 is installed to cover the far infrared range with wavelengths
from 18 ym to 250 ym with energies from 20 to 35 MeV with a first lasing in 2006
[133]. This U100-FEL uses an undulator, composed of 38 magnet periods with 100
mm long each with adjustable gaps. The undulator gap parameter K can be varied
from 0.5 to 2.7 as shown in Figure 4.1 to vary the emitted radiation wavelength
according to Eq. 1.1. This FEL is optical resonator as described in paragraph
1.2.4.1 based on an optical cavity, as seen in Figure 4.2. It is equipped with a
parallel-plate waveguide to allow small undulator gaps [134]. The FEL emitted
radiation properties are summarized in Table 4.2.

FELBE is an oscillator FEL based on a resonant cavity consisting of two mirrors
and an undulator U100, enabling the generation of coherent radiation up to approx-
imately 250 um, as represented in Figure 4.2. Electrons travel in the resonant cavity
passing by the undulator composed by a series of alternating magnets, inducing a
transverse wiggling motion of the electron beam orthogonal to the magnetic field,
as seen in Figure 4.2. The optical resonant cavity consists of two parallel mirrors
focussing the electron beam with respect to the undulator axis and separated by a
resonant length equivalent to the distance ensuring that the produced circulating
light pulse coincides with the subsequent electron beam at the entrance of the undu-
lator. The extraction ratio from the resonant cavity over the entire wavelength range
is done using mirrors with different outcoupling hole sizes to control the amount of
extracted radiation.
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FIGURE 4.3: Temporal structure of THz emission in micropulses at 13
MHZz repetition rate in macropulses of 0.5 ms at a period of 40 ms cho-
sen for FELBE experiment.

4.3 THz source properties and setup modifications

4.3.1 FEL time structure

The FEL at ELBE can be emitted in 3 different modes (as described in Table 4.2):
in continuous wave at a 13 MHz repetition rate, in macropulses, or single-pulse
switched mode. For this experiment, we chose an emission at 13 MHz in macropulse
mode or burst mode as represented in Figure 4.3. This choice was made for two
main reasons: to work at moderated powers and decrease the average power around
20 mW and secondly, to allow observing the turnon and turnoff of the FEL. The
macropulse period is of 40 ms and the macropulse duration is around 0.5 ms.

4.3.2 THz FELBE operation

To conduct our experiment and due to short shifts, we performed the experiment
at a fixed wavelength of 75 ym, generating a THz signal with a 4 THz central fre-
quency in macropulse mode with a 13 MHz micropulse repetition rate. The choice
behind this chosen frequency was made according to calculations on the efficiency
of the FEL. A tradeoff was taken between the THz frequency and the power of the
FEL. When the frequency increases, the power increases. However, to reach higher
frequencies, thinner crystals are needed resulting in a low SNR. Thereby, few THz
was expected to be suitable frequency at which the FEL is efficient and that can be
detected by our detector.

4.3.3 Experimental setup at FELBE: setup modifications

We used the same experimental setup described in Chapter 3. Our experimental
setup is configured in phase diversity configuration, allowing to record the two
polarization outputs of the EO system. The setup enables signal acquisition at up
to 26 MHz repetition rates with a sensitivity less than 15 mrad (0.034 MV /m noise
equivalent phase shift see Chapter 3). The advantage of our setup is the flexibility
to change the fiber length L; and thereby the recording window.

As the signal has a different time duration, it was necessary to change the
acquisition window. The U100-FEL undulator consists of 38 periods, excepting FEL
pulses with 38 cycles.
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Frequency f; | Fiberlength | Stretch | Pulse width | Stretched | Number
before stretch Ly factor M Th frequency f, | of cycles
4THz 3m 666 9 ps 6 GHz 36
5m 500 12 ps 8 GHz 48
10 m 307 19.5ps 13 GHz 78
20m 173 34.5ps 23 GHz 138

TABLE 4.3: Table summarizing the number of cycles achieved and

the needed bandwidth detection f, as function of the first fiber L.

The choice is made to reach the FEL frequency while optimizing the
detection range and allowing a long recording window.

When choosing the acquisition window length, many factors must be taken into
consideration such as the number of periods to be recorded, the THz frequency
and the detection bandwidth. All these parameters are resumed in Table 4.3 where
we considered the 4 THz frequency and calculated the number of cycles that can
be measured as well as the bandwidth needed for recording. First estimate, the
number of periods to be recorded, 38 periods for the U100-FEL, should fit within the
chirped laser pulse length, taking into account a margin of double the known period
number. The recording length duration denoted T;, determined by the first fiber
length L; should be the longest to fit all the THz signal periods. Nevertheless, for a
fixed recorded duration T, dependent of the second fiber L,, the magnification of
the signal resulting from photonic time-stretch decreases for longer T;, necessitating

a higher detection bandwidth. The stretch factor defined by M=1+%:%:% is
inversely proportional to the recording window defined by L;. Hence, L; should be
as long as possible to capture all periods while ensuring that f; is small enough to
fall within the detection range of the detector. We can see that a longer prechirped
window allows to reach more cycles but requires a higher detection bandwidth. It is
worth noting that the balanced detector receiver has a limitation of 20 GHz in terms
of bandwidth so f, should remain within the capabilities of our balanced detector

receiver.

Based on these calculations, summarized in Table 4.3, we chose a fiber length
of L1 = 10 m as it should be sufficient and convenient to measure the desired
parameters at a frequency of 4 THz. As we previously calibrated the system in
Chapter 3 and determined the laser internal equivalent fiber length with Ly = 3 m,
the stretch factor is estimated to be equal to 307, resulting in a pulse duration T;
=19.5 ps and a corresponding stretched THz frequency of 13 GHz.

Based on this reasoning and calculations, we modified our experimental setup
to reach and characterize the FEL frequency.

The setup in this study is similar to the previous one with few modifications.
The main differences concern the fiber length L; and some technical modifications
in the components of the EO head. The new setup is represented in Figure 4.4. We
used the same Menlo Orange Ytterbium laser at 78 MHz with a 35 nm bandwidth
and a 130 mW output power. A HWP and a cube polarizing beam splitter are added
to attenuate the laser power, followed by two mirrors for easier coupling. The laser
beam is injected using a collimator PAF2A-A10B into a first fiber L;, chosen to be a
10 m PM980 fiber.

Regarding the EO head, new types of collimators were introduced to replace the
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previous ones used with mirrors. We used two collimators with a 12 mm focal
length (12APC1064, from Thorlabs) that offer easier manipulation and coupling’.
The polarizer was replaced by a 5 mm PBS cube (PBS1053, from Thorlabs) to clean
the laser polarization.

For signal acquisition, a 33 GHz bandwidth oscilloscope with 128 GSamples/s
KEYS-IGHT UXR0334A Infiniium UXR-Series with 10-bit resolution was used. The
oscilloscope was double triggered to the macropulse signal at first (the slow signal)
and to the micropulse repetition rate 13 MHz signal.

The setup is configured in DEOS. The laser polarization is horizontal. The first
HWP is fixed at 22.5°. The second HWP is also set at 22.5° (adjusted in a way that
all power on 1 arm without the QWP) and the QWP is fixed at 0°. The THz po-
larization is horizontal. The crystal is oriented in such a way that the [-110] axis is
perpendicular to the THz field.

4.3.4 THz transport and alignement

To align the THz beam transversely with the laser beam, we used a 532 nm visible
green laser previously aligned with the THz to do the gross adjustment. For a precise
transverse alignment, we superposed the 1030 nm IR laser and the visible laser by
replacing the crystal with a pinhole. The temporal timing was similar to previous
experiment (see Chapter 3) using a Field Effect Transistor (FET) for the THz [135]
and a 5 GHz Thorlabs photodiode for the laser beam.

4.4 EO measurements

As the system is configured in phase diversity, the FEL THz signal was encoded on
the chirped laser pulse with its two polarization states recorded separately with the
same design described in Chapter 3.

To analyze the data, we used the same data analysis software Since the THz
frequency is narrowband, we filtered the data to extract signals around 4 THz
slowed down in time to 13 GHz with a 307 stretch factor around 10 GHz and 20
GHz, for a better SNR. Note that the stretch factor M = 307 is calculated based on
the calibration done for the previous detector. The laser repetition rate is 6 times the
THz repetition rate.

Figure 4.5(a) and (b) show the two outputs polarization states in radians for one
single THz emitted pulse with their respective measured single shot spectrum in
Figure 4.6(a) and (c). We can see that both polarization waveforms are not identical
and are much longer than expected. This is spectrally explained by the presence
of zeros in their corresponding Fourier transform (FT) spectra. These zeros can be
attributed to the zero of the transfer function which are causing the broadening of
the temporal waveform. The spectra present a narrowband response with a 4 THz
peak frequency clearly defined. In Figure 4.6(b) and (c) are represented the average
FT. Figure 4.7 shows the shot-to-shot THz spectra of each polarization recorded
individually. Figure 4.8 displays the colormap of the shot-to-shot FEL pulses of
one polarization in particular polarization 2, where no zero is observed in the THz
spectrum in Figure 4.6(b). Figure 4.8 displays a global view of a full recording,
including the startup and turn-off of the FEL. It is important to note that -at this

IThe used components are the same as the ones described in the previous chapter
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FIGURE 4.5: Single shot temporal profiles of two measured polarizations

corresponding to the phase shift induced by the FEL THz signal of one

typical single shot signal. Note that this shot corresponds to pulse number
376 in Figure 4.8.
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scale- the optical carrier is not visible, due to aliasing effect in the display. The
optical carrier is visible in the zoom shown in Figure 4.9. The energy evaluation
(deduced from the EO measurements) is displayed in Figure 4.10. The horizontal
axis of the colormaps represents the time that resolves the THz pulse shape recorded
by the oscilloscope. The vertical axis corresponds to the number of THz shots of the

FEL.

In parallel, some THz spectrum measurements were taken to verify the THz
spectra to compare it with the EOS. The THz measured spectrum in Figure 4.6(e)
shows the same spectral properties as EOS measurements.

As the first experimental results of FEL pulses, we settle for showing the two
outputs of the EO system. As expected, few deformations appear in the measured
temporal profiles. Applying MRC here requires a supplementary effort (that will
be done in the near future) as the THz signal is narrowband and the zeros of the
transfer functions are very close to each other.

4.5 Study of the CEP versus detuning at FELBE

In a FEL, it is important to have a good synchronization between the electron bunch
arrival time and the round-trip time of the FEL pulse. This condition, defined by
detuning, affects the efficiency of the FEL. It can be easily modified by changing the
distance between the mirrors of the resonant cavity, i.e. the position of one of the
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FIGURE 4.9: Zoom of Figure 4.8(a) showing clearly the optical carrier.
Note how the phase of the carrier drifts with respect to the envelope, at
each shot of the FEL (i.e., the CEP drift phenomenon).
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FIGURE 4.10: Energy evolution (in arbitrary unit) of one macropulse cal-
culated from EOS measured polarization 2 showing the turnon and the
turnoff of the FEL.
mirrors.

We conducted a study versus the detuning to evaluate the emission of THz
for different mirror positions. To do this, we varied the position of one of the two
mirrors, scanning from 8.335 mm to 8.494 mm by steps of 6 ym (see Figure 4.11).
The FEL was observed to be ON at 8.344 mm and OFF at 8.496 mm. The FEL
emitted power measured using a THz powermeter is represented in Figure 4.11 as
function of the mirror position. This detuning curve shows a dependency of the
FEL emitted power as function of the cavity length, where an optimal efficiency at
the left of the curve.

This cavity detuning also affects the carrier-envelope phase (CEP) drift of the
FEL. This is defined by the difference between the round-trip time of the THz signal
envelope T, with respect to the duration of the carrier 7, in the renonant cavity, as
represented in Figure 4.12. This difference is due to the velocity mismatch between
the group velocity and the phase velocity when they interact in the amplifying
medium, i.e., the electron bunch. This effect is clearly seen in the measured polar-
ization in Figure 4.9 where the CEP is varying from a shot to another and drifting
along the pulses.

To study systematically this effect, we represented the two-dimensional Fourier
transform Efp of the single-shot EO measured signals over n round-trips Ero, (t) (as
the ones shown in Figure 4.8 and Figure 4.9) according to :

Ero,(t) = Epo(Varift, VTH:) 4.1)
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FIGURE 4.12: Carrier-Envelope Phase (CEP) concept showing drift from
a pulse to another.



4.6. Conclusion 83

with vry, the frequency associated to the time t and v,;f; the frequency associated to
nTg, the time over round-trips n or the THz repetition rate. The latest corresponds to
the frequency at which the FEL pulses are drifting from a pulse to another, describing
the CEP drift speed.

These Fourier transforms are represented in Figure 4.13 for several mirror posi-
tions. A spot at the 4 THz frequency of the THz FEL signal, is observed in Figure
4.13(a) with vy, =~ 0, indicating an almost constant CEP phase over all measured
shots at a mirror position of 8.350 mm. As the mirror position is increased or de-
creased, a drift in frequency appears, gradually shifting to higher frequencies, as de-
picted in Figure 4.13(b), (c), and (d). Further increase of the mirror position presents
a repetitive behavior in terms of CEP drift speed, as clearly demonstrated in Figure
4.14 where more shift in the THz behavior is observed in Figure 4.13(e),(f),(g) and
(h). We can see in Figure 4.14 that the drift passes from one side to the other, by
passing a zero position confirming the possibility to stabilize the FEL emission, us-
ing a feedback system for example. As expected, this repetitive behavior happening
at a period of ~ 36um is equivalent to half the period of the THz frequency.

Figure 4.15 provides a clear shot-by-shot visual comparison between an almost
CEP stable position at 8.350 mm and a position where the CEP drift is large. The EO
signals in single shot at the specific mirror position 8.350 mm shows almost no shifts,
whereas other mirror positions exhibit noticeable drifts.

4.6 Conclusion

In this chapter, we have successfully conducted the first single-shot measurements
of the THz pulses emitted by the FEL at ELBE, showing the startup and turnoff
behavior of the FEL shot by shot. These results demonstrate the capability of our
experimental setup to measure high THz frequencies, specifically at 4 THz with a
repetition rate of 13 MHz. The recording of temporal profile of THz FEL signals,
envelope and carrier, as observed in this study, has conquered the challenge of
measuring complete signals with multi-cycle oscillations of mode-locked lasers.
The measured temporal profiles include the envelope and carrier of an FEL pulse
for the first time. By varying the mirror position, we have observed the variation of
the CEP drift at different mirror positions. This achievement of capturing the CEP of
FEL pulses in single-shot is particular and holds a significant importance for future
FEL experiments where phase information is crucial, particularly for pump-probe
experiments.

While we have made substantial progress in the measurement and characteri-
zation of FEL pulses, there is still work to be done. One important area of focus
is to improve the temporal resolution, by applying MRC reconstruction algorithm
as the results presented are preliminary confirming the possibility of performing
single-shot measurements of the FEL pulses. Further research can concentrate on
developing detection techniques that can extend the capture of the full range of FEL
emission, up to 16 THz and thinking of alternative solutions for the EO crystal and
the parabolic mirror. This comprehensive detection capability will enable a deeper
understanding of FEL behavior and facilitate a wider range of experimental appli-
cations.
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FIGURE 4.13: Module of the two-dimensional Fourier transform of the

EO measured signals (as the one in Figure 4.9 for example) of the CEP

frequency for several mirror positions. A zero drift frequency is observed

at 8.350 mm. This frequency increases as mirrors gets far from each other
but according to a repetitive behavior repassing by zero.
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FIGURE 4.14: Variation of the CEP frequency as function of the mirror
position. A periodic behavior is observed at the frequency of the THz
signal.
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FIGURE 4.15: Colormap showing temporal profile of polarization 2 for

two different mirror positions (a) 8.350 mm and (b) 8.356 mm. The dif-

ference of CEP drift is clearly seen that no shifts are shown whereas by

looking at other mirror position, a clear drift is visible affecting the stabil-
ity of the FEL.
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Chapter 5

Photonic time-stretch electro-optic
sampling at 1550 nm

5.1 Introduction

As demonstrated in Chapter 3 and Chapter 4, the development of an ultrafast de-
tector operating at 1030 nm has been accomplished by combining electro-optic sam-
pling photonic time stretch and phase diversity techniques, enabling the reconstruc-
tion of the THz input signal, in a non-destructive way, with a sufficient temporal
resolution. Despite being able to attain high acquisition rates with photonic time
stretch, mainly up to 26 MHz, and reaching a maximal stretch of ~ 6 ns, the re-
quired bandwidth of the oscilloscope, which is typically 20 GHz, results in a cost
around 100,000 euros, which is prohibitively expensive. The high cost of such com-
ponents has limited and discouraged the utilization of photonic time-stretch, despite
its potential and usefulness. Nevertheless, motivations of this technique still stand
for two particular environments, mainly science of optics and particle accelerators,
where manipulating ultrafast signals is critical.

In the field of optics, several researchers conducting table-top experiments are
striving to achieve high values of stretch [116, 136, 137]. This has the potential to
reduce investments in big-budget oscilloscopes and expand research possibilities.

On the other hand, this technique has a significant role in the field of particle
accelerators and free-electron lasers where the challenge lies in measuring ultrafast
high repetition rate THz emitted signals in single shot. In this context, photonic
time-stretch can facilitate measurements of these signals and contribute to advance-
ments in this field and for machine development.

In light of these motivations, we explore in this chapter the feasibility of the
photonic time-stretch at the special 1550 nm wavelength with the goal of exploring
the stretch limit by introducing more dispersion and thereby reduce the required
detection bandwidth and cost of the needed oscilloscope. By achieving these
objectives, photonic time-stretch may become more operational at reasonable costs
and accessible for more applications.

This study marks the first demonstration of photonic time-stretch electro-optic
sampling at the 1550 nm wavelength for investigating the CSR pulses emitted by
the microbunching instability at SOLEIL storage ring.

These THz pulses were recorded for the first time in single-shot at high repeti-
tion rates using photonic time-stretch at a 1030 nm wavelength in 2015 at SOLEIL
storage ring [9, 138](see Figure 5.1). This allowed to stretch the laser pulse up to
approximately 4.5 ns, corresponding to a recording window of 24 ps, and requiring
a high-end oscilloscope with an 8-20 GHz bandwidth. This acquisition window
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FIGURE 5.1: (a) Single-shot CSR pulses recorded at SOLEIL in 2015 with

an electro-optic sampling setup associated with the photonic time-stretch

at 1030 nm. Showing a rectangular shape, CSR pulses are like to be cut by

the stretched laser acquisition window limited to ~4.5 ns, equivalent to

~24 ps real bunch time, which is shorter than the THz pulse duration. (b)
is a zoom of (a). Figure from [9].

was smaller than the CSR pulse duration, allowing only a small portion of the
THz to be imprinted on the laser chirped probe pulse, delimited by a rectangle in
Figure 5.1(a). Increasing the stretch can indeed result in significant longer recording
windows and slower signals to be recorded, by some order of magnitude, and thus
reduce the effective detection bandwidth. However, this comes at a cost of higher
dispersion, leading to more insertion loss and less detected power. As a result, the
signal-to-noise ratio can be reduced, making it difficult to reach low signals and
limiting the range of applications. In 2017, an amelioration of the setup allowed to
increase the signal-to-noise ratio by a factor of 6.7 by introducing Brewster plates
and enhancing the sensitivity [114]. However, this did not change the stretch limit.

The chapter begins by discussing the rationale behind the selection of the
1550 nm wavelength and its advantages, followed by a detailed description of
the experimental setup at SOLEIL storage ring. Results of the first single-shot
EO measurements of the complete CSR THz pulses will then be presented and
compared to previous recorded signals. In a further study, we will investigate the
versatility of the experimental setup by observing the formation of the microbunch-
ing instability at different beam currents and measuring the resulting THz CSR
pulses in single shot. Finally, an attempt of combining phase diversity with the
photonic time-stretch at 1550 nm will show promising insights towards a better
temporal resolution.
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FIGURE 5.2: Effective number of points recorded with a detector of a cer-
tain bandwidth BW defined as function of the signal duration T.

5.2 Exploring photonic time-stretch at 1550 nm

The time duration resulting from stretching a laser pulse of a wavelength A and a
spectral width AA in a fiber length L with a dispersion D is defined by:

At=AAxDxL (5.1)

For a higher temporal stretch At, it is possible either to choose a laser with a
higher spectral width AA or to use a longer fiber L and/or with a higher dispersion
D. Concerning the laser, the choice is limited by commercially available lasers that
is also chosen depending on the possibility of obtaining high EO effect in existing
EO crystals. The selected wavelength affects in parallel the corresponding fibers
options. In order to stretch more, our choice got selected on the 1550 nm wave-
length, which is widely used in telecommunications for long-distance information
transport. This wavelength exhibits low attenuation in optical fibers with the ability
to maintain a high signal-to-noise ratio over large distances. This wavelength offers
less absorption and less scattering in glass optical fibers compared to 1030 nm. We
chose an 80 km Dispersion Compensation Module, a small commercial electronic
device from FS company, for stretching the modulated laser pulse. This device
is based on anomalous dispersion, allowing to compensate normal dispersion
and providing a high pulse spread out. The anomalous dispersion allows short
wavelengths to travel faster than long wavelengths, contrarily to normal dispersion
used at 1030 nm. Erbium lasers are the corresponding lasers that emit, in the
infrared region of the electromagnetic spectrum, the 1550 nm wavelength. Fibers
associated with this wavelength offer a range of options and a diverse choice for
various components at cheaper price, compared to other wavelengths.

To compare fairly between the performance of photonic time-stretch at different
wavelengths, it is important to take into consideration the effective number of
points N,¢r sampling the recorded signal, influenced by the duration of signal and
its bandwidth. Another parameter is the amount of dispersion introduced with
respect to the losses in power that may decrease the signal-to-noise ratio.

Let us define the effective number of samples to be recorded N, as an intuitive
parameter that stays unchanged when choosing different lengths L,, i.e., different
input analysis time-window or bandwidth with:
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Tstretch
Neff = Zmputse (5.2)

where 75!/ is the probe laser duration at the photodetector, and /"¢ defines
the "time resolution” of the electronics (from photodetector to analog to digital con-
verter (ADC) or oscilloscope). As in any low-pass electronics, the impulse response
duration TP is inversely proportional to the bandwidth, i.e.:

Timpulse — % x BW~1(5.3)

with C a parameter that depends on the definition of the bandwidth, rise/fall times
(e.g., FWMH or 10-90 %), etc. The effective number of recorded samples can be
therefore directly expressed as a time-bandwidth product at the readout electronics:

Neff = CNesp1 (5.4)

with '
Nesp1 = TP x BW (5.5)

We propose to use the time-bandwidth product N,ss1 as a figure-of-merit of a
given THz time-stretch recorder design. This has the advantage to separate the
tasks of comparing different time-stretch ADCs (by comparing their respective
time-bandwidth products N,¢f1) and the task of defining a effective number of
points N,¢r when relevant (i.e., agreeing on a value of the parameter C). To sum-
marize, N,ss1 can be used to compare the effective number of points of two designs
(i.e., the larger, the better). However we should keep in mind that the effective
number of samples N, s will be usually larger than N,fr1, by a factor C that depends
on the bandwidth and impulse response time definitions that are relevant to the
application.

It is important to note that, for THz time-stretch systems, the stretch factor M
is typically large. As a consequence, for a given electronics bandwidth, the effective
number of samples defined above (N,fs1) is determined only by the dispersion of the
second dispersion device D, (expressed here in ps/nm bandwidth), and the laser
bandwidth A, :

Neffl = BWD2AAs5er (56)

Hence, in principle, the effective number of samples N,¢¢ can be increased arbi-
trarily by increasing the second dispersion of the time-stretch system. However, in
practice, this amount of dispersion will be limited by the allowable losses that are
compatible with a precise application.

A comparison in Table 5.1 shows the difference between the possible stretched
pulse duration achievable at the 1030 nm wavelength, implemented in the previous
detector (Chapters 3 and 4), and the one at 1550 nm investigated in this chapter,
as well as the effective number of points recorded. We can see that for the same
6 dB optical loss, it is possible to stretch more than 10 times and reach up to 108
ns at the 1550 nm wavelength compared to 6 ns at 1030 nm with much more effec-
tive points recorded with the same oscilloscope, considering 2 different oscilloscope
bandwidths (6 points compared to 108 points with a 1 GHz bandwidth oscilloscope,
for example). This will resolve the need of an expensive oscilloscope with a 8-20 GHz

'DCM 80 km from FS with -1360 + 3% ps/nm dispersion @ 1545 nm and an insertion loss <5.8dB
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For 6 dB loss
Effective
Wavelength SPectral . Fiber Final stretch | "nb. of points"
width AA | Fiber length L fora Nesr1
(nm) (nm) eng typical laser | recorded with
bandwidth
1 GHz | 20 GHz
1030 35 HI1060 4 km 6 ns 6 120
1550 68.2 SME28 33 km 48 ns 48 960
Equivalent
DCM! | to 80 km of 108.8 ns 108 2160
SMF28

TABLE 5.1: Stretched pulse duration and effective number of

recorded points in the new 1550 nm setup, compared to typical 1030

nm situations. In each case, we limit the stretch to the maximal value

leading to 6 dB loss. Note that the effective number of points N, is

actually proportional to N,s¢1 by a factor (of few units) that depends
on the recording electronics- see text.

bandwidth by a more cost-effective solution, a 1 GHz bandwidth oscilloscope or few
GHz digitizer board (~ 10,000-15,000 euros). On the other side, this is supposed to
increase the recording window length and hence imprint on it for the complete CSR
THz pulse while maintaining a good signal-to-noise ratio with an acceptable dy-
namic range.

5.3 Experimental studies of the microbunching instability at
SOLEIL storage ring

The ULTRASYNC project, funded by the Agence Nationale de la Recherche aims
to observe, understand and control the microbunching instability by developing a
novel detection tool for ultrafast signals in the THz range. Based on this project,
funds will be used to install a detection station at SOLEIL at the AILES beamline and
efforts are being made to build an ultrafast THz oscilloscope with high acquisition
rate at a reasonable cost. As part of this project, tests are done at SOLEIL to evaluate
the efficiency of the photonic time-stretch EOS at 1550 nm at SOLEIL storage ring.
We review in this section the SOLEIL Synchrotron facility and expose the THz source
to be investigated.

SOLEIL is a high-energy third-generation accelerator-based light source located
in Paris, France (see Figure 5.3). It stands for “Source Optimisée de Lumiere
d’Energie Intermédiaire du LURE?" or “Optimized Light Source of Intermediate
Energy to LURE". This particle accelerator, operating since 2006, produces a
powerful synchrotron radiation from infrared to X-rays radiation. It is designed to
produce a continuous spectrum of radiation across a wide range of wavelengths,
having 29 beamlines covering the full electromagnetic spectrum range each with a
specialized laboratory.

2Laboratoire d'Utilisation du Rayonnement Electromagnétique
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FIGURE 5.3: (a) Design of the interior architecture and (b) Photo of
SOLEIL Synchrotron facility with a 354 meters circumference located at
Plateau de Saclay, Saint-Aubin, France. Figures from [139].

First, the electrons ejected from an electron gun are injected into a linear accel-
erator called linac that pre-accelerates the particles to a high energy, as schemed
in Figure 5.4. After exiting the linac, the particles are injected into a booster ring
to further accelerate them to higher energies. The accelerated particles are then
injected into the main circular storage ring. The storage ring contains a series of
powerful bending magnets and focusing elements, that serve to bend the path of
the particles using strong magnetic fields, keeping them in a circular orbit with
insertion devices such as wigglers and undulators. These devices consist of an
arrangement of periodic magnets that create alternating magnetic fields, causing
the particles to oscillate transversely, emitting more intense and coherent radiation.
As the particles move along the curved path, they emit electromagnetic radiation,
including X-rays, due to their acceleration. High frequency accelerating sections are
used to compensate the energy dissipated when the circulating electrons radiate.
The emitted radiation is extracted from the storage ring using beamlines, that guide
and shape the emitted radiation to experimental stations, where scientists can use it
for various applications such as imaging, spectroscopy, or diffraction.

SOLEIL can operate in different modes, providing several beam characteristics
such as multibunch pattern (4 trains of 100 bunches uniformly filled), hybrid mode
(a single bunch with a high charge), an 8 bunch mode and a single bunch mode
[140]. SOLEIL storage ring parameters and operational modes are summarized in
Table 5.2.

Above a certain beam current, interactions between electrons lead to an insta-
bility and to the formation of microstructures along the electron bunch. This phe-
nomenon, known by microbunching instability, results in the emission of a coherent
synchrotron radiation (CSR), 10000 more intense than the normal synchrotron radi-
ation. We investigate in this work these CSR THz pulses above the beam current
threshold by trying to measure them in single-shot.

5.4 First experimental trial at SOLEIL storage ring

As a first trial, we designed an SM fiber-based setup without introducing the phase
diversity technique to study the feasibility of the photonic time-stretch electro-optic
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Beamlines

FIGURE 5.4: Schematic design of a storage ring: electrons ejected from an

electron gun are pre-accelerated in a linac and after in a booster to reach

higher energies before being stored in a storage ring. Magnets are used

to control and guide electrons trajectory. Insertion devices such as undu-

lators or wigglers are used to generate synchrotron radiation directed to
beamlines.

SOLEIL storage ring parameters

Energy (GeV) 2.75

Circumference (m) 354
Revolution period (us) 1.1814
Revolution frequency (kHz) 846.64

Filling modes

Maximum stored current (mA) Uniform 500
Hybrid 450

8 bunches 110

1 bunch 20

TABLE 5.2: Main parameters of SOLEIL storage ring.
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RF frequency|
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with CSR pulses

\ Photonic
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(2.75 GeV)
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FIGURE 5.5: SOLEIL storage ring in which a single electron bunch is circu-
lating at 850 kHz revolution frequency with CSR microstructures formed
along. THz radiation emitted by the latest is encoded, by EO effect, on
probe laser pulses and slowed down in time using photonic time-stretch
to be recorded by a photodetector and an oscilloscope. The oscilloscope is
synchronized to the revolution frequency of the storage ring.

(EO-PTS) detection at the 1550 nm laser wavelength. The setup is similar to the
one developed at 1030 nm with the adapted components suitable for 1550 nm and
mainly with the use, of an amplifier and a pulse picker. This section provides a
detailed description of the experimental setup at SOLEIL.

5.4.1 THz beam transportation

For this experiment, SOLEIL storage ring is operating in single bunch normal alpha
mode in which a single bunch of electrons is circulating in the storage ring at a rep-
etition rate of 850 kHz (see Figure 5.5). The experiment was operated at the AILES
beamline, one of the two infrared beamlines at SOLEIL [141]. The THz beam deliv-
ered at the beamline is collimated and focused on the EO crystal using two off-axis
parabolic mirrors (respectively with 4” and 2” focal lengths and a 2” diameter). The
THz is vertically polarized.

5.4.2 Optical scheme

The experimental setup consists of a Menlo C-Fiber femtosecond Erbium laser with
a central wavelength of 1550 nm, a 1.8 ps specified pulse width, a 68.2 nm? spectral
width and a 60 mW output power from Menlo Systems®*. The repetition rate of the
laser is 88.05 MHz and it is synchronized to the RF frequency of the accelerator of
352.2 MHz using a RRE-SYNCRO by Menlo Systems. Laser pulses are chirped in a
first fiber L; that defines the recording analysis window, here a 40 m SM dispersion
compensating fiber (DCF) with a -140 ps/nm/km dispersion . A polarization
controller (PC) (FPC560, from Thorlabs) is used to regulate the laser polarization
state prior to its entry into a PM pulse picker, manufactured by Gooch&Housego.
The pulse picker parameters are set such as the division number, Npp defining the
output frequency of the pulse picker 88.05 MHz/ Npp is set to 13, the pulse width is

Stest report specified value
“The laser is transported from PhLLAM to SOLEIL for the experiment.
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set to 12 ns in order to reduce the laser repetition rate before amplifying to increase
the energy per pulse for a better sensitivity as well as to prevent overlap when
stretching. A 5 m PM fiber links the pulse picker output to a homemade Erbium SM
fibered amplifier. A second polarization controller is placed between the Erbium
amplifier and the EO head.

The EO head is placed on a 20 cm x 60 cm breadboard (see Figure 5.6(b)), with
a 6.18 mm focal length collimator (TC06 APC-1550, from Thorlabs). A linear polar-
izer is used to ensure a clean linear polarized state output. An achromatic half wave
plate (HWP) FBR-AHS3 for 1100-2000 nm from Thorlabs is used to rotate the laser po-
larization so that it is aligned with the direction of the THz and with the [-110] axis of
the GaAs crystal. This configuration corresponds to the classic EOS with standard
balanced detection. A 5 mm polarizing beam splitter (PBS) cube PBS054 followed
by a second HWP were previewed for another experiment but has no effect here. A
10 cm focal length N-BK7 C coated plano convex lens LA1207-C is inserted to focus
the laser beam on the EO crystal. The THz is transported to the EO board with a 2"
(50.8 mm) focal length off-axis parabolic mirror with a 2" diameter, from Thorlabs,
focusing both THz and laser beams onto the crystal with the laser beam passing
through the hole of the parabolic mirror to reach the EO crystal. A 10x10x3 mm
110-cut Gallium Arsenide (GaAs) crystal with AR coating at 1550 nm, from Del mar
Photonics, is used. When the THz and the laser co-propagate together in the crystal,
the electric field of the THz modulates the laser polarization due to the electro-optic
effect. This results in encoding the THz signal onto the laser. A second 100 mm focal
length LA1207-C lens is used, followed by an achromatic quarter wave plate (QWP)
(FBR-AH3, from Thorlabs) rotated at 45° with respect to the [-110] crystal axis and
a HWP is added for the phase diversity configuration (but has no effect in the con-
figuration described here), rotated at 0°. A 5 mm PBS cube separates the modulated
signal polarization state into two components along both axes, which are then fo-
cused using two collimators and a mirror PF05-03-P01. All components used after
the collimators are SM-fiber based. The two EO head optical output are connected
to two identical circulators, with losses<0.88 dB from ANYLINK that redirect the
modulated laser pulses of both polarizations in the same 80 km dispersion compen-
sation fiber (DCF)-based Passive Dispersion Compensation Module (DCM) from FS.
This DCM offers a dispersion of -1360 ps/nm @1545 nm with a 5.8 dB insertion loss
leading to stretch up to 35 ns (see Figure 5.14(a)). This symmetrical design allows
providing the same stretch and delay for both polarizations. A variable optical de-
lay line, operating over an optical range of 0-500 ps from AFR, is used on one arm to
adjust the small delay between both polarizations arising from differences in fibers
lengths. A variable optical attenuator is added on the second arm to balance the laser
powers of both polarizations. Providing equal powers on both arms with same ar-
rival time with equal fiber length, a classic balanced detection is performed using an
InGaAs balanced amplified photodetector PDB780/AC operating at bandwidth of 1
MH2z to 2.5 GHz. This photoreceiver, from Thorlabs, has a 2125 V/W @1310 nm RF
OUTPUT Conversion Gain of, 15 pW/+/Hz Noise Equivalent Power. In the absence
of THz imprinted on the laser pulse, the balanced detection signal should be null,
with a residual signal coming from the imperfections of optical components. Data
are recorded using a 1 GHz Teledyne LECROY WaveSurfer 4104HD oscilloscope
and an 3 GHz analog-to-digital conversion (ADC) ADQ7DC acquisition board from
TELEDYNE SP Devices.
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5.4.3 Timing between THz and laser

The timing between the THz signal and the laser probing pulse was adjusted using
the near-IR part of the synchrotron radiation. A mirror (not shown here), just after
the GaAs crystal, collected both the synchrotron radiation and the probe laser pulses.
Both pulses were focused on a 5 GHz InGasAs photodetector (DETO8CFC-5 GHz
from Thorlabs) connected to the ADC board.

5.5 Experimental results

5.5.1 EO measurements with a 1 GHz bandwidth oscilloscope

The current setup is configured in classic balanced detection where the same laser is
subtracted between both arms. This configuration gives the difference between both
polarization states and enhances the detection dynamic range, by removing the
common laser shape and cancelling the noise fluctuations of the laser, as detailed in
section 2.4.

With the photonic time stretch in the DCM-80km, the resulting stretched laser
pulse has a duration of approximately 35 ns (see Figure 5.14(a)) which is within the
measurement capability of a 1 GHz oscilloscope or more. The detection bandwidth
is limited by the bandwidth of the balanced detector bandwidth which is 2.5 GHz.

The acquisition frequency of the resulting experimental setup is around 6.7
MHz, while the THz repetition rate is 850 kHz. The resulting acquisition rate is 8
times the repetition rate of the revolution frequency by means that out of every 8
laser pulses, only one pulse is modulated by THz radiation. Data are interpolated
and cut at the repetition rate of the laser and separated between pulses with THz
and without THz. The unmodulated pulses being used to evaluate the residual
response of the detection system, which is then subtracted from the modulated
signals. For each EO measurement, an unmodulated reference laser pulse is
recorded to normalize the obtained signal.

At first, we used a Teledyne LECROY WaveSurfer 4104HD oscilloscope with a
bandwidth of 1 GHz and a sampling rate of 5 GigaSamples/s to develop, test
and calibrate our experimental setup. This was practical, easily manipulative and
interactive, allowing to observe the signal on the scope.

We can observe in Figure 5.7(a) the first complete CSR pulses measured in sin-
gle shot with the 1 GHz scope for three successive THz signals. These single-shot
EO signals in Volts, accorded to three consecutive round-trips of the electron bunch
in the storage ring, are obtained after subtraction of the residual noise. They show
the temporal profile, envelope and carrier, of the CSR pulses emitted by the elec-
tron microstructures due to microbunching instability. The THz pulse is observed
completely with a ~ 90 ps pulse duration with a stretch factor of 270°. Figure 5.7(b)
displays the color map of EO signals recorded by the 1 GHz oscilloscope in single
shot, showing the evolution of CSR pulses formation of one burst round after round
in the storage ring. With this oscilloscope, we were able to measure the CSR pulses
in single shot over 5 ms and their spectra in single-shot as well (Figure 5.7(c)). The

5This value is determined in section 5.5.4
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FIGURE 5.7: (a) Three successive single-shot CSR THz pulses of consecu-

tive round-trips of the electron bunch recorded by the 1 GHz oscilloscope.

For a better visualization, signals were shifted by 0.4 V. (b) and (c) Respec-

tive color maps of the CSR THz signals and their FT spectra measured in

single-shot with the 1 GHz oscilloscope versus the number of round-trips
traveled by the electron bunch in the storage ring.
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Property WaveSurfer 4104 HD ADQ7DC
oscilloscope acquisition board
3 dB Bandwidth 1 GHz 3 GHz
Vertical resolution 12-bit 14-bit
Max. sampling rate | 5 GSa/s (2 channels) | 10 GSa/s in single-channel
Memory depth 25 Mpts/2 channels 2 Gpts
User interface Touchscreen & buttons Software

TABLE 5.3: Comparison between specifications of the Teledyne
LeCroy WaveSurfer 4104 oscilloscope with a 1 GHz bandwidth and
the ADQ7DC acquisition board with a 3 GHz bandwidth from Tele-

dyne SP devices.
Balanced
photodetector o
Limiter
EOS - > Vo — |ADC acquisition
TDS > — L — board
> 20 dB
attenuator

FIGURE 5.8: Physical scheme of attenuation before the ADC board show-
ing the voltage measured in EO measurements results at the output of the
detector Vp.

single spectra shown in Figure 5.7(c) over ~4000 shots are formed in bursts, show-
ing a burst emission mode of the CSR THz signals at high beam current (16 mA).
It should be noted that figures 5.7 (a) and (b) present two time axes, the stretched
time which is the time visualized on the oscilloscope (or acquisition board later) and
the time axis representing the real time of the THz signal calculated according to the
stretch factor, which is detailed further in section 5.5.4.

5.5.2 Measurements with a 3 GHz ADC board

Although using an oscilloscope is particularly efficient for development purposes,
ADC acquisition boards turn out to be more advantageous for systematic record-
ings allowing long-term recording of single-shot CSR pulses, which is crucial in
understanding the evolution of microstructures in the storage ring. Once our
system was calibrated and operational, we aimed to test a different acquisition
system, the ADQ7DC high resolution ADC board from TELEDYNE SP Devices.
ADQ7DC features 14-bit resolution, a 10 GSamples/s sampling rate in dual-channel
mode, a 3 GHz bandwidth, and a large memory size of 4 GBytes (2 bytes per
sample). This card with a 3 GHz bandwidth enables to record 3 times more effective
number of points for each shot compared to the 1 GHz oscilloscope and has a larger
memory size enabling to record over longer time, being thereby more convenient
for studying the behavior of electron bunches inside the storage ring. Key features
of both instruments are compared in Table 5.3.

To adjust the balanced detector signal level to the ADC requirements, we
placed two 10 dB attenuators (VAT-10+ from Mini-circuits) (equivalent to 20
dB) and a +13 dBm limiter (VLM-33W-2W-5+ from Mini-circuits) at the input of
the ADC, as schemed in Figure 5.8. In all represented results, signals are shown
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FIGURE 5.9: Three successive single-shot CSR THz pulses recorded by the
3 GHz ADC board. For a better visualization, signals were shifted by 15
mrad.

in their original voltage Vp at the output of the photodetector, i.e. before attenuation.

Figure 5.9 displays three single shot CSR THz signals for consecutive round-
trips recorded by the acquisition board, after subtraction and normalization. These
signals show finer details than the ones measured with the oscilloscope due to the
higher bandwidth of the ADC board. With the present stretch factor of 270°, the
total measured THz duration is around 130 ps, and it is possible to observe, for each
shot, the complete CSR pulse, measuring approximately 92 ps, and its replica just
after which is its reflection inside the EO crystal over ~ 60 ps.

The main achievement of performing photonic time-stretch at 1550 nm is to con-
siderably increase the effective number of points that is recorded at each shot. This
has also allowed to record the whole CSR pulses with few GHz digitizer, contrarily
to the small portion of ~ 24 ps captured previously in 2015 using a 36 GHz band-
width oscilloscope [9], see Figure 5.10.

®This value is determined in section 5.5.4
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FIGURE 5.10: (a) Three successive single-shot measurements recorded in

2015 with a 1030 nm laser. Figure from [9]. (b) Three successive shots mea-

sured also with a 1030 nm with the introduction of Brewster plates for a

better sensitivity, experiment in 2017. Figure from [115]. (c) Three suc-

cessive single-shot measurements recorded with the experimental setup

presented in this chapter with a 1550 nm laser wavelength. Signals are
shifted by 0.7 V for clarity.
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FIGURE 5.11: Series of coherent THz pulses recorded in real-time, at
SOLEIL, during a study of the so-called microbunching instability at I=15
mA. (a) Electro-optic signal of a single THz pulse. (b) Series of succes-
sive THz pulses displaying characteristic details of the dynamics during
a THz burst (including carrier-envelope phase-drift and spatio-temporal
dislocations). (c) Same data plotted over a longer time period, displaying
the characteristic bursting behavior of the THz emission. (d) Correspond-
ing THz pulse energy versus pulse number. The electro-optic signal is
expressed as the THz-induced phase-shift in the electro-optic crystal in
radian. Note that one record contains aproximately 150000 THz pulses
(only part of the data has been displayed for clarity).

Figure 5.11(a) shows the EO measured signal for one single CSR THz pulse after
subtraction and normalization, defined by the phase shift induced in the EO crystal.
Grouping consecutive THz signals in a colormap show a representation of the CSR
emission dynamics as in Figure 5.11(b) of one burst and for larger series in Figure
5.11(c) showing a train of 4 bursts with more than 3000 successive CSR shots. We
can see in Figure 5.11(c) how the THz CSR signals are emitted in burst mode. Figure
5.11(d) shows the THz pulse energy of CSR pulses measured versus the THz pulse
number.

In Figure 5.12(a) are represented the single shot CSR THz spectra given by the
Fourier transform of the normalized EO signals for more than 3000 round-trips
recorded by the ADC board, with one single spectrum around 0.3 THz represented
in Figure 5.12(b) and the average over all measured round-trips in figure 5.12(c). All
measured spectra reveal a broadband spectrum centered at 0.3 THz. The presence
of zeros at some frequencies is expected, corresponding to the same frequencies in
the transfer functions described in section 2.5.2 presenting zeros.

5.5.3 Detection noise level

Figure 5.13 and Figure 5.14(b) show the noise in radians of the setup with the
oscilloscope and acquisition board, respectively, determined by the ratio between
the residual noise in the absence of THz and the input laser shape.

The noise equivalent phase shift in radians of the setup as measured by the oscillo-
scope, represented in Figure 5.13 without THz signal shows that the fluctuations of
the setup are 3.10* rad for a 2.4 mW input average power at the balanced detector
corresponding to ~ 5 V/cm in the present 3 mm GaAs crystal with ry =1.5.10712
m/V [142].

The noise level of the experimental setup measured by the acquisition board is
4.5.107* rad, experimentally equivalent to 6.5 V/cm as seen in green in Figure
5.14(b). The noise level measured with the oscilloscope is slightly lower than that
measured with the ADC board. This difference is normal and can be explained
by the higher bandwidth of the ADQ7DC (3 GHz) compared to the bandwidth
of the oscilloscope (1 GHz). Figure 5.14(b) displays the sensitivity (i.e. the noise-
equivalent phase shift versus time, together with the noise contribution of the
balanced detector and oscilloscope.

Finally, it is worth noting that both oscilloscope and acquisition board are suit-
able for recording EOS signals in this experiment, and that it is important to consider
factors such as bandwidth, number of samples and price.
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5.5.4 Determination of the stretch factor

As previously mentioned, the stretch factor in photonic time-stretch depends on the
length of the first fiber noted L;. This fiber length includes the equivalent effective
fiber length before the EOS and encompasses the unknown fiber lengths inside the
laser, the pulse picker and the amplifier making it challenging to determine its value
accurately. Nevertheless, it is important to calibrate the system, in a way or other,
to get the exact stretch factor enabling the characterization of the signal being mea-
sured. In this experiment, two ways, described below, were used to determine the
magnification factor.

5.5.4.1 Calibration using delay

In order to calibrate the system, we varied the delay between the THz and the laser
using the synchronization system, that locks the laser repetition rate to the revolu-
tion frequency of the storage ring with the THz radiation. Even though it is compli-
cated to locate the maximal position of the CSR THz signal, the sum of the squared
EO signal over all shots was calculated for each delay. A cross-correlation is done
between the relative timings, and the arrival time of the optimal correlated signal is
identified and studied as function of the measured stretched time on the acquisition
board as depicted in Figure 5.15.

The color map, in Figure 5.15, demonstrates a linear relationship between the
stretched time and the delay, as expected. Note that the Menlo synchronization sys-
tem displays the delay as a phase shift between the second harmonic of the storage
ring RF frequency (2x352.2 MHz) and the 8th harmonic of the laser repetition rate.
This correspondence can be easily related to the real time of recording. The propor-
tionality results a stretch factor M equal to 274 with:

stretched time = M X real time = M X delay[°] x 3.94[ps/°] (5.7)

This stretch factor is an important piece of information useful to calibrate the system
and define the properties of the signals under investigation.

5.5.4.2 Reflection inside the EO crystal

Having a sufficiently long recording window, we benefited from the reflection of
the THz signal inside the crystal to determine the stretch factor. Note that the
choice of the EO crystal is critical to meet requirements such as: a long crystal for a
higher sensitivity as well as to prevent overlap between the original signal and its
reflection, small enough to ensure a good phase matching at the required frequency
and AR coated in order to limit the reflection of the laser inside the crystal. A fair
tradeoff is considered between all these needs to avoid constraints that may degrade
the single-shot EO effect. We have chosen an AR coated GaAs crystal with a 3 mm
thickness.

We can see, in Figure 5.16, that the THz reflection is happening after 19.5 ns
which, according to theory, should corresponds to the round-trip time inside the
crystal defined by :

_ 2ne

t e (5.8)
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where e is the crystal thickness, n the refractive index of the THz in the crystal and c
the light velocity. In our case, n = 3.662 and ¢ = 3 mm implying a 73 ps round-trip
time, separating the initial signal away from its reflection. This replication implies a
stretch factor equal to 267.

From both methods used in this experiment, two stretch factors were identi-
fied to be 274 and 267. As the difference between these values is negligible, we can
consider a stretch factor of 270 (the mean value). This result confirms the reliability
and consistency of the methods used in determining the stretch factor for this
experiment. As an example, with a stretch factor of 270, 1.1 GHz recorded by the
acquisition board is equivalent to 0.3 THz as an input frequency.

5.6 Study of the CSR evolution as function of the beam cur-
rent
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FIGURE 5.12: (a) Single-shot Fourier transform of CSR pulses of EO
recorded signals in radian recorded with the 3 GHz ADC board. The
higher detection bandwidth of the acquisition board results in more fre-
quencies appearing after ~ 1.4 GHz compared to Figure 5.7(c). However,
the bandwidth of the balanced detector of 2.5 GHz limits the visibility of
the signal beyond this frequency on the ADC board, despite its 3 GHz
bandwidth. The upper axes labeled "Stretched frequency” represent the
recording frequency of the detectors after stretch. The lower axes repre-
sent the real frequencies corresponding to the CSR THz pulses. (b) One
single shot spectrum. (c) Average spectra over all shots, revealing clearly
the presence of zeros. These zeros in the spectra represents zeros of the

transfer functions of the system, see section 2.5.2.



5.6. Study of the CSR evolution as function of the beam current 107

0.00200

0.00175 - 25
S 0.00150 5
£ 0%
)
o~ o
5 0.00125 1 e
) =
g E
=

- 15 o
£70.00100 - £
S 8
< —_—
2 g
= e =
2. 0.00075 105
2 o
2 RZ]
2 0.00050 s
5
0.00025 -
0.00000 -— : : : : 0

0 20 40 60 80 100 120 140
Stretched time (ns)

FIGURE 5.13: Noise equivalent phase shift of the experimental setup
recorded with the 1 GHz oscilloscope. Fluctuations are lower than the
ones recorded with the 3 GHz ADC board shown in Figure 5.14.



108 Chapter 5. Photonic time-stretch electro-optic sampling at 1550 nm

Stretched time (ns)

0 20 40 60 80 100 120 140
1.5 1
— (a)
E,
9 1.0
Ei
205+
<
00 L T T T T T T
0 100 200 300 400 500
Time (ps)
0.00200 - 1 ‘
0.001754 () 55
] ‘\ —
g 0.00150 ‘ g
= ‘ 20 S
= <
2 0.00125 - | 1‘ o
; w £
< =
< L 15 &
£10.00100 - l £
5 5
| E
= o=
& 0.00075 l L0 &
(]
7] [}
8 ! ﬁ 8
Z0.00050 ’ | Z
—— No laser (BD on) ' :' B
0.000251 N Jaser (BD off) MM y
——  With laser A
0.00000 -— : ; . . . 0
0 100 200 300 400 500
Time (ps)

FIGURE 5.14: Sensitivity and detail of noise contributions in the absence

of THz signal. (a) Laser pulse shape measured on one single input of the

balanced detector. (b) green: sensitivity of the EO system, defined as the

THz electric field (and phase-shift in the EO crystal), that is equivalent

to the measured noise. Blue and orange: measured contributions of the
balanced detector and of the ADC board respectively.



5.6. Study of the CSR evolution as function of the beam current 109

Stretched time (ns)

40 50 60 70 80 90
Delay (°)

FIGURE 5.15: Calibration done with varying the delay between the THz

signal and the laser pulse. This shows a linear response between stretched

time, the time measured by the oscilloscope or the ADC board, and real
time in correspondence with the delay.

Stretched time (ns)

70 80 90 100 110

700

680 0.02
&
£ 660
2 640 z
“ 0.00 =
8 620 0
é 0.01 é
Z 600 A

580 —-0.02

250 300 350 400
Time (ps)

FIGURE 5.16: A color map of the CSR THz signals measured in single-shot

showing the original THz signal and its reflection inside the GaAs crystal.

The round-trip time helps in calibrating the system and determining the
stretch factor.



Chapter 5. Photonic time-stretch electro-optic sampling at 1550 nm

110

Number of round-trips
1800 1900 2000 2100

1700

1600

S
(o)

320

el ) e
0 oo o~

(su) owrn payoans

260

(su) swr paysang

(su) owry payaang

(e} )
[>2] o~

(su) own payolons

260

(su) own payoans

3.10 3.15 3.20 3.25 3.30
Slow time (ms)

3.05

3.00



5.6. Study of the CSR evolution as function of the beam current 111

FIGURE 5.17: Colormaps showing EO signals measured in single shot,
using the ADQ7DC acquisition board of the CSR THz pulses at increas-
ing beam currents in the accelerator. These colormaps provide a visual
representation of the changes in the EO signal along the electron bunch as
the beam current is increased, giving insights on the behavior of the CSR
emitted pulses and how they are impacted by variations in the beam cur-
rent. Note that signals are cut for a better visualization and the colorbar
represents of the scale of the EO signal in Volts.

As we have now a functional ultrafast detection tool for monitoring CSR, it is
interesting to observe how these microstructures are formed and understand their
behavior at different beam currents. We performed measurements as function of
the beam current in the storage ring, in balanced detection configuration, with the
ADQ7DC board around and above threshold. The system was calibrated first with
a high beam current of I = 14.992 mA. Subsequently, a scan was performed over a
range of intensities going from the threshold around 8.52 mA to the highest current
18.1 mA.

Single-shot recorded EO signals in Figure 5.17 with their spectra in Figure 5.18
provide a good visual representation of the behavior of these microstructures at
different beam currents. When the beam current is below a certain threshold (re-
sult now shown here), the microstructures are either not formed yet or their field
strength is so weak that they are not visible or have negligible effect on the electron
bunch. As the beam current increases around threshold (around 8.5 mA), the mi-
crostructures begin to form in more regular patterns with a remarkable amplitude,
as seen in Figure 5.17(a) at 9 mA. They present parallel shapes appearing and drift-
ing longitudinally inside the electron bunches in a continuous way. As the beam
current further increases above threshold, these microstructures acquire more field,
become more conspicuous and start losing their parallel movement (Figure 5.17 (b)
and (c)). They start to bunch together in bursts, at higher intensities, and rotate in-
side and along the electron bunches as seen in Figure 5.17(d) and (e). This effect can
be clearly observed in Figure 5.19 showing the evolution of THz pulses energy with
the increase of the beam current, where around threshold in Figure 5.19(a), the THz
energy is quasi constant. This emission is revealed in burst mode for high beam cur-
rents and behaves in more and more irregular patterns. In addition, the CSR electric
fields become more significant with higher amplitudes at higher intensities, i.e. at
18 mA in Figure 5.19(d, e).
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FIGURE 5.18: Colormaps showing the spectra of EO signals measured in
single shot, using the ADQ7DC acquisition board, of the CSR THz pulses
at increasing beam currents in the accelerator. These colormaps provide a
visual representation of the changes in the spectra as the beam current is
increased. A single frequency is observed at the threshold current (around
8.52 mA) and additional frequencies begin to appear at higher beam cur-
rents. The colorbars indicate the scale of the spectra modules of EO signals
measured in Volts.

The Fourier Transform of the recorded EO signals reveal the presence of a
relatively narrow spectrum at a dominant frequency peak around 0.3 THz in Figure
5.18(a) when the beam current is at the threshold intensity of 8.5 mA. A second
threshold is determined above which the CSR are emitted in bursting mode as
in Figure 5.18(b, ¢,d,ef,g and h). In addition, additional peaks emerge at more
frequencies and the spectra become broader as the beam current increases. With
further increases in beam currents (Figures 5.18(d, e, f, g and h)), the peaks become
more visible and pronounced, their spectra become wider and the bursting mode
becomes clearer. Note that the vertical dark lines appearing in the measured spectra
are due to limitations of the setup, related to the transfer functions.

To sum up, these observations showed the presence of microstructures at all
intensities above threshold, and the high dynamic range of our detector allowed
accurate measurements even near the threshold current. These results provide
insights into the behavior of these particular structures and allow a better under-
standing of the underlying physical processes involved in CSR production. We can
visualize how these CSR pulses are affected by beam currents in the accelerator,
helping in optimizing the machine parameters for providing THz pulses with
the desired properties. The dynamics of these experimental observations can be
helpful to compare with developed simulations and predicted models. For example,
the obtained results reveal a similar behavior as the numerical simulations [120]
previously performed at SOLEIL using the Vlasov-Fokker-Planck (VFP) integration
and the macro particles tracking shown in Figure 5.20 at a 15 mA.

Further investigations can be done at different parameters of the accelerator and
other machine modes to gain a deeper understanding of this phenomenon and pos-
sibly discover new insights.

5.7 First attempt to achieve phase diversity with time-stretch
at 1550 nm

5.7.1 Results of the first attempt

The objective of this experiment was mainly to test the limit of photonic time-stretch
at 1550 nm. And as expected, Figure 5.7(c), Figure 5.12 and Figure 5.18 reveal the
presence of zeros in the measured spectra of the CSR THz signals, which are caused
by dispersion penalty phenomenon, limiting the temporal resolution of detection,
previously discussed in section 2.5.1.

An attempt was made to implement the phase diversity technique with the ex-
perimental setup described in this chapter. We adapted the setup with a similar
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FIGURE 5.20: Numerical simulations showing the microbunching insta-
bility for a beam current of 15 mA using the VFP integration in (a) and the
macro particles tracking based simulation in (b). Figures from [120].

configuration to the experimental setup presented in Chapter 3 by adding one fiber
of length ~29.5 m, corresponding to the time travel of light of one repetition rate
of the laser pulse in the fiber and the same configuration for the wave plates orien-
tations. This allowed to record each polarization alone simultaneously (see Figure
5.21). We can see in Figure 5.22 the average Fourier transform of the measured sig-
nals showing interleaved zeros.

However, the SNR is insufficient for applying the MRC algorithm. Experimen-
tally, the noise level of the setup in the phase diversity configuration is 10 times
higher than the balanced detection configuration as seen in Figure 5.23, as in the
phase diversity configuration, different pulses are subtracted between each other,

and thus the common laser fluctuations are not suppressed, as described in Figure
2.8(0).
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5.7.2 Foreseen upgrades

Though, a next step could to be to design a new experimental scheme allowing to
suppress common noises and thus improve the SNR of the system in the phase di-
versity configuration. One possibility for reducing the noise can be the optimization
of the amplifier used in the detection system. In the current experiment, a home-
made amplifier was used. But due to the limited time before the shift and to the
complication of getting a shift, we had to settle for this option. A future ameliora-
tion would be the use of an amplifier with a lower amplified spontaneous emission
(ASE), which is expected to increase the SNR of the detector or to apply a numerical
BD with two different photodetectors.

5.8 Conclusion

To conclude, we have demonstrated in this chapter the functionality of photonic
time-stretch electro-optic sampling at the 1550 nm wavelength for the first time.
At this wavelength, we exploded the limit of stretch reaching 35 ns, the highest to
our knowledge. And being able to measure THz signals with a 1 GHz oscilloscope,
with a relatively high effective number of points is a significant improvement
compared to previous detection schemes. Now we have a functional THz detector
similar to the one presented at 1030 nm in Chapters 3 and 4 but with a 10 times
cheaper digitizer where the most expensive component is the laser. Our detector
can measure, in real-time, single-shot THz signals with rates up to 3.3 MHz in
balanced detection configuration with 1.35 TSamples/s and a recording window
of 130 ps. This acquisition rate can be increased according to the laser repetition
rate, to the pulse picker division and to the desired recording window. A longer
recording window is and can be easily adjusted according to needs. The sensibility
of the detector is 0.45 mrad or equivalently 6.5 V/cm (with the acquisition board)
in balanced detection configuration. Additionally, the use of an acquisition board
as presented in this chapter, helps in direct custom processing data easier than the
scope and for longer time acquisition.

This THz detector allowed as well to measure the whole CSR THz pulses in sin-
gle shot, a first in CSR single-shot measurements, compared to previous recordings
where only a small part of the signals was measured. The use of the acquisition
board made it possible to record over long duration the formation of the CSR pulses
in bursts in the storage ring. Our results are in accordance with simulations and
will help to optimize and adapt existing models to real experimental observations,
giving better understanding on the behavior of these special microstructures. Our
detector can also serve for several applications, including single shot measurements
related to THz spectroscopy and table-top experiments.

Our experimental setup is compact and ready to be installed in accelerators-
based light sources, with the possibility to adapt it easily to the coherent synchrotron
emitted radiation characteristics and to THz signals under investigation. The oper-
ational device, presented in this chapter, will be installed soon permanently at the
AILES beamline at SOLEIL to monitor microbunching instability.

However, in terms of limitations and optimization, one important aspect to work
on is the noise level of the detector in phase diversity configuration. A further pos-
sibility can be to enhance the sensitivity of detection by adding Brewster plates that
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can increase the sensitivity by a factor 6.7 [114]. Another potential solution can be
the application of the backpropagation technique that will enable the reconstruction
of the THz input signal without limitation on the resolution [143, 144].
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Chapter 6

Conclusion and future directions

We have exposed in this thesis the THz detectors we have developed to measure
ultrafast signals in a free electron laser (FEL), a storage ring and a CDR THz source.
These detectors are based on single shot electro-optic sampling (EOS) and are
associated with photonic time-stretch to reach high acquisition rates.

In a first experimental setup built upon single-shot EOS at 1030 nm, detailed in
Chapter 3, we combined for the first time photonic time-stretch, phase diversity and
balanced detection all together in a single setup to allow single-shot measurements,
and repress limitations over temporal resolution and acquisition rate. The first
prototype experimental setup was tested at the CDR THz source at the linear
accelerator ELBE. The experiment was successful as we were able to measure in
single-shot the THz pulses around 0.3 THz at a 26 MHz acquisition rate with a
sufficient sub-ps temporal resolution. This allowed to follow the arrival time of
the electron bunch and get information on the time jitter. This monitoring tool
shows promising insights for diagnostics in accelerators-driven light sources and
for machine development.

In Chapter 4, we showed how the same experimental setup, with slight mod-
ifications, allowed to measure the evolution of the THz pulses emitted by a FEL
in single shot at FELBE. This study marks the first measurement of FEL pulses
in single-shot and of a mode locked laser in general, permitting to observe the
dynamic of the FEL. We were able to measure the FEL radiation characterized by
a 4 THz central frequency and a 13 MHz repetition rate and observe the startup
and the turnoff of the FEL in single shot, with further work required to refine this
exploration. We have demonstrated the ability to measure the carrier-envelope
phase (CEP) of the FEL pulses shot-by-shot, an important achievement for studies
requiring stable CEP. A study versus detuning was also performed and reveal
potential for a FEL with a better stability.

In Chapter 5, we have developed a novel experimental setup, analogous to the
previous one but operating at a different wavelength, the 1550 nm telecommunica-
tion wavelength to enhance the limit of photonic time-stretch and reduce the cost of
the digitizer. In comparison with the previous setup at 1030 nm where signals were
stretched up to ~6 ns necessitating an oscilloscope of tens of GHz, the 1550 nm
setup enabled stretching up to ~35 ns reducing the detection bandwidth by a factor
10. This setup was tested at the storage ring SOLEIL enabling the first complete
single-shot CSR THz pulses and this by using a 1 GHz oscilloscope and a 3 GHz
ADC board. By doing so, this experiment showed promising avenues for THz
oscilloscopes with a relatively low cost where the most expensive component is
the laser making it accessible and suitable for table-top experiments. Additionally,
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this work involved investigating the relationship between CSR formation and
beam current, particularly the emergence of microbunching instability above a
threshold by performing series of measurements at and above the threshold and
observing experimentally their evolution with the augmentation of the beam cur-
rent. These observations are important as they allow comparing with simulations
and ameliorate existing models. Despite these achievements, improvements of the
temporal resolution are still needed, as the sensitivity was insufficient for accurate
reconstruction of the THz signals.

To sum up, our thesis highlights three distinct experiments involving different
THz sources: the CDR THz source from the linear accelerator at ELBE with an
ultrashort single-cycle temporal profile and a broad spectrum, the FEL THz source
with a multi-cycle long temporal profile and a narrowband spectrum and finally
the CSR at SOLEIL storage ring with both a long temporal profile and a broadband
spectrum. We can see how the combination of optics and photonic in one setup
allowed to reach various THz radiations with different properties with few modi-
fications. We have demonstrated the capacity to monitor THz signals in real time
and reach high repetition rates up to 26 MHz. These setups are robust and compact
and ready to be installed in storage rings and FELs and can be adapted according
to desired THz properties. The setup at SOLEIL will be soon installed permanently
to monitor the microbunching instability in real-time. These investigations validate
the efficacy of our “THz oscilloscope” and its adaptability in different contexts,
while also bringing up a novel territory for cost optimization.

Beyond particle accelerators, these setups reveal promising insights for THz
spectroscopy experiments for measuring THz spectra of irreversible phenomena in
single shot. At ELBE for example, the high time jitter presents an obstacle [132] for
experiments requiring phase measurements. We saw that even with a high jitter we
were able to measure spectra in single shot. At FELBE, achieving CEP stable FEL
pulses opens the way for new avenues in THz experiments requiring phase infor-
mation. Additionally, the photonic time-stretch at 1550 nm at a reduced digitizer
cost is very promising for spectroscopists seeking to study ultrafast irreversible
phenomena and convenient for table-top experiments.

In the area of perspective, there are avenues for further exploration, particularly
in optimizing the temporal resolution and the sensitivity at the 1550 nm wavelength.
Additional strategies can be explored to enhance the sensitivity needed for table-top
experiments. Open problems are relevant for FELs with higher THz frequencies
(up to 10 THz and more) at high repetition rates such as FELBE, PITZ, etc., or even
to measure in single-shot multi-cycle THz signals. Another perspective involves
the study of higher orders dispersion in the detection scheme at which MRC-based
reconstruction algorithm could be problematic.
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Appendix A

Choice of the EO crystal

In this section, we discuss briefly the choice of the EO crystal used in the experi-
mental setups presented in this work, in particular the material of the crystal and
its thickness. In order to choose the appropriate electro-optic (EO) crystal for THz
detection, we proceeded to the following calculations. Two important parameters
are selected: the EO coefficient and the crystal thickness. A compromise between
these parameters should be considered when choosing the appropriate EO crystal.
This discussion is based on studies performed in [7, 86].

A.0.1 Crystal material

The selection of an appropriate electro-optic (EO) crystal is crucial to achieve a good
EO response. The choice of the EO crystal depends on the phase matching condition,
which stipulates that the laser probe pulse and the THz pulse should travel in the
crystal at the same velocity. This phase mismatch can be defined by:

Ak = fTCHZ (nTHZ(fTHZ) - ng(fprobe)) (Al)

where nry; is the refractive index at the THz frequency frp. and ng the group
refractive index of the laser probe pulse.

The refractive index of the THz in the EO crystal is frequency dependent and affects
the coupling of the THz inside the crystal. Thus, a good coupling should be assured
to maximize the EO effect, provide a good time resolution and avoid distortions of
the signal.

Zinc telluride (ZnTe) crystal, gallium phosphide (GaP) and gallium arsenide
(GaAs) are the most widely used crystal materials for THz detection.
According to [145], ZnTe crystal is found suitable for THz detection at 800 nm
laser wavelength, GaP is suitable for 1030 nm Ytterbium laser pulses and GaAs
is adapted for 1550 nm wavelength, all having the most stable phase matching in
the THz region. GaP can achieve high THz signals compared to ZnTe and GaAs
due to its highest transverse optical (TO) lattice oscillations (~ 11 THz), defining
the shortest time structure that can be detected. But this crystal has a lower EO
coefficient compared to ZnTe (5.3 THz) and GaAs (~ 8 THz), implying that, for low
frequencies, it is better to use a crystal with a high EO coefficient than to use a thick
GaP crystal.

As in Chapter 3 and 4 experiments are operated with Ytterbium-doped laser sys-
tem at 1030 nm, a GaP is used to assure a satisfying EO effect whereas in Chapter 5,
a GaAs crystal is utilized, at 1550 nm fulfilling the phase matching condition with
the 1550 nm Erbium laser.
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EO crystal ¢ So  fo(THz) Ty Y41 (THZ)
GaAs 11.1 1.8 8.025 0.066 1.43
GaP 8.7 1.8 10.98 0.02 097

TABLE A.1: Crystal coefficients for GaAs and GaP EO crystals.

A.0.2 Thickness of the EO crystal

The electro-optic efficiency is determined by an EO response function which de-

pends on the THz frequency f and the crystal thickness d of the crystal. It is defined
by:

2 1 4 1 1

G(f,d) = - f/ex R2rfz(—— — —

VD= T v ah PG

where n(f) is the refractive index, x(f) the extinction coefficient in the THz regime,
vpn(f) the phase velocity of the THz frequency and v, the laser optical group veloc-
ity.

The complex index of the crystal n(f) + ix(f) is frequency dependent given by:

)]dz (A.2)

n(f) +ix(f) = y/e(f) (A3)
with e(f) the complex dielectric function defined by:
N/
e(f) = €a + P —iTyf (A4)

€.1 is the optical dielectric constant, Sy the oscillator strength, fy the eignefrequency
and I'y the damping constant of the lowest TO lattice oscillation.

For the effective response G(f,d) x rs1(f), the EO coefficient ry is frequency
dependent and affected by lattice oscillations, expressed by:

_ Cfs
ra(f) _dE<1+f§—f2—0—iFof> (A.5)

This EO efficiency shows the effect of the phase mismatch and absorption on
detection. It can be optimized by reducing the thickness of the crystal.

We limited the study of the EO response for GaP crystal in Figure A.1 and
GaAs crystal in Figure A.2 for different crystal thicknesses.

Having all parameters summarized in Table A.1, taken from [7, 86, 146], with

dp = 1.10712, C = 0.53 for GaP, we can represent the electro-optic response of GaP
EO crystal for a 50 pm, 100pum, 200pm, 2 mm, 3 mm and 5 mm thickness.
It is obvious that higher THz frequencies can be reached with thinner crystals.
Strong absorptions are observed around the TO lattice oscillations frequency lim-
iting the detection bandwidth achieved by the crystal. The amplitude of detection
response increases with the increase of the crystal thickness but on the cost of the
detection bandwidth. Thus, a compromise between high EO response and detection
bandwidth should be considered when choosing the EO crystal.
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FIGURE A.1: (a) Electro-optic response and (b) effective electro-optic re-
sponses of GaP crystal at 1040 nm for different crystal thicknesses.

Another parameter should be considered when choosing the crystal thickness
which is the coherence length which is given in the case of pulsed near-infrared
laser radiation by:

7TC
Le(w = A.6
clortz) wTHz|Tlopteff(w0) — n1Hz (WrHz) | (8.6)
with
anopt
nopteff - nopt(w> - /\opt(w)l)\opt (A7)

The thickness of the crystal should be smaller than the coherence length, but
should be large to have a better bandwidth.
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Appendix B

Data analysis

This Appendix summarizes the computational data analysis adapted for the extrac-
tion of the THz signals in the presented experimental results.

B.1 Balanced detection configuration

In classical balanced detection configuration, the same laser pulse on both arms of
the polarizing beam splitter is subtracted at the input of the balanced detector re-
sulting in a suppression of the common laser shot-to-shot fluctuations, as described
in section 2.4 (Figure 2.8).

Pulses are cut and interpolated at the laser repetition rate and then sorted be-
tween pulses with THz and without THz (used as zero field background). Reference
laser pulses are also recorded by measuring the signal on only one of the detection
arms. The electro-optic phase shift at each shot n recorded at the output of the bal-
anced detector is obtained after suppression and normalization according to :

V, -V
SnTHz(Or AQD) _ ndeHrzef bdrneofTHz (B.l)
GV~ +V,7)

where V,p47H; is the amplitude of the single-shot balanced detected signal contain-
ing the THz signal, VjjnoTH: is the amplitude of the zero-field background without

THz signal, V{ef and Vzref (V{ef ~ VZref ) are the references laser signals on each
balanced detector input recorded at minimal gain respectively with G the ratio gain
factor of the balanced detector between the maximal 2800 V/W and minimal 30
V/W gain. Note that the laser pulses references are not the same pulses on which
the THz was imprinted.

The THz electric field was thereby deduced using;:

A

—_— B.2
27Td1’181’41 ( )

Ern, =

B.2 Phase diversity configuration

In the phase diversity configuration, each polarization state is measured separately
as shown in Figure B.1. And to do so, pulses on one of the arms are delayed by a
period corresponding to one laser repetition rate as explained in section 2.4, Figure
2.8. However, this prevents the cancellation of shot-to-shot laser fluctuations.
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FIGURE B.1: Raw data (blue) recorded by the oscilloscope, showing the

two electro-optic output polarization states recorded separately after bal-

anced detection. Reference laser pulses (in orange) recorded on one of the
detection arms.

Each shot of the EO signals polarization is obtained after suppression from the
background noises and normalized by the laser shape before MRC reconstruction

algorithm according to :
Vlﬂ - ,31V0n (B 3)

,31 VOn

Vau — B2Von
_ B.4
B2Von B4

Yln =

YZn =

with . .
Vre VTE
B1 = - and B, = 2L (B.5)

Vo Vor,

where Vj is the unmodulated laser pulse with the sign "/ refers to the measured
signals in the absence of THz electric field.

The THz electric field is deduced from the phase shift of the reconstructed MRC

THz signal using;:
LACD (B.6)

Erp, =
rdndry
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Appendix C

Coherent diffraction radiation
(CDR) pulses recordings with an 8
GHz bandwidth oscilloscope

C.0.1 Recordings with an 8 GHz oscilloscope

As seen in the spectra of the recovered THz in Figure 3.9, no information appears
after ~8 GHz. Using an oscilloscope with a smaller bandwidth can help in reducing
noise and improve the signal-to-noise-ratio, as it excludes high-frequency noises,
irrelevant to the THz signal of interest. Given the broad THz bandwidth (up to 1
THz) of the CDR source and the laser pulse duration of 6 ns, the 20 GHz oscilloscope
used is quite oversized for our experiment and may have introduced unnecessary
noise. Therefore, we performed additional EO measurements with an 8 GHz
oscilloscope with 40 Gs/s according to the availability, that should be sufficient and
efficient to capture the THz signals, with minimal noise and cost.

Figure C.1(a) shows the phase shift induced by CDR THz signals in radians
as recorded by the 8 GHz oscilloscope shot to shot over more than 16000 electron
bunches after processing and reconstruction with MRC algorithm. These mea-
surements are accompanied by their corresponding THz spectra in single shot,
as depicted in Figure C.1(b). Signals were recorded in sequence mode to reach
more electron bunches seen the relatively low THz repetition rate. The observed
discrepancy in time jitter between the measurements obtained with the 8 GHz (in
Figure C.2) and 20 GHz oscilloscopes can be attributed to several factors. As the
measurements were not done at the same time, these observations show a smaller
time jitter compared to the ones measured with the 20 GHz oscilloscope according
to the perfomance of the accelerator. Additionally, one possible explanation is
the introduction of extra noise at higher frequencies and the broader bandwidth
of the 20 GHz oscilloscope, which can impact the accuracy and precision of the
recorded signal. The higher response to high-frequency noise can lead to a larger
jitter measurement. Another factor that may contribute to the observed difference is
the variation in the internal clock jitter between the two oscilloscopes.

C.0.2 Fluctuations of the experimental setup using the 8 GHz oscillo-
scope

In Figure C.3, it is evident that the observed fluctuations are lower when using the 8
GHz oscilloscope compared to the 20 GHz oscilloscope. Specifically, the fluctuations
amount to 0.005 rad when employing the 8 GHz oscilloscope, while they reach 0.015



Appendix C. Coherent diffraction radiation (CDR) pulses recordings with an 8

130 GHz bandwidth oscilloscope
Stretched time (ns)
3 4 5 6 7 8
16000
300 0.4
14000
12000 230 E)
g z E
< 10000 200 g E‘)
5 2 5
5 8000 £ 2,
2 150 £
g z 9
= —_— &)
2 6000 % 2
o
100 }g
4000 ~
2000 30
0 0
10 15 20 25 30
Input time (ps)
Oscilloscope frequency (GHz)
0 2 4 6 8 10 12
16000
300
14000 g
=
12000 230 <
<
2 P g
2 10000 200 Efr 67
= =
5 Nl &
5 8000 = .8
s Sl s
Z 6000 2 B
= 100 2
4000 9 ) e
=
2000 H 30
0 0
0.0 0.5 1.0 1.5 2.0 2.5 3.0

Input frequency (THz)

FIGURE C.1: Color maps of the retrieved single shot THz signals (a) and
their spectra (b) recorded by the 8 GHz oscilloscope.

rad when utilizing the 20 GHz oscilloscope. This discrepancy can be attributed to
the square root relationship between the fluctuations and the bandwidth frequency
difference between both acquisition systems. Moreover, the system is still subject to
more optimization work and suppressing noises, as a remarkable difference is seen
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FIGURE C.2: Electron bunch arrival time over more than 16000 shots cor-

responding to signals in Figure C.1 recorded by the 8 GHz oscilloscope.

A time jitter is observed varying between 16 ps and 17.6 ps with an av-

erage arrival time of 16.8 ps and a standard deviation of 0.2 ps. The jitter

observed in this set of data is smaller than the jitter recorded with the 20
GHz oscilloscope.

between the fluctuations of the system with and without laser.
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Appendix D

DEOS transfer functions:
sensitivity to the crystal and THz
orientations

D.1 Polarization, crystal and waveplates orientations

The birefringence induced in the Pockels crystal depends on the THz electric field
orientation. The configuration used for the DEOS strategy requires the THz polar-
ization being perpendicular to the [-110]-axis and the laser polarization set at 45 de-
grees with respect to the [-110]-axis, as shown in Figure D.1. In this configuration,
the laser polarization is also at 45 degrees with respect to the slow and fast axis of
the induced-birefringence.

Experimentally, the main error in the geometry is likely to come from the crys-
tal orientation (and thus the induced-birefringence orientation by the THz signal),
while the laser polarization and waveplates orientations can be precisely aligned by
adjusting the extinction on the output ports in absence of THz signal.

D.2 General form of the transfer functions

From [119], we know that the transfer function of a system where an input signal
modulates in phase and amplitude a chirped probe laser, has the following form:

H (Q) = 2mcos ( + BQ?), (D.1)

with B = 5 where C = a(g‘;” * is the laser chirp rate, and m and i the amplitude and

phase modulations (see supplementary material of [119] for details).

THz electric

y
Jlaser field HWP turned

at 22.5 degrees
wrt [-110] axis polarizing

beam-splitter
=P ‘ port 2

at 45 degrees [-110]

wrt [-110] axis [001]

QWP port 1
axes at 0 and 90

degrees wrt [-110] axis

FIGURE D.1: Axes orientations for the phase-diversity-based EO config-
uration.
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FIGURE D.2: Transfer functions (top) and its norms (bottom) as function
of the THz polarization angle error erp,. Dots: numerical results, lines:
numerical fit using Eq. (D.1).

In the case of the DEOS configuration, the transfer functions of the two output
ports are written as:

QZ
H; (Q) = £v/2cos <2c + Z) , (D.2)

with m; = £v/2/2 and ; = +7/4.

In the next section, we will numerically investigate the variation of m; and ;
with respect to small perturbation on the THz and crystal orientations.

D.3 Numerical simulations of DEOS configuration

D.3.1 Error on THz polarization angle

The THz polarization is set perpendicular to the [-110]-axis. We consider a small
perturbation erp, to the THz orientation angle

7T
OrH, = (1 +€THZ) X E with &7y, < 1. (D.3)

Figure D.2 shows the numerical transfer functions and its numerical fit using
the analytical expression Eq. (D.1). The amplitude m; and phase 1; of the analytical
formula presents a clear symmetry between the two output ports, such that m; =
—myp and ¥ = —1p, (Figure D.3).

D.3.2 Error on crystal orientation

The [-110]-axis of the EO crystal is usually set horizontally. We consider a small
perturbation ex;, to the [-110]-axis horizontality such that:

GXtal = Extq] X 27 with Extal K 1, (D4)
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FIGURE D.3: Results of the numerical fit of the transfer function using
Eq. (D.1): phase ¢ (top) and amplitude 2m (bottom), for the two output
ports.

while keeping the THz polarization angle perpendicular to the [-110]-axis.

Figure D.4 shows the numerical transfer functions and its numerical fit using
the analytical expression Eq. (D.1). The amplitude m; and phase ¥; of the analytical
formula presents a clear symmetry between the two output ports, such that m; =
—my and ¢ = —1, (Figure D.5).

D.4 Generalization of the DEOS transfer functions

As seen in the previous section, the two transfer functions of the two output ports
presents a symmetry with the amplitude coefficient m; = —m; and the phase 1 =
—1p. One can thus generalize the transfer functions of the DEOS configuration by:

Hi, (Q) = £2mcos (B> £ ¢) . (D.5)
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